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INTRODUCTION

Dolphin Echolocation

Echolocation is the ability of an organism to listen to the echoes
of its own emitted sounds and then use information extracted from those
echoes to determine the location and other characteristics of the
echoing object (Norris, 1969). 1In 1793, Spallanzani (as cited by
Griffin, 1958) suspected that bats depended upon their hearing ability
to navigate in flight through the dark. He conducted a series of
experiments in which the ears of bats were plugged with wax causing
disorientation. However, neither Spallanzani nor his contemporaries
were able to determine the existence or source of any acoustical
stimulus that the bats might have used. It was not until 1941 that
Griffin and Galambos demonstrated that bats emitted high-frequency
signals and determined that they did, in fact, echolocate.

With the advent and use of SONAR in World War II, interest in the
acoustics of the underwater environment began to grow and along with it,
an interest in the sound production and reception abilities of
cetaceans. Fish (1949) described sounds produced by cetaceans and
referred to a category that she labeled "echo-ranging pings." 1In the
late 1940s, McBride (as noted by Schevill, 1956), the first curator of
Marineland of Florida, speculated in his notes that the dolphin’s
ability to avoid fishing nets was reminiscent of the echolocating bat.
Schevill and Lawrence (1956) reported hearing acoustical signals as a

dolphin avoided a net in order to obtain fish in both turbid water and



at night. Kellogg (1961) reported a series of experiments which
required a dolphin, in turbidity or darkness, to avoid metal pole
barriers, select preferred fish food as opposed to non-preferred‘fish,
and to avoid clear plexiglass barriers.

While the behavioral data and tape recordings of signals emitted
by dolphins reported by Schevill and Lawrence (1956) and Kellogg (1961)
were supportive of dolphin echolocation, the possibility that the
animals involved used visual cues to accomplish their tasks was not
eliminated. Norris, Prescott, Asa-Dorian, and Perkins (1961) trained a
dolphin to accept opaque rubber suction cups over its eyes and
demonstrated that the animal was still capable of avoiding a maze of
metal poles and discriminating between a gelatin capsule and a piece of
mackerel cut to the same size and shape. Additionally, their evidence
indicated that the echolocation signals being used by their dolphin were
directional and were being emitted from the region of the forehead.

The work accomplished by Norris et al. (1961) ushered in an era of

productive research on echolocation which has provided an abundance of
information regarding the capabilities and sophistication of the
odontocete biosonar system (see Nachtigall, 1980). Not adequately
addressed, however, are the mechanics of the system; how echolocation
signals are produced, emitted into the environment, and received by the
inner ear (Popper, 1980a). Controversy over the sites of sound
production and reception relative to echolocation in odontocete
cetaceans has been evident in the literature over the last two decades.
The theories that have been proposed can be summarized in two models.

One suggests that acoustical signals used in echolocation originate in



the larynx, are emitted in an omnidirectional field with some signals
being channeled through the rostrum, and that the primary site of sound
reception is the external auditory meatus. The second suggests éhat
echolocation signals are generated in the nasal sinus system and allied
soft tissue structures in the forehead, are primarily emitted in a
narrow beam focused through the melon, and that the primary sites of
sound reception are the lateral sides of the fat-filled lower jaw.

Because the concepts of sound production and reception are
inextricably linked in any discussion of dolphin echolocation, a brief
review of both will provide a broader frame of reference for the

experiment and results reported in this dissertation.

Sound Production

The blowhole, a singular crescent-shaped orifice at the highest
point of the head, is the visible element of the dolphin’'s nasolaryngeal
system (Figure 1). It can be sealed off by the valve-like organ just
beneath it to prevent water from entering the nasal passage. From the
blowhole, the nasal passage continues as a pair of rigid tubes that
descend just anterior to the frontal bones of the skull and posterior to
the melon, the body of fat which rests on the paired premaxillary and
maxillary bones. These bones extend forward from the cranium along with
the mesorostral cartilages to form the rostrum. Just beneath the
blowhole, a number of sacs or diverticula begin to branch off from the
nasal passage. In Tursiops truncatus the vestibular sacs are the first
encountered and lie on either side of the blowhole just beneath the

skin. Deeper than and ventral to the vestibular sacs are the paired



Figure 1. A schematic representation of the dolphin’s nasolaryngeal
system. Echolocation signals are believed to originate at

the nasal plugs.



Blowhole

Vestibular sac

’ Tubular sac

»a

R

Node

Premaxillary sac

Bony nares

Larynx



anterior and posterior nasofrontal or tubular sacs which are long,
narrow, and curve forward and laterally to meet the fatty tissues of the
melon. The nasal plugs are paired muscular valves that close off the
internal nares at the junction of the tubular sacs. Projections of the
nasal plugs, the nodes, invade the tubular sacs. As the nasal passage
approaches the bony nares, premaxillary sacs extend forward along the
dorsal surfaces of the premaxillary bones. The nasal passage continues
down beyond the opening to the Eustachian tube in the lateral wall of
each naris and is sealed off at its base by the elongated intranarial
larynx. Detailed and comprehensive descriptions of these structures
have been provided by Lawrence and Schevill (1956), Green, Ridgway, and
Evans (1980), and Ridgway (1983).

While the dolphin’s larynx is heavily muscled, it lacks vocal
cords and appears to be a major control point for air flow through the
respiratory system (Harrison and King, 1965). The identification of the
larynx as a sound producing mechanism, however, has been based on
dissections like those reported by Lawrence and Schevill (1956, 1965)
which reveal specialized and complex structures. Blevins and Parkins
(1973) have more specifically proposed that the larynx, even though it
lacks the appropriate vocal folds, produces a wide variety of sounds
including the "clicks" associated with echolocation. Purves (1967) has
argued that mechanical vibrations of the glottis are transmitted to the
pharyngeal muscles and emitted into the enviromment through the rostrum.
These investigators, and others (Lilly and Miller, 1961; Schenkaan,

1973; Purves and Pilleri, 1983), have based their arguments on the heavy



musculature surrounding the cetacean larynx and the assumption that it
should function similarly to the larynx of a terrestrial mammal.

Norris et al. (1961) suggested that echolocation signals

originated in the area of the forehead and were beamed through the melon
in a highly directional fashion as opposed to being emitted in a wide
field of transmission originating in the larynx. Evans and Prescott
(1962) recorded the vocalizations of captive animals and forced air
through the respiratory systems of excised dolphin heads to examine
sound production sites in the larynx and nasal sac system. Their
findings specifically implicated the tubular sacs in combination with
the nasal plug nodes as the site of production for echolocation clicks.
Diercks, Trochta, Greenlaw, and Evans (1971), using hydrophones attached
directly to various points on the head of their dolphin determined that
sound production was occurring at a location corresponding to the nasal
plugs in the nares and that signals were being directed forward from the
melon. Norris, Dormer, Pegg, and Liese (1971) employed cineradiography
to visualize the movements of air-filled structures in the respiratory
tract and nasal diverticula during respiration and vocalization. The
resulting images associated movements of the nasal plugs and the absence
of airflow through the larynx with the production of "squeals" in the
spinner porpoise (Stenella longirostris). Unfortunately, no clicks were
produced during their tests. Evans and Maderson (1973) provided further
evidence supporting sound production by the nasal plugs moving against
the edge of the bony nares. Mead (1975) reviewed the evidence available

and concluded that, while the possibility of sound production in the



laryngeal region could not be completely eliminated, structures in the
vicinity of the nasal plugs were the most likely to be involved.

There is a good deal of evidence indicating that the echolécation
signals emitted by dolphins are highly directional and it is believed
that the skull, air-filled nasal diverticula, and melon are involved in
guiding and beaming the signals forward (Norris et _al., 1961; Evans,
Sutherland, and Bell, 1%964; Norris and Evans, 1967; Norris, Harvey,
Burzell, and Krishna Kartha, 1972; Mohl and Andersen, 1973; Au, Floyd,
and Haun, 1978; Penner and Murchison, 1970; Au, 1980; Au, Moore, and
Pawloski, 1986; and many others). Wood (as noted by Norris, 1964)
identified the melon, the soft body of oily-fat in the dolphin’s
forehead, as an "acoustic lens" capable of focusing sound and
transducing it between tissue and sea water. This proposal for the
function of the melon has been supported by lipid composition topography
(Varanasi and Malins, 1972; Litchfield, Greenberg, Caldwell, Caldwell,
Sipos, and Ackman, 1975; Varanasi, Feldman and Malins, 1975; Apfel,
Young, Varanasi, Maloney, and Malins, 1985) and by transmission velocity
studies (Norris and Harvey, 1974).

The hypothesis for sound production in the nasal system, unlike
its opposing model, enjoys experimental support which includes the use
of ultrasound (Mackay and Liaw, 1981), electromyographic and air
pressure events (Ridgway, Carder, Green, Gaunt, Gaunt, and Evans, 1980),
and cineradiographic evidence (Dormer, 1979). Cranford (1985) has
employed a technique based on computed tomography to provide the first
three-dimensional reconstruction of the odontocete head, specifically

the areas involved in sound production and transmission. His computer



generated model has made possible detailed descriptions of delphinid
cephalic anatomy and will allow accurate measurements of size, shape,
and density necessary to investigate sound phonation and transmission

theories.

Sound Reception

Lacking external pinnae, the surface opening of the external
auditory meatus appears as a small hole approximately 4 cm posterior to
the dolphin’s eye at each side of the head. The auditory canal
typically runs from the surface to the tympanic bulla but may be
discontinuous or absent across species or individuals. There is a
cartilaginous segment withdrawn below the surface which is believed to
be a vestigial structure analogous to the external pinnae of terrestrial
mammals. The meatus and its allied cartilaginous structures are not
always clearly differentiated from surrounding tissues. The
cartilaginous segment ends near the tympanic bone and the canal
continues as a funnel-shaped membrane, the tympanic conus, opening to
terminate at the tympanic membrane which is reduced in thickness by
comparison to terrestrial mammals.

The dolphin’s middle and inner ear are encased in the
tympanoperiotic bone which is actually two bones that are fused together
and consist of an ivory-like material which may be the densest material
found in the dolphin’s body. Each tympanoperiotic bone is isolated away
from the skull by a complex network of small blood vessels and pockets
of gas and foam. The bone encased cochlea is surrounded by the

peribullary sinus.



On the internal side of the tympanic membrane, extending from its
bony edges on the tympanoperiotic bone, the tympanic ligament, a tough
cone-shaped structure, is attached by its narrow end to the exteﬂded
process of the malleus. There does not appear to be any direct
connection between the malleus and the tympanic membrane. The ossicular
chain in the dolphin is present but differs from that of terrestrial
mammals in size, shape and leverage. The joint between the malleus and
incus is ankylosed while the joint between the incus and stapes is
movable. Detailed and comprehensive descriptions of the auditory system
in odontocetes have been provided by Reysenbach de Haan (1957), Fraser
and Purves (1960), Morgane and Jacobs (1972), and Purves and Pilleri
(1983).

The cochlea in odontocetes is comparable to that of a terrestrial
mammal in most respects but there are differences relative to its
response to high-frequency sounds (Popper, 1980b). While the number of
hair cells in the dolphin cochlea is comparable in number to that of the
human cochlea, the ganglion cell to hair cell ratio in Tursiops
truncatus is 5:1 as opposed to the 2:1 ratio in humans (Wever,
McCormick, Palin, and Ridgway, 1971la; 1971b). Wever et al. have
suggested that the large number of ganglion cells provide a greater
number of pathways for high-frequency information to the brain.
Fleischer (1976) noted more stiffness in the basilar membrane of
Tursiops truncatus as compared to terrestrial mammals, as would be
expected for an animal adapted for high-frequency hearing. Greater
stiffness of the membrane and a stiffness gradient along its length

enhances the ability to respond in the higher ranges (von Bekesy, 1960).
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The transmission of sound from the surface of the tympanoperiotic bone
to the cochlea is not clearly understood. McCormick, Wever, Palin, and
Ridgway (1970) and McCormick, Wever, Ridgway, and Palin (1980) réjected
the function of the tympanic membrane and ligament in causing motion
between the stapes and the cochlear capsule in favor of translational
bone conduction.

The physics of underwater acoustics in the dolphin’s environment
are such that sound is readily transmitted through the bone and tissue
of the animal’s head and body (Johnson, 1986). A major question
concerns the manner in which acoustical signals are specifically
directed to the auditory bulla. Reysenbach de Haan (1957) argued that
the external auditory meatus is vestigial and that sounds are received
by means of the ligaments and tissues surrounding it. Fraser and Purves
(1960) and Purves and Pilleri (1973, 1983) have argued that the external
auditory meatus itself is functional and responsible for the
transmission of sound to the tympanic bulla. Purves and Pilleri (1983)
remain the strongest supporters for the model of sound generation in the
larynx and reception by the auditory meatus and have consistently argued
that these mechanisms must certainly function in a manner directly

comparable to that of a terrestrial mammal.

Hearing Through the lower Jaw

The idea that sounds are received via the fat bodies contained in
the hollow lower jaw of odontocetes, was first proposed by Norris
(1964). He initially suggested that the entire lower'jaw of odontocetes

acted as a sound reception and wave guide apparatus. He attributed that

11



12
function to the thinness and hollowness of the lower jaw and the
elongated cone-shaped body of fat which occupies its interior, running
from the symphysis and extending back beyond the pan bones to a ﬁoint in
the region of the inner ear. His first illustration (p. 330) depicted
returning echolocation signals being received along the lower jaw and
through the mandibular nerve foramena and transmitted to the inner ear
via the fat body of the mandibular canal.

Norris (1968) later provided supporting evidence and revised his
argument for the primary site of sound reception during echolocation.
According to his theory, returning sound would certainly meet the lower
jaw at all points along its surface encountering a variety of tissue
structures overlying the bone (Figure 2). Taking into account the
reflective properties of muscle-tissue interfaces, the sound would pass
most easily through an "acoustic window," an area of oily fat overlying
the flared posterior end of the lower jaw, or pan bone. Muscle fibers
are absent within this body of fat but the area is well-defined by those
that surround it. Norris assumed that high-frequency sounds would again
be guided through this area to the bone layer by reflections at the fat-
muscle interface. The oval shape of the "acoustic window" directly
corresponds to the shape of the thinnest area of the pan bone where
sound could pass relatively unimpeded dependent on the angle of
incidence. Once through the bone, the sounds would be guided through
the mandibular fat body, which is well differentiated from surrounding
tissues, again by reflections at the fat-muscle interface, to its
termination on the thinnest area of the auditory bulla. In this manner,

it was assumed that sound could most easily and effectively be
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Figure 2.

A schematic representation of the relationship between the
dolphin’s lower jaw, mandibular fat body, and auditory bulla.
According to the "jaw-hearing" theory, returning echolocation
signals enter at the acoustic window, pass through the
thinnest area of the pan bone, and are guided to the earbone
by the mandibular fat body. (This illustration is based

on computer-generated images provided by T. Cranford).



Side View

Skeleton




15
transduced and guided from sea water, past overlying fibers, fat and
bone to the auditory bulla. Norris acknowledged the possibility of
sound conduction through areas at the base of the melon as had béen

suggested by the work of Yanagisawa et al. (1966) but considered the

supporting evidence for an appropriate connection leading over the edge
of the rostrum into the fatty tissue of the lower jaw to be
inconclusive. He proposed no definition for the manner in which sound
is transmitted to the cochlea from the auditory bulla.

Norris's "jaw-hearing" theory, as it has come to be informally
called (Norris, 1974), has found support both in the consensus among
students of dolphin echolocation that it makes intuitive sense and the
results of the experiments of several investigators.

Bullock, Grinnell, Ikezono, Kameda, Nomoto, Sato, Suga, and
Yanagisawa (1968) were the first to study dolphin hearing by means of
evoked potentials from midbrain auditory structures. Using stimuli that
were airborne, waterborne, and directly applied to the animals’ heads,
responses from the inferior colliculi, medullary auditory centers, and
the medial geniculate were recorded. Their series of experiments
yielded a number of significant findings among which was the conclusion
that the lower jaw is the primary pathway for sound to the cochlea. It
is important to note that they additionally reported a marked
attenuation of response caused by the shielding of the lower jaw with
paper or foam rubber. The melon and the areas around the external
auditory meatus were also described as sensitive to sound but to a much

lesser degree than the lower jaw. McCormick et al. (1970, 1980) used

cochlear microphonics to study the dolphin’s auditory system. Their
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mapping of areas of sound sensitivity was in close agreement with that

of Bullock et al. and they also concluded that the lower jaw was the
primary site of sound reception. Bilochemical evidence that the mélon
and mandibular fat bodies have acoustical properties favorable to
echolocation has been provided by Varanasi and Malins (1971, 1972).
They have described lipid patterns, isovalerate wax esters, and
triglycerides, unique to the melon and the mandibular fat bodies in the
lower jaw in odontocetes and have proposed sound velocity functions
essential to echolocation for these tissues which would allow signals to
pass between tissue and sea water with relatively little loss of energy.
The biochemical composition of the tissues of the lower jaw implicated
in sound reception, while similar to that of the melon, is distinct from
the body fat of the dolphin (Litchfield et al., 1975). Norris and
Harvey (1974), in a series of experiments to investigate sound
conduction through these fat bodies, clearly demonstrated the passive
transmission of sound through the jaws and throats of recently dead
specimens.

The most prominent supporters of the larynx-meatus model have not
given any ground in their arguments. Purves and Pilleri (1973)

discounted the findings of McCormick et al. (1970) with the arguments

that the stimulus intensities used, 50 dB above behavioral thresholds,
were too high, confounding the use of normal auditory pathways, and that
the surgical procedures employed, in fact, damaged the auditory system.
Their most recent treatise on cetacean echolocation (Purves and Pilleri,
1983) rejected hearing through the lower jaw as an idea based solely on

anatomical inference rather than experimental evidence. Based on the



argument that sound waves travel readily through the tissue and bone of
the dolphin’s head and, therefore, directly to the auditory bulla,
Johnson (1986) discounted the existence of any directional pathwa&s. He
suggested that the evidence for sound reception through the lower jaw

provided by Bullock et al. (1968) and McCormick et al. (1970) may be

misleading since the techniques used allowed the presence of gas-filled
spaces in the mouths and throats of the animals tested, not present in

the natural state, that may have reflected acoustical signals.

Hypothesis

What has been lacking in the evaluation of the "jaw-hearing"
theory is evidence gained from a living animal actively echolocating and
listening under controlled conditions. 1If the theory is correct as
proposed, the attenuation of incoming signals at the lower jaw should
noticeably hinder a dolphin’s ability to echolocate and may cause it to
adopt strategies to compensate for that attenuation that would be
observable in its behavior. Furthermore, if echolocation signals are
produced in the nasal system, the placement of sound attenuating
material over the lower jaw to block incoming signals should have no
effect on outgoing signals.

The experiment reported in this dissertation provided both
behavioral and acoustical evidence concerning those hypotheses. The
development and use of a controlled methodology made possible the
observation and measurement of the effects of attenuation of sound at
the lower jaw in terms of a dolphin’s responses, collateral behaviors,

and outgoing signals while it performed an echolocation task.
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METHOD

Subject

The subject for this experiment was a male Atlantic bottlenose

dolphin, Tursiops truncatus (Montagu), named Nemo, estimated to be

thirteen years of age at the time that preparations for this experiment
were initiated. Captured in Florida waters in 1976, this dolphin was
previously trained to perform in public demonstrations but had no former
experience as a research subject. At the time of this experiment he was
housed in a concrete pool at the Seven Seas Panorama exhibit of the
Chicago Zoological Park (Brookfield Zoo) with four (1.3) other dolphins
of the same species. This dolphin was selected on the basis of his
dominance within the group, which reduced the threat of his being
disturbed or displaced by other dolphins during the experiment.
Furthermore, he had previous experience in wearing opaque latex rubber
suction cups over his eyes and performing an echolocation task during
regularly scheduled public demonstrations. Neither the dolphin’s diet
(7.25 kg/day) nor his performing schedule (2 to 5 shows/day) were
altered for the sake of the experiment reported here.

The Seven Seas Panorama pool was an elongated oval-shape measuring
30,48 m 1 x 7.62 mw x 5.18 m d and held approximately 757,000 liters
(200,000 gallons) of manmade salt water. This experiment was conducted
in the shallow north end of the pool where the water was approximately
1.68 m deep and the dolphin could be stationed looking over the edge of

a slope that led down to the deep center of the pool.
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Procedure (Behavioral

The dolphin was conditioned to perform a discrimination task in a
"Go/No-go" paradigm (Schusterman, 1980). Cued by a trainer standing at
poolside at the beginning of each trial, the dolphin would leave its
starting place at the far end of the pool with a latex rubber suction
cup, referred to as an eyecup, mounted over its right eye to take a
position with its head inserted through an underwater hoop. The water-
filled rubber hoop was 46 cm in diameter and mounted on a PVC extension
arm so that it was centered 61 cm below the surface of the water and 1.8
m away from the side of the pool. Once the dolphin was properly
positioned in the hoop station, a second trainer standing in the water
next to the hoop and wearing a diving mask placed a second eyecup over
the dolphin’s left eye eliminating all visual cues (Figure 3). One of
two targets was then manually lowered into the water at a distance of 3
m for approximately four seconds allowing the dolphin to determine its
identity by echolocation. An aluminum cylinder, 76 cm long and 6 cm in
diameter, positioned in the water so that its center was aligned with
the center of the underwater hoop was used as the "Go" target. A sand-
filled rubber ring, 18 cm in diameter, positioned in the water so that
it was completely submerged approximately 6 cm below the water's surface
was used as the "No-go" target. After the target was withdrawn, the
left eyecup was removed and the dolphin was free to report his choice.
To indicate the "Go" target, the dolphin left his hoop station
immediately to strike a nearby float suspended to his right just above
the water’s surface before returning to his starting position. To

indicate the "No-go" target, the dolphin would remain in his hoop
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Figure 3. Dolphin and second trainer positioned for target

presentation.
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station until the second trainer sounded a hand held "clicker"
underwater after a period of anywhere from 8 to 15 seconds which was
randomly varied from trial to trial by the second trainer. Once.the
"clicker" was sounded, the dolphin returned to its starting position
(Figure 4). Figure 5 schematically represents the sequence of events in
a typical trial.

Each session consisted of twenty trials. The order of target
presentation was determined by Gellerman tables (Gellerman, 1933) which
were adjusted to allow both targets to be presented an equal number of
times but never more than three times in a row.

The trainer in the water at the hoop station was unaware of the
target condition for each trial and relied on the first trainer for
visual indications of target presence and the appropriateness of the
dolphin’s response. As the dolphin entered the underwater hoop on each
trial, the second trainer turned from facing the dolphin’s starting
position to face the side of the pool with his left hand, holding the
"clicker," extended to his side and just above the surface of the water.
He used his right hand to position the eyecup and keep it from falling
off during target presentation. When the eyecup was properly
positioned, the second trainer gave a gesture of the left hand to
indicate that the dolphin was ready for target presentation. As the
appropriate target was lowered into the water down range, the second
trainer looked back in the opposite direction toward the first trainer.
The first trainer, simultaneously with the presentation and withdrawal
of a target, quietly lowered into the water and removed a plastic float

attached to the end of a narrow pole within sight of the second trainer.
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Figure 4. Schematic representation of the positions of the dolphin,

trainers, and equipment during trials.
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Figure 5. Schematic representation of the sequence of events as they

occurred during a typical trial.
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Once the float was removed, the second trainer, who had been watching
the dolphin as well as the float, would look above the water’s surface
to the first trainer for a hand gesture indicating whether the tfial had
been a "Go" or a "No-go" and proceed appropriately. During and after
each trial, the second trainer also reported any collateral behaviors
observed as discussed below. At the end of each trial, the second
trainer then turned and faced the first trainer until the next trial
began to avoid any visual indications of what target might be presented.

The targets were manually presented by a third trainer who
additionally acted as record keeper during each session. The targets
were each attached to monofilament line and could be interchanged at the
end of a pole for presentation. On each trial, the target to be
presented was kept out of sight at poolside until the dolphin was
underwater and on its way to its hoop station. The third trainer,
therefore, was the only one of the three individuals involved that was
aware of the target condition prior to each trial. The target was then
swung out over the surface of the water and lowered upon a gesture from
the second trainer as described above. The third trainer recorded the
dolphin’s response as well as collateral behaviors reported by the
second trainer for each trial.

To investigate the role of the lower jaw in the performance of the
task described above, sessions were conducted in which ten of the twenty
trials required the dolphin to wear one of two rubber hoods. The ten
trials were selected prior to conducting a session and accounted for an
equal number of presentations of each target. The hoods were designed

to cover the dolphin’s lower jaw from the tip of the snout to a few
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centimeters anterior to the base of the pectoral fins along the gape of
the mouth (Figure 6). With the exception of the areas around the
external auditory meatus, the hoods covered the sound-sensitive éreas
over the lower jaw as indicated by Bullock et al. (1968) and McCormick

et al. (1970).

The hoods were held in place on the dolphin’s head by means of
rubber straps around the snout and the back of the head as well as by
clusters of small suction cups glued to the interiors of the hoods at
strategic points to prevent slippage and to keep the material as close
to the dolphin’s skin as possible (Figure 7). The suction cups were
commercially produced holders for bar soap which are designed to adhere
to smooth surfaces.

One of the hoods, used as a control, was constructed from 0.16 cm
thick gasless neoprene (Durometer neoprene obtained from the Abbott
Rubber Company, 2143 Lunt Avenue, Elk Grove Village, IL 60007). The
other hood, used to establish the experimental condition in which
acoustical signals would be attenuated at the lower jaw, was constructed
from 0.48 cm closed-cell neoprene.

Tests to determine the attenuation values of the neoprene
materials used were conducted in a concrete pool designed for making
underwater acoustical measurements at the Naval Ocean Systems Center,
Hawaii. An ARL-90 element planar transducer was mounted 1.8 m below the
surface of the water. A Clevite CH-24 transducer was mounted in line
with the ARL-90 at a distance of 2.1 m. Test signals were broadcast

through the CH-24. The peak-to-peak amplitudes of the signals received
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Figure 6. Dolphin wearing hood and eyecups and stationed as he would be

during target presentation.
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Figure 7. Schematic representation of the hood design.
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with and without a neoprene covering placed over the ARL-90 were
compared for the respective materials. Using simulated dolphin
echolocation clicks, it was determined that the gasless neoprene'had
attenuation values of 2.2 dB and 1.2 dB for signals with peak
frequencies of 35 kHz and 115 kHz respectively. Similarly, the closed-
cell neoprene had attenuation values of 39 dB and 36 dB for signals with
peak frequencies of 55 kHz and 115 kHz respectively (Au, personal
communications).

In addition to observing and recording the dolphin’s responses in
the discrimination task, the occurrence of any predetermined collateral
behaviors were also noted for each trial. Prior to beginning the
experiment, eight behaviors were anticipated and selected for
observation based on what was known to be typical of echolocating
dolphins and what was known about the behavior of this particular
subject. The behaviors selected were headscanning in both the vertical
and horizontal planes, holding the head cocked at a noticeable angle in
the vertical plane, the emission of air bubbles from the blowhole, the
suppression of emitted signals, holding the mouth open, the intentional
displacement of hoods or eyecups, and any noticeable variation in the
length of response latencies.

To accommodate the dolphin’s performing schedule, sessions were
conducted with some irregularity at a rate of one or two sessions per
day over a period of six months. A baseline session, conducted without
the use of a hood, always preceded a pair of sessions involving each of
the hoods which were conducted in a counterbalanced (ABC/ACB) order.

Each sequence of three sessions beginning with the baseline condition



constituted a set. A total of twenty sets were completed. Each of the
dolphin'’s correct responses were reinforced either with food, secondary
reinforcers, or combinations of both in keeping with the traininé
regimen familiar to the dolphin (Brill, 1981). Each incorrect response
was followed by a brief time-out during which the first trainer would
stand motionless and avoid eye contact with the dolphin. During each
trial, the remaining dolphins in the group were kept occupied at the

opposite end of the pool.

Procedure (Acoustical

To supplement the behavioral data collected in this experiment and
to investigate any changes made in the emitted echolocation signals
across conditions, samples of the dolphin’s outgoing echolocation
signals from each of the three conditions were recorded at intervals
throughout the experiment. The number of sessions recorded over the
course of the experiment was limited by the manpower available during
the sessions and the large amount of data that would result from each
recording.

Two hydrophones were in place during all trials recorded. A
Celesco LC-10 hydrophone was placed in line with the center of and 1 m
in front of the underwater hoop to detect the dolphin’s echolocation
clicks. An Edo-Western 6166 hydrophone was affixed to the top of the
underwater hoop directly over the dolphin’'s head. The signals recorded
by the Edo-Western hydrophone were used to act as a time reference in
the analysis of the signals recorded at the LC-10 hydrophone which made

it possible to distinguish the subject’s signals from any of those that
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were occasionally emitted by one or more of the other dolphins in the
pool during trials.

The signals from each hydrophone were amplified with 40 dB 6f
gain, bandpass filtered between 3 kHz and 200 kHz through Krohn-Hite
3550 variable filters, and recorded on two channels of an Ampex FR-1300
portable instrumentation tape recorder. The tape recorder was operated
at 152.4 cm/s (60 ips) providing a bandwidth of 280 kHz. To record a
trial, the reference channel monitoring the Edo-Western hydrophone was
active continuously from the time that the dolphin was cued to go to its
station until the time that it reported its choice. The signal channel,
monitoring the LC-10 hydrophone, was controlled by a mute switch placed
in line between the Ampex tape recorder and the Krohn-Hite filter. The
mute switch was opened, allowing the signals from the LC-10 hydrophone
to be recorded, from the time that the second eyecup was put into
position until it was removed (see Figure 5). It is assumed, then, that
the signals recorded at the LC-10 hydrophone were those emitted by the
dolphin during the time that it was echolocating on the presented
target.

To conserve the amount of recording tape being used and to
facilitate computer analysis, the signals from both channels originally
recorded during the time that the dolphin was echolocating on the target
were later reduced by a speed factor of 16 and transferred to a Marantz
PMD 360 stereo cassette tape recorder. The Marantz tape recorder and
cassettes could then be more easily transported from Brookfield Zoo to
the Parmly Hearing Institute, where signal analysis was conducted at a

later time.
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The best recorded samples of the dolphin’s echolocation signals,
those that were not contaminated by the presence of the emitted signals
of the other animals in the pool, simultaneous whistling by the éubject
or an equipment failure, were played into a Masscomp computer system for
analysis and graphic representation. Samples were submitted at an A/D
conversion rate of 40,000 points/sec. This rate allowed for the
representation of spectral information up to 320 kHz which was well
above the highest frequency of interest.

Once the samples obtained from both channels were graphically
represented, the subject’s echolocation clicks were identified and
extracted by matching the major peaks in each channel based on two
factors; the travel time between the hydrophones (approximately 657
usec) which remained constant, and an assigned peak voltage criterion
selected to be greater than the peak voltage of the noise observed in
the sample in question. Signals that could not be matched were
disregarded. Based on the clicks extracted, the following data were
generated and stored onto diskettes: 1) the total number of clicks
extracted from the sample; 2) the relative times at which the clicks
occurred in the sample; 3) the average waveform showing the voltage
range at points sampled based on the clicks extracted; 4) a frequency
spectrum (Fast Fourier Transform) of the average waveform; 5) the same
as 3 and 4 with all clicks normalized by setting the major negative peak
at -1v; 6) the average FFT showing the range at each sampled point based
the FFT's of each click in the sample; 7) a waterfall display of all
waveforms in the sample; 8) a waterfall display of all FFT's in the

sample; and, 9) an interclick interval (ICI) histogram. Figures 8a-h
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jllustrate the graphics produced in the process. Peak-to-peak sound
pressure levels, -3 dB bandwidths (the spacing between the frequencies
measured at the point midway down from the highest peak in the
spectrum), and signal duration were determined by hand measurements made

on the graphic representations of waveforms and their respective FFT's.
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Figure 8a. Graphic representation of a typical sample as recorded in
the reference channel on the left and in the signal channel
on the right. The trial ID code is shown above the signal

channel image.
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Figure 8b.

A listing of the clicks extracted from the sample and the
times of their occurrence in milliseconds relative to the

beginning of the sample.
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Figure 8c.

The average waveform derived from the clicks listed in
Figure 8b and its corresponding frequency spectrum. Bars on

the waveform indicate the amplitude range in the sample.



Voits

run68.beseline.t9.gh.7.11.86

1 1 1 . | L
80 100 120 440 160 180 200
Microseconds -

FFT_AVERAGE CLICK

Amplitude

1
% 5 100 150
Frequency kHz

43



44

Figure 8d.

The same as Figure 8c but normalizing the sample by placing

the major negative peak of each click at -1 volt.
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Figure 8e.

The average frequency spectrum with amplitude range bars
derived from the frequency spectra of the clicks listed

in Figure 8b.



Amplitude

10

Average FFT of Normalized Clicks

50

100 150
Frequency kHz

200

250

Ly



48

Figure 8f.

A waterfall display of all waveforms in the sample. Scales

for time and amplitude are shown. Click numbers, as given

in 8b, are shown on the right. The actual times between

clicks are not represented.
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Figure 8g.

A waterfall display of all frequency spectra in the sample.
Scales for frequency and amplitude are shown. Corresponding
click numbers, as given in Figure 8b, are shown on the

right.
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Figure 8h.

An interclick interval (ICI) histogram of all intervals less

than 120 msec in the sample.
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RESULTS

Behavioral Data

To facilitate the evaluation of the behavioral data gathered
during this experiment, samples of equal size (N=200 trials) for each
condition were employed. The samples taken from the control and
experimental conditions represented all of the trials in which the
dolphin was required to wear the respective hood. For the baseline
condition, ten trials, which included an equal number of presentations
of the two targets and approximately half of the errors observed in the
session, were selected from each baseline session. The samples
described in the following section, therefore, are as defined above

unless otherwise specified.

Performance on the Discrimination Task

The dolphin’s performance on the echolocation task across
conditions was evaluated by application of Signal Detection Theory
(Green and Swets, 1966). Figure 9 displays the data in a receiver-
operating-characteristic (ROC) format. The ordinate is the probability
of "hits," a "Go" response made after a presentation of the aluminum
cylinder. The abscissa is the probability of "false alarms," a "Go"
response made after a presentation of the sand-filléd ring. Values for
target sensitivity (d’) and response bias (Beta) as defined by Green and

Swets (1966) are displayed in the figure as well. Performance clearly
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Figure 9.

Response data plotted in a receiver-operating-characteristic
(ROC) format, the probability of hits versus the probability
of false alarms. Values for target sensitivity (d’) and
response bias (Beta) are displayed. Performance and target
sensitivity diminished across conditions while a relatively
unbiased response criterion was maintained. Circle =
baseline condition, Square = control condition, Triangle =

experimental condition. Each point = 200 trials.
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fell from well above chance in the baseline and control conditions to
just above chance in the experimental condition. The d' values indicate
that target sensitivity was clearly diminished in the experimentél
condition suggesting that the dolphin had difficulty detecting the
target under that condition. Beta values (1.0 = no bias) indicate that
’a relatively unbiased response criterion was maintained across
conditions with a slightly stronger tendency to make "Go" responses in
the experimental condition.

Figure 10 summarizes the dolphin’s performance in terms of percent
correct for each of the three conditions tested over time. Chi-square
tests of association (Siegel, 1956) were applied to evaluate the
differences in performance on the echolocation task in terms of the
proportions of correct responses to incorrect responses. Table 1
summarizes thg Chi-square values reported below. The differences in
performance across all three conditions (X2 = 24.1, p < .001) and
between the baseline and experimental conditions (X2 = 22.6, p < .001)
were significant. Furthermore, the insignificant differences between
the baseline and control conditions (X2 = 3.8, p= .05) and the
significant differences between the control and experimental conditions
(X2 = 7.6, p < .0l1) indicate that performance was distinctly affected by
the use of the experimental sound-attenuating hood as opposed to being
an artifact of the placement of any arbitrary covering over the
dolphin’s lower jaw.

The control and experimental conditions provided opportunities to
directly compare the effect of hood use and non-use within a session,

from trial to trial, in contrast to the comparison of different session
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Figure 10. Performance in terms of the percent of correct responses per
session plotted over time by condition. Baseline = 20
trials/point, Control and Experimental = 10 trials/point.

* Indicates tape recorded sessions.
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Table 1

60

Chi-square values for the difference in performance in terms of the

proportions of correct responses to incorrect responses across the

conditions indicated.

Baseline Control Experimental N daf XE
X X X 600 2 24, .001
X X 400 1 22. .001
X X 400 1 7 .01
X b4 400 1 3 .05
Hooded vs. Unhooded Trials
Control Condition 400 1 3 .05
Experimental Condition 400 1 16. .001
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types over time. Therefore, to further evaluate the effect of the
hoods on performance, Chi-square tests were applied to the differences
observed between the trials conducted with and without a hood within the
control and the experimental conditions. Figure 11 compares the percent
of correct responses made with and without a hood in each session of the
control condition and Figure 12 displays the comparable data for the
experimental condition. The difference in performance within the
control condition was not significant (X2 = 3.4, p> .05). However, the
difference in performance within the experimental condition was
significant (X2 = 16.9, p < .001) again suggesting an effect caused by

the experimental hood.

Collateral Behavior

Of the eight collateral behaviors that had been anticipated, six
were observed and only two of those occurred with any notable frequency
(see Appendix I). The occurrences of these collateral behaviors do not
appear to be correlated to any particular variable such as test
condition, target, or response type.

The suppression of signals and unusually long response latencies
were not observed. In the case of the former, it will be noted later
that there were, in fact, two tape recorded trials in which no acoustic
signals were present.

Headscanning in the vertical plane, holding the head cocked, the
emission of air bubbles, and the displacement of hoods each occurred in
fewer than 9% of the total number of trials conducted. Headscanning in

the horizontal plane was observed in 31% of the trials, with 17% of
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Figure 11. The percent of correct responses made with and without a
hood per session in the control condition. Each point = 10

trials.
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Figure 12. The percent of correct responses made with and without a
hood per session in the experimental condition. Each point

= 10 trials.
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those observations occurring under hooded conditions. Holding the mouth
open was the most frequent collateral behavior observed, occurring in
46% of the trials. The nature of the hood, however, eliminated fhe
possibility of this behavior during hooded trials due to the strap over

the dolphin’s snout.

General Behavior During Sessions

Nemo'’s responses during the echolocation task were, for the most
part, clear and definite. In making "hits," he often quickly pulled
away from the second eyecup to leave his station just prior to the
withdrawal of the target and head directly for the response
manipulandum. In making "correct rejections,"” he held his position once
the second eyecup was removed, drifting only slightly back and forth and
remaining in the plane of the hoop, until the clicker was sounded at
which time he would back out of the hoop station and turn to his left,
away from the response manipulandum, to return to the first trainer.
"False alarms" were often made after a slight delay. Nemo would back
away from the hoop and turn toward the response manipulandum and look
back toward the second trainer who would ignore him. For trials during
which "misses" were made, he would stay in the hoop station for as long
as ten seconds beyond the fifteen seconds during which the clicker would
be expected and then, after not hearing the clicker, would leave and hit
the response manipulandum before returning to the first trainer.

Responses were fairly similar across conditions with one
significant exception. During hooded trials, regardless of the type of

hood being used, Nemo would slightly thrash his head as he submerged at
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the beginning of a trial, remain calm while in station, and then thrash
again, more vigorously, once he backed away from the hoop station to
discard the hood before making a "Go" response or returning to the first
trainer after making a "No-go" response. Before the next trial, either
the first trainer would have Nemo retrieve the hood or the second
trainer would simply pick it up and toss it back depending on who was
closer to it.

There were trials in the baseline condition during which the
second trainer could observe Nemo following the presentation of a target
with head movement in the vertical plane. Once the second eyecup was in
place, Nemo would point his snout toward the point of target entry at
the water's surface and then lower his head to a horizontal position
simultaneous to the presentation of a target. During such times,
"buzzing" or rapidly emitted echolocation signals were clearly audible
to the second trainer.

A concerted effort made to keep the other four dolphins away from
the test area was not always successful. Angie, the oldest female in
the group and a frequent companion of Nemo's, would occasionally swim
into the area to investigate or Nemo would leave in between trials to
swim to the other end of the pool and show interest in Angie or other
members of the group. On a few occasions, it proved helpful to keep
Angie in the test area. As long as she was close by, Nemo was more

attentive to the task at hand and stayed in the test area.
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Acoustical Data

The evaluation of the acoustical data recorded during the course
of this experiment sought to examine and compare the amplitudes, peak
frequencies, -3 dB bandwidths, interclick intervals (ICI's), and the
numbers of echolocation clicks emitted by the dolphin with the
assumption that he might employ some noticeable strategy in the emission
of his outgoing signals in order to compensate for the attenuation of
incoming signals at his lower jaw.

In consideration of the debate over the site of sound production
for echolocation signals, a question to be addressed was whether or not
the use of either of the two rubber hoods in any way distorted the
dolphin’s outgoing signals. Figure 13 displays the average waveform and
its corresponding frequency spectrum of a representative trial from each
of the three conditions tested. In general, there was little variation
in terms of the waveforms and signal characteristics examined across
conditions. The echolocation signals recorded during this experiment
typically had durations of approximately 140-150 usec, peak frequencies
between 30 and 55 kHz, -3 dB bandwidths of 30 to 50 kHz, and peak-to-
peak sound pressure levels (SPLpp) between 170 and 180 dB re: 1 uPa at 1
m, with few exceptions. It is interesting to note that Diercks et al.
(1971) reported a peak frequency of 35 kHz and Evans (1973) reported a
peak frequency range of 35 to 60 kHz for the same species (Tursiops
truncatus) in a concrete pool which agree with the range reported above.

Table 2 lists the values for SPLpp, peak frequency and -3 dB

bandwidth taken from the average waveform and its corresponding
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Figure 13. Average waveforms derived from all of the clicks in the
sample and their respective frequency spectra shown for each

of the three conditions tested.
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Table 2

Signal characteristic values for each trial in each of the tape recorded
sessions. Values for peak-to-peak SPL’'s, and peak frequencies were
taken from the average waveform for each trial. Values for bandwidths
were taken from frequency spectra of the average waveforms. Refer to

Figure 8. (- indicates unavailable data).

Trial# SPL re:luPa fp (kHz) BW (kHz) # of Clicks

Session 11 Experimental

3 170.23 41 53 90
5 177.7 46 35 40
7 177.7 30 40 44
15 178.03 45 40 25
17 164.52 50 36 34
19 173.32 45 46 9
20 173.26 45 44 81

Session 12 Control

5 171.68 55 50 15
9 177.36 55 37 14
10 173.48 55 50 61
12 177.36 55 40 46
14 176.25 56 50 39
18 176.25 55 46 72

Session 16 Baseline

1 177.36 54 43 129
5 178.03 30 30 41
10 175.84 30 41 80
14 177.7 29 39 59
15 174.01 35 44 84
16 - - - 69
17 177.0 30 26 61

18 173.48 30 20 35



Trial# SPL re:luPa fp (kHz) BW (kHz) # of Clicks

Session 23 Experimental

2 177.7 46 39 8
4 175.84 60 55 81
6 174.01 46 41 47
8 177.0 43 51 115
10 164.67 37 49 11
11 170.91 - - 2
15 169.57 55 73 9
18 169.49 - - 24

Session 24 Control

3 174.26 45 45 31
4 177.18 44 45 44
6 177.0 30 45 47
8 178.03 40 39 30
10 176.63 54 41 26
11 174.51 40 23 38
13 177.36 55 40 28
17 177.0 30 37 23

Session 34 Baseline

2 174.98 35 37 77
3 176 .44 30 37 60
4 177.7 30 35 43
5 177.36 55 35 40
6 177.36 30 28 92
7 178.03 35 23 48
9 172.81 35 42 43
14 174.26 37 53 123
15 174.98 35 35 98
17 176.25 30 42 119

Session 35 Experimental

2 171.34 35 35 95
3 173.48 35 53 98
8 174.01 35 50 108
9 176.25 35 46 86
11 170.23 37 47 132
12 172.75 36 64 226
14 177.0 30 37 103
16 176.25 40 45 56

18 169.82 30 63 84
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Trial# SPL re:luPa f kHz BW_(kHz # of Clicks

p

Session 36 Control

3 177.0 30 38 53
5 177.0 55 40 85
6 174.98 35 40 54
8 175.84 35 52 128
9 175.84 55 48 74
11 170.23 30 37 57
14 175.2 35 28 25
15 174.51 35 48 71
17 175.84 40 41 70
19 175.84 40 46 48

Session 46 Baseline

1 176.63 55 24 73
2 177.36 55 23 54
5 177.36 55 35 57
6 177.36 55 35 36
8 174.01 50 38 75
12 177.7 55 36 67
13 175.42 30 35 93
14 178.34 35 37 165
16 175.42 55 36 48
19 177.0 50 35 63

Session 47 Experimental

5 177.0 30 45 46
6 177.36 50 34 22
8 176.63 30 30 24
11 178.03 30 40 11
12 177.36 30 30 30
14 175.84 40 37 9
15 177.7 30 33 3
17 177.7 30 36 7
19 170.98 30 44 10

Session 48 Control

4 177.0 30 38 74
5 178.03 30 15 15
9 176.25 30 20 23
10 176.25 40 45 25
12 177.0 54 37 33
13 176.63 55 35 38
15 174.98 30 57 49
16 - - - 19
17 176.44 55 66 39

19 178.65 30 35 19



Trial# SPL re:luPa
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178.
169.
174,
170.
178.
176.
176
177
175.

65
4

51
98
03
25

.25
.7

42

Session 59 Experimental

Session 60 Control

178.
172.
174.
175
162.
171.
173

174.

03
92
51

.42

66
68

48

26

3

5

8
10
12
13
14
16
17
19

178
177.
178.
176.
172
177.
176.
177

.19

36
94
63

.32

36
25

.36

fp (kHz) BW (kHz) # of Clicks

23 23 75
23 34 63
25 45 90
30 44 60
25 45 78
25 45 129
25 53 118
25 28 55
24 35 115

- - 0
30 38 2
30 35 11
30 27 115
30 25 39
30 14 2
40 45 53
45 20 4

- - 0
30 35 98

- - 37

- - 87
30 40 66
35 55 141
24 34 60
55 42 48
25 40 55
24 23 4
30 40 37
25 30 48
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frequency spectrum, and the number of echolocation clicks identified,
per trial per recorded session. Note that there are two trials in the
last experimental session in which no emitted signals were detecfed.
Table 3 lists the mean values per recorded session based on the values
given in Table 2.

Interclick intervals (ICI), the time between one click, or pulse,
and its succeeding click, can be defined as the sum of two time
components; the two-way transit time for sound between the dolphin and
its target plus the processing time (cf. Morozov, Akopian, Burdin,
Zaytseva, and Sokovykh, 1972) during which information contained in the
incoming signal is being processed by the central auditory system. In
this experiment, the two-way transit time between the dolphin and the
target was 4 msec and the two-way transit time between the dolphin and

the far end of the pool was 30 msec. There has been a good deal of

variation reported in the length of the information processing component

in ICI's. Au, Floyd, Penner, and Murchison (1974), for example,
reported mean values as high as 50 msec over the two-way transit time
for the target in the ICI's they measured. Considering those factors
and a review of the ICI histograms for the trials recorded in this
experiment, 120 msec was chosen as the acceptable maximum ICI. This
value allowed for the 30 msec transit time and a liberal processing
time. All ICI's greater than 120 msec were assumed to be the intervals
between trains of clicks and were excluded from the samples.

Table 4 lists the minimum ICI, mean ICI, and number of ICI’s in
the sample per trial per recorded session. Histograms using bin widths

of 10 msec were generated for each trial. The histograms were then
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Table 3

Mean signal characteristic values for each tape recorded session.derived
from the values given in Table 2. N equals total number of clicks

extracted from each session.

Session SPLpp fp BW Clks N

Baseline
16 176.20 34.0 34.7 69.75 558
34 176.02 35.2 36.7 74.30 743
46 176.66 49.5 33.4 73.10 731
58 175.24 25.0 39.1 87.00 783
2,815
Control
12 175.40 55.2 45.5 41.17 247
24 176.50 42.3 39.4 33.38 267
36 175.23 39.0 41.8 66.50 665
48 176.80 39.3 38.7 33.40 334
60 176.80 31.0 38.0 58.30 583
2,096
Experimental
11 173.54 43.1 42.0 46 .14 323
23 172.40 47.8 51.3 37.13 297
35 173.46 34.8 48.9 109.8 988
47 176.51 33.3 36.6 18.00 162
59 172.87 33.1 29.9 32.40 324
2,094

Total N = 7,005
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Table 4

Values for minimum interclick intervals (ICI), mean ICI, and number of
ICI’'s for each trial in each tape recorded session. N equals total

number of ICI’'s in each trial. (- indicates no ICI’s less than 120

msec) .
Trial # Min ICI Mean ICI N
{(msec) (msec)
Baseline
Session 16
1 ’ 17.5 24.17 128
5 31.48 62.57 37
10 38.55 52.61 76
14 11.25 55.13 54
15 42.11 56.63 77
16 34.47 73.91 63
17 39.41 60.22 59
18 35.86 69.16 29
Session 34
2 39,25 57.65 74
3 39.56 48.27 57
4 32.42 83.86 38
5 83.5 107.49 36
6 22.09 43.09 90
7 42 .81 60.94 39
9 71.83 89.03 40
14 13.04 36.08 120
15 14.61 44,93 96

17 17.67 33.47 117



Trial # Min ICI Mean ICI N

(msec) (msec)

Session 46

1 22.86 51.54 70
2 25.4 59.55 47
5 47 .94 68.68 54
6 41.71 59.66 28
8 42.23 62.4 74
12 40.13 50.21 63
13 18.06 43,86 88
14 17.9 25.94 157
16 62.43 95.53 45
19 31.59 56.17 56
Session 58

1 36.0 53.6 72
3 19.29 55.74 58
5 17.22 47.83 81
7 34.42 44 .55 53
9 33.5 50.74 71
12 17.55 29.35 128
14 14.63 35.27 113
16 19.65 46.98 52
18 22.67 42.21 113

Total N = 2,653
Control

Session 12

5 66.33 93.7 13
9 18.66 67.05 8
10 33.12 46.27 56
12 22.04 46.3 42
14 42.93 51.09 38
18 30.98 46.91 69

Session 24

3 29.49 53.25 28
4 36.21 65.49 42
6 449 78.17 46
8 39.08 73.41 26
10 39.20 50.19 25
11 46.64 74.84 30
13 19.54 36.81 25

17 28.64 64 .54 19



Trial # Min ICI Mean ICI N
(msec) (msec)
Session 36
3 46 .46 82.65 44
5 28.79 46 .46 83
6 26.33 50.43 49
8 12.92 37.38 127
9 35.42 60.27 70
11 40.33 64.61 52
14 39.69 68.34 23
15 35.05 58.27 66
17 46.93 66.0 69
19 51.44 73.34 37
Session 48
4 16.6 39.76 61
5 70.35 88.04 8
9 59.8 87.38 12
10 72.98 93.25 20
12 52.41 72.12 28
13 53.2 89.66 33
15 56.6 80.21 37
16 43.79 62.34 14
17 49 .89 71.86 31
19 56.17 60.47 2
Session 60
3 52.4 68.58 34
5 14.12 37.84 84
8 17.65 27.74 62
10 12.34 35.58 140
12 33.87 42.27 59
13 42 .54 58.38 47
14 13.6 44,27 82
16 - -
17 39.28 53.94 33
19 14.50 25.78 46

Total N = 1,920



Trial # Min ICI Mean ICI N

(msec) {(msec)

Experimental

Session 11

3 2.1 33.07 88
5 35.16 48.86 38
7 5.64 35.02 39
15 25.12 42 .93 23
17 19.08 32.01 29
19 64.59 95.11 3
20 17.62 34.08 79
Session 23

2 43.78 71.99 6
4 37.38 45.62 80
6 41.06 48.84 43
8 16.67 24 .38 114
10 40.6 54.15 9
11 - - -
15 40.53 44 .86 8
18 30.14 43.97 21
Session 35

2 12.66 36.96 94
3 14.03 36.46 94
8 15.42 39.53 107
9 26.29 50.29 84
11 11.54 33.74 131
12 12.39 19.98 201
14 31.38 38.9 102
16 58.72 77.59 55
18 15.63 26.22 82
Session 47

5 4.46 29.83 42
6 31.39 50.78 20
8 17.25 49.01 20
11 57.5 65.14 9
12 49,95 62.27 28
14 71.33 86.75 6
15 67.19 67.19 1
17 59.02 83.67 5
19 8.5 10.82 9



Trial # Min ICI Mean ICI N
(msec) (msec)
Session 59
4 44,47 76.99 3
6 45.49 49,12 9
7 9.96 30.83 109
10 30.0 43.6 34
11 66.11 66.11 1
12 22.81 41.88 51
15 34.3 40.55 3
18 21.22 42.09 97

Total N = 1,977
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Figure 14.

ICI histograms for the baseline, control, and experimental
conditions represented in terms of the percent of ICI's
which fell into each 10 msec bin. Arrows indicate two-way
transit times for the target and the far end of the pool.
Values for the minimum ICI, mean ICI, percent of ICI’s less
than 50 msec, and total number of ICI's for each condition

are shown.
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compiled into a single histogram for each condition tested. Figure 14
displays those histograms in terms of the percent of all ICI's per
condition falling into each 10 msec bin. The respective values for the
minimum ICI, mean ICI, and the percent of ICI's falling below 50 msec
are also listed in the figure. The ICI distributions for all three
conditions tested peak in the 40-50 msec bin. The distributions for the
baseline and control conditions are very similar. In contrast, the
distribution for the experimental condition is skewed with 81% of the
ICI's falling below 50 msec. It is the only one of the three conditions
with ICI's in the 0-10 msec bin and a minimum ICI value, 2.1 msec, less
than the two-way transit time to the target.

Figures 15 to 17 plot comparisons of the mean values of the signal
characteristics examined for each recorded session in the baseline,
control, and experimental conditions, respectively. The most notable
variations occur with respect to the mean number of clicks in the
control and experimental conditions. The number of clicks follows a "W"
pattern over sessions in both conditions with a more prominent rise in
number as well as shorter ICI’s in the experimental condition.

Figure 18 summarizes the mean signal characteristic values across
conditions. 1In this figure it can be more easily seen that the most
notable change across conditions occurs in temporal parameters, namely
the lower average number of clicks per trial in the hooded conditions.
Finally, Figure 19 combines the performance and acoustical data plotted

over a time continuum.
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Figure 15. Mean values for peak frequency, -3 dB bandwidth, peak-to-
peak SPL re: 1 uPa, ICI, and number of clicks per trial

plotted as a function of time for the tape recorded sessions

in the baseline condition.
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Figure 16. Mean values for peak frequency, -3 dB bandwidth, peak-to-
peak SPL re: 1 uPa, ICI, and number of clicks per trial

plotted as a function of time for the tape recorded sessions

in the control condition.
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Figure 17. Mean values for peak frequency, -3 dB bandwidth, peak-to-
peak SPL re: 1 uPa, ICI, and number of clicks per trial
plotted as a function of time for the tape recorded sessions

in the experimental condition.
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Figure 18. Mean values for peak frequency, -3 dB bandwidth, peak-to-
peak SPL re: 1 uPa, ICI, and number of clicks per trial in
the tape-recorded sessions plotted as a function of

condition tested.



180

170

90

80

70

60

50

40

30

20

10

S Se—
—S
P =Peak Frequency (kHz)
B = Bandwidth (kHz)
S =SPLpp (dB)
C =Number of Clicks
I =ICl(msec)
C
| |
C
P |
C B
B
| ! |
Baseline Control Experimental

4]



93

Figure 19. Performance data in a continuum and acoustical data plotted
simultaneously as a function of time. * Indicates tape

recorded sessions.
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DISCUSSION

The attenuation of acoustical signals at the lower jaw of a

dolphin (Tursiops truncatus) significantly hindered its performance in

an echolocation task performed under controlled conditions as would be
predicted by Norris’s (1968) "jaw-hearing" theory. Observed collateral
behaviors did not reveal any strategies used to compensate for such
attenuation. Echolocation signals recorded across conditions clearly
showed that emitted pulses were unaffected by the application of
neoprene materials over the lower jaw and that the only notable changes
in signal characteristics occurred with respect to the number of clicks
and the length of ICI’'s. The data resulting from this experiment
provide the first direct evidence of its kind relative to this theory.
It should be noted, however, that it would be unwarranted to
assume that the use of the experimental hood completely eliminated the
reception of acoustical signals by the dolphin or that the lower jaw and
mandibular fat bodies represent the only acoustical pathway to the inner
ear. There were means possible by which the dolphin in this experiment
could have received potentially meaningful, albeit subtle, signals that
would have bypassed the barrier to the lower jaw that was imposed.
Since this experiment was conducted in a concrete pool, the nature of
the dolphin’s surroundings (see Figure 4) were such that his

echolocation signals could have returned from points behind him by means

of several reflective pathways. Yanagisawa et al. (1966) and Bullock et

al. (1968) identified areas on the dolphin's melon as being sensitive to



96
incoming sound and the role of the melon in sound reception has been
previously proposed and discussed (cf. Dreher, 1969; Johnson, 1986).
This experiment made no attempt to attenuate any acoustic signals above
the line of the gape of the mouth. Finally, sound reception through the
external auditory meatus itself or the tissues that surround it cannot
be completely ruled out. If, however, the dolphin in this experiment
was receiving subtle acoustic cues relevant to the task that it was
performing, they were of no benefit to his performance in the
experimental condition. Further behavioral experimentation would be
required to determine what role, if any, the melon or upper portion of
the dolphin’'s head has in sound reception and to determine if
performance under conditions comparable to those imposed in this
experiment would improve if tested over a much greater number of trials.

Given those considerations, it remains clear from the performance
data in this experiment, as evaluated by both Chi-square tests and
Signal Detection Theory, that a significant effect on performance in the
echolocation task was caused by the use of the experimental sound
attenuating hood. The most direct argument for the effect of the
experimental hood is represented in the comparison between the trials
conducted with and without a hood in both the control and experimental
conditions (see Figures 11 and 12). The implication of these data is
that the dolphin did as well in performing the discrimination task from
trial to trial with the control hood as he did without it whereas a
significant difference in performance from trial to trial in sessions
involving the experimental hood is evident. This finding helps to

eliminate the potential criticism that novelty or some form of



discomfort on the part of the dolphin in wearing any type of material
over the lower jaw would account for a disruption in his ability to
echolocate.

Low false-alarm rates, less than .30, have been typical for
several species of marine mammals in the results of echolocation
experiments conducted, particularly those intended to measure acoustic
detection thresholds (Schusterman, 1974). Schusterman pointed out that
when faced with an a _priori signal presentation probability of .50, the
animals in the studies he reviewed consistently adapted the conservative
Neyman-Pearson criterion; keeping the proportion of false alarms at a
constantly low value. He suggested that the animals’ strategies were
influenced by the need for stimulus control imposed by the investigator
in the conditioning process which emphasized the report of hits as
opposed to the report of false alarms. 1In all of the cases reviewed by
Schusterman, the probability of target presence was equal and the payoff
for correct responses was the same.

Au and Penner (1981) reported results for target detection in
noise by Tursiops truncatus which departed from the Neyman-Pearson
criterion with higher false alarm rates. In their experiment, the level
of masking noise, and, therefore, the degree of difficulty in detecting
the target, was randomly varied. Au and Penner suggested that the
randomization of difficulty caused the departure from the Neyman-Pearson
criterion that they observed.

The Beta values presented in Figure 9 indicate, as has been
mentioned, a relatively unbiased response criterion, as defined by Green

and Swets (1966), across conditions. The false alarm rates falling
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between .30 and .70 in Figure 9 are high in comparison to those reviewed
by Schusterman (1974) and, like those reported by Au and Penner (1981),
do not suggest the utilization of a Neyman-Pearson criterion. 1In this
experiment, the probability of target presentation was equal and target
range and depth were constant. It is reasonable to assume that, given
Nemo's experience during the length of time he had spent residing in the
Seven Seas Panorama facility prior to this experiment and the experience
he acquired as a result of the preparatory training iﬁvolved, he
approached the discrimination task at hand by employing a signal of
predetermined characteristics regardless of the condition under which he
was being tested. Due to the nature of the training regimen used with
the dolphins at the Seven Seas facility (Brill, 1981), there was
variation in the form of reinforcement administered for each correct
response. The randomization of the use of a hood from trial to trial in
the control and experimental conditions may be analogous to a
randomization of the difficulty in detecting a target. Similarly, the
increased difficulty in target detection in the experimental condition,
as indicated by the d' values in Figure 9, may explain the slightly
stronger tendency in making false alarms that was observed in that
condition as compared to the baseline and control conditions.

The collateral behaviors that had been anticipated prior to the
conduction of the experiment and noted during trials did not occur with
frequencies sufficient enough to provide any meaningful information (see
Appendix I). It had been hoped that such behaviors would reveal
directly observable indications of any strategies used by the dolphin to

compensate for any difficulties in echolocating while wearing the hoods.
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The most frequently observed collateral behavior, holding the mouth open
while echolocating, could only be observed during trials in the baseline
condition. This behavior had been included among the anticipated
collaterals because Nemo was known to frequently echolocate with his
mouth open while blindfolded during public demonstrations. If sound
reception by the mandibular fat bodies is an advantage to an
echolocating dolphin, which has been shown to be the case in this
experiment, holding the mouth open would be helpful. Exposing the soft
tissues in the interior of the mouth would provide access to a pathway
to the mandibular fat bodies that bypasses the thin layer of bone in the
flared posterior ends of the mandible. If, on the other hand, holding
the mouth open during echolocation were necessary to a dolphin, the
performance rates in the control and experimental conditions where the
dolphin’s mouth was kept closed should have been very similar. They
were not.

A good deal of headscanning behavior had been anticipated.
Dolphins typically swing their heads from side to side and occasionally
up and down while echolocating (Schevill and Lawrence, 1956; Kellogg,

1960; Norris et al., 1961). It is believed that such motion is used to

direct the beam of emitted signals as well as to assist in localizing on
the source of the echoes to which the animal is attending. Some fine-
tuning or filtering of the incoming signals may also be accomplished by
the change of the angle of incidence, and, therefore, the density of
bone through which the signal must pass, at the pan bones (Norris,
1968). One of the reasons for using a hoop station in this experiment,

as opposed to a chin rest or bite bar, was to allow the freedom of
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movement necessary for headscanning should the dolphin have found it
necessary. The low rate of headscanning that was observed in this
experiment may be attributable to two factors. The first is that Nemo
had learned where the targets would be located eliminating the need to
search or determine an echo source. The other is that any scanning of
his outgoing beam may have been accomplished internally without any
visible movement of the head (Ayrapet’yants, Voronov, Ivanenko, Ivanov,
Ordovskiy, Sergeyev, and Chillingiris, 1973; Evans, 1973). Familiarity
with and the geometry of the target positions would also explain the
lack of head movement in the vertical plane. Au et al. (1986) have
reported that the transmission and receiving beam axes in Tursiops
truncatus lie on a 5° angle above the line of the gape of the mouth.
Nemo’s depth and horizontal head position and the range and depth of the
targets would have easily allowed target detection without any vertical
head movement. The low rate of headscanning that occurred was not
directly attributable to the use of either hood and may have had more to
do with listening to the acoustic activities of pool mates during
trials.

There were two trials in the experimental condition that were tape
recorded and revealed no detectable echolocation clicks in either
channel. There was no report of the suppression of acoustic signals,
echolocation clicks, from the trainer in the water during those trials.
It is likely that the trainer in the water was hearing acoustic signals
that were being emitted by one or more of the other dolphins residing in
the pool and mistook them as signals being produced by Nemo. Based on

personal experience during this experiment and a number of other
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occasions, it is difficult to be certain of the source of the acoustic
signals that one can hear dolphins making underwater in a concrete pool.
The lack of signal production during those two trials is most likely the
result of frustration and/or complacency as indicated by Nemo’s chance
performance in the experimental condition overall and in the last
session of that condition in particular (see Figure 10). Similar
behavior as seen in the breakdown of conditioned responses and the
simulation of echolocation behavior in the absence of emitted signals by
dolphins as target detection became increasingly difficult has been
previously reported (Au and Penner, 1981).

Again, familiarity with the test situations gained by the dolphin
prior to the experiment may explain the low frequencies of collateral
behaviors observed.

Norris et al. (1961), Evans (1973), Norris and Harvey (1974), Au

et al. (1986) and others have provided evidence that echolocation

signals are emitted from the area of the forehead above the line of the
gape of the mouth and are focused forward in a directional manner. If
the signals emitted by dolphins during echolocation originate in the
larynx and are radiated in an omnidirectional field without being
focused forward through the melon as others already cited in the
introduction of this manuscript have suggested, then placement of hoods
on Nemo'’s lower jaw should have blocked and distorted his emitted
signals. The comparison of average waveforms and their respective
frequency spectra from each of the conditions tested in this experiment
provided in Figure 13 clearly show that Nemo's emitted signals were

unaffected by the presence of either of the hoods at his lower jaw. In
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examining Figure 13, it is difficult, at best, to determine which of the
three waveforms presented was taken from a particular condition without
the benefit of appropriate identification. It is clear, then, that Nemo
was able to emit useful echolocation signals in all three conditions and
that those signals were being emitted from an area or areas above the
line of the gape of the mouth. Such evidence supports the assumption
that the hoods were, in fact, affecting the reception of echolocation
signals and not their emission.

The average peak-to-peak amplitude, peak frequency, bandwidth, and
interclick intervals (ICI's), and number of clicks or pulses per trial
were the signal characteristics examined and compared in this
experiment. Several investigators have provided evidence that dolphins
exert control over the characteristics of their emitted signals as they
echolocate (Turner and Norris, 1966; Norris, Evans, and Turner, 1967;
Norris et al., 1972; Evans, 1973; Au, 1980). It had been anticipated
that Nemo would make significant alterations in the characteristics of
his outgoing echolocation signals, particularly with respect to
amplitude and repetition rates, in an effort to compensate for the
attenuation of incoming signals at the lower jaw. The results reported
in the preceding section indicate that spectral parameters were stable
across conditions while some variations occurred in temporal parameters
as reflected in the number of clicks emitted and the lengths of the
ICI's.

A preliminary report made while this experiment was still in
progress and data analysis was incomplete (Brill, in press) suggested

the possibility that Nemo was using shorter bursts composed of fewer
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clicks and longer ICI's in the hooded conditions as opposed to the
baseline condition. The complete body of data resulting from this
experiment, however, indicates a lower average number of clicks per
trial in the hooded conditions with a shorter ICI in the experimental
condition.

An echolocating dolphin will typically increase its click
repetition rate and, conversely, decrease the length of ICI's as it
homes in on its target (Busnel and Dziedzic, 1967; Evans and Powell,
1967; Norris et _al., 1967; Morozov et al., 1972), a strategy that
provides more echoes and, therefore, more information regarding the
object of interest. Norris (1964) suggested that the repetition rate
may be related to the degree of discrimination desired by the dolphin at

any given moment. Au et al. (1982) have pointed out that interclick

intervals almost always exceed the two-way transit time to the target
implying that the echo from one click is received by the dolphin before
the next click is emitted. Murchison (1980) has proposed that
interclick intervals used by echolocating odontocetes are behaviorally
controlled by the animal and are relative to its "search image," the
type of returning signal expected from a familiar target.

Compared to the baseline condition (refer to Figure 10), Nemo had
little trouble compensating for the use of the control hood. With the
exception of a brief drop to chance, his performance rates in that
condition rose quickly over time to approach the rates in the baseline
condition. The average ICI’'s and the distributions of the ICI’'s for the
baseline and control conditions are similar (see Figure 14). The fact

that the ICI histograms presented in Figure 14 all show peaks in the



104
40-50 msec bin indicates that Nemo relied most frequently on an interval
that allowed for the return and processing of all returning echoes. An
ICI of 40-50 msec would accommodate both the greatest two-way transit
time in the test environment, 30 msec for the far end of the pool, and a
reasonable length of processing time.

However, with the exception of one high-scoring session (refer to
Figure 19, Session 33), Nemo's performance in the experimental condition
did not improve over time. The shorter ICI’'s evident in the skewed
distribution for this condition (see Figure 14) and the somewhat lower
average number of clicks are possibly indicative of a reaction to the
absence of some expected information or search image. It is possible
that the acoustic information available to Nemo in the baseline and
control conditions was being obscured, if not eliminated, in the
experimental condition by virtue of the use of the sound attenuating
hood. To compensate, then, Nemo appears to have relied on shorter ICI's
in an effort to gain more information and shorter bursts may have been
the result of some difficulty in processing that information in the
experimental condition.

The tape recorded hooded sessions (sessions 34-36, see Fig. 18)
immediately following the high-scoring experimental session (session 33)
show an increase in the average number of clicks per trial that is much
more dramatic in the experimental condition. The fact that the increase
occurs in both conditions may be coincidental. The fact that it occurs
so dramatically in the experimental condition may indicate that it was a
successful strategy in the preceding high-scoring session. Even so, the

next set of tape recorded sessions (sessions 46-48) show a drop in the
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average number of clicks and success in the experimental condition was
never repeated.

As previously described, the hoods left the area around the
external auditory meatus exposed, yet a dramatic difference in
performance on the echolocation task caused by the experimental hood was
observed. 1If the external auditory meatus or its surrounding tissues
provide a functional acoustic pathway to thé inner as has been proposed,
its effectiveness, as well as the effectiveness of the lower jaw, may be
frequency dependent. It is clear from the results of this experiment
that the frequencies of Nemo’s outgoing signals fell in the range
between 30 kHz and 55 kHz. The electrophysiological experiments of

Bullock et al. (1968) and McCormick et al. (1970) suggested that the

area around the external auditory meatus was sensitive to frequencies
below 20 kHz whereas the lateral surfaces of the lower jaw were
sensitive to frequencies above 20 kHz. Renaud and Popper (1975)
observed that their psychophysical data for sound localization by

Tursiops truncatus likewise suggested a dependency on the external

auditory meatus for localization on acoustic signals below 20 kHz and a
dependency on the lower jaw for localization on signals above 20 kHz.
Since Nemo’s signals were well above 20 kHz, the area around the
external auditory meatus was of no benefit in sound reception.
Therefore, it is likely that the area of the lower jaw was the primary

site of sound reception during echolocation in this experiment.
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Suggestions for Further Research

The availability of new evidence for sound reception through the
lower jaw of a dolphin generates several questions of immediate interest
which would be worthy of further investigation, some of which have been
implied earlier in this dissertation.

Verification of the findings of this experiment through
replication with additional subjects would be of obvious value. Of
greater benefit would be a replication conducted over a more extensive
period of time. 1In such a replication, the question of usable, subtle
acoustic cues could be pursued. In addition, a longer test period may
reveal more information regarding learned strategies which compensate
for the attenuation of incoming signals.

Signal transmission sites above the line of the gape of the mouth
could be investigated by adapting the same methodology used in this
experiment, as had similarly been considered by Chun (personal
communication). It would be of interest to determine whether or not
outgoing signals could be rendered useless to the dolphin by covering
the melon and/or upper rostrum with an appropriate barrier, how the
resulting waveforms differed in their characteristics, and whether or
not the dolphin is capable of emitting a usable echolocation signal from
the tip of the upper rostrum as has been suggested by the recordings
made by Evans (1973).

If the echolocation process can be disrupted by acoustically
blocking the lower jaw, how much of an area need be blocked to cause a
significant effect? The imposition of acoustical barriers of various

and appropriate shapes and sizes would make possible the behavioral
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mapping of areas on the head of a dolphin that are critical to a dolphin
for sound reception. It would be of use to determine how well such a
behavioral map would correspond to the physiological maps described by

Bullock et al. (1966) and McCormick et al. (1970).

Finally, an exact determination of sound reception in the areas of
the lower jaw of a dolphin defined by Norris (1968) as "acoustic
windows" would invite the possibility of adapting some of the techniques
used in human auditory psychophysics for use with dolphins. The ability
to direct calibrated signals to the acoustic windows, thereby
transmitting them directly to the inner ear, would allow the extensive
investigation of the dolphin’s ability in the discrimination of specifiec

signal characteristics under well controlled conditions.
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The list below provides a definition and the frequency of
occurrence for each of the eight collateral behaviors observed during
the experiment reported. The behaviors are listed according to the
numbers used to identify and record their occurrences during trials.
Frequency is expressed as the percent of the total 600 trials conducted.

1. Horizontal Headscanning 31

Repeated movements of the head from side to side while echolocating
on a target.

2. Vertical Headscanning 1%

Repeated up and down movements of the head while echolocating on a
target.

3. Head Cocked Vertical 17%

Holding the head at an angle in the vertical plane while
echolocating on a target.

4. Air Bubbles 8%
Release of air bubbles from the blowhole while echolocating on a
target.

5. Suppression of Emitted Signals 0%
The absence of audible echolocation signals during target
presentation.

6. Mouth Open 46

Holding the mouth agape while echolocating on a target.
7. Displacement of Hoods or Eyecups 2%
Voluntary displacement of hoods or eyecups during a trial.

8. Response Latencies 0%

Delays in leaving the hoop station to report target condition
noticeably longer than the expected 4-7 seconds.
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Problems in Designing a Methodology

The conditions imposed by the configuration and status of the
Seven Seas Panorama facility at the Chicago Zoological Park (Brookfield
Zoo) required the development of a methodology that would overcome
several problems inherent in testing a dolphin’s echolocating ability
while depriving it of the use of its major sensory modes. Conducting
training and data collection sessions in between regularly scheduled
dolphin performances presented the need for equipment that was portable
and that could be quickly assembled, used, and then broken down and
stored, as well as being unobtrusive to the other dolphins in the pool.
Conditions in the test environment such as water clarity, the close
proximity of targets, and low levels of ambient noise required effective
controls for visual and auditory cues. The need to record the dolphin’s
outgoing signals meant the provision of some assurance that the recorded
signals were those of the dolphin concerned and not those that might be
emitted by of one or more of the other dolphins in the pool. Finally,
requiring a dolphin to cooperate while both blind and deaf created the
need for an overall method that would minimize, if not eliminate, any
fear or frustration that the dolphin might otherwise experience.

Initial concepts for the design were based on the desire to avoid
the use of eyecups to block visual cues while employing some means of
attenuating acoustical signals at the dolphin’s lower jaw. We had

learned by experience that our dolphin would not easily accept
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blindfolds along with some disruption of his echolocating ability.
Norman Chun of Naval Ocean Systems Center, Hawaii, had loaned us a
covering made of neoprene, cork, and fiberglass that fit the top of a
dolphin’s head from the blowhole to the tip of the snout along the gape
of the mouth for exploratory use. Chun (personal communication) had
been considering the possibility of attenuating the outgoing signals of
an echolocating dolphin and had thus built this covering. Held in place
by a chin strap, much like the dolphin version of a football helmet, our
dolphin, Nemo, accepted the covering and swam around the pool to
retrieve lead-filled rings which were regularly used in demonstrations
of echolocation during public performances. When required to wear the
covering and together with opaque eyecups, however, Nemo put his head
underwater, shook violently until the covering floated free, and then
proceeded to retrieve his rings. After returning the rings and having
his eyecups removed, Nemo immediately left his trainer to retrieve the

covering and emphatically threw it out of the water. Norris et al.

(1961) and Norris (1974) had reported a similar response from dolphins
that had worn neoprene coverings over the top of the head or the lower
jaw. It appeared that the possibility of blocking both sensory modes
simultaneously as well as employing a method that would allow the
dolphin to move about freely while echolocating on a designated target
would have to be abandoned.

Another need was the manner in which returning echolocation
signals could be attenuated at the lower jaw. Earl Murchison (personal
communication), also of Naval Ocean Systems Center, Hawaii, had, at one

time, considered behaviorally testing the sound transmission and
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reception sites on an echolocating dolphin and had made a fiberglass
shell that covered the entire head from the tip of the snout to the
eyes. He made this shell available for use while designing this
experiment. Murchison’s proposal was to mount the shell underwater,
train a dolphin to insert its head into the shell and echolocate through
it. Sound attenuating materials could then be attached to the shell in
the appropriate areas rather than to the dolphin itself. After a good
deal of consideration, this idea was abandoned due to the difficulty
that would have been encountered in manufacturing a shell that would be
free of gas bubbles and in successfully arguing that the shell did not
somehow affect the echolocation process, with or without coverings.

As plans developed, it was decided that a discrimination task
would be the method of choice since the presentation of some target on
every trial would act as a control for passive listening which could
otherwise be used by the dolphin to detect the presence or absence of a
singular target. Under the assumption that eyecups would not be used,
training the dolphin for a discrimination task with visually identical
targets was considered. The first choice was to use a poly-vinyl-
chloride (PVC) cylinder that would either contain or not contain an
aluminum cylinder. While it proved easy enough to get our dolphin to
recognize the presence of the of the PVC cylinder, we could not
establish his ability to deteét the presence of the aluminum cylinder
within.

Unexpectedly, we had a difficult time establishing a useful
discrimination. Nemo did well at simple detection but, for some reason,

did not readily learn a discrimination. By this time, we had chosen to
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use eyecups and a "Go/No-go" design. After abandoning the PVC and
aluminum idea, we went to presenting an aluminum cylinder and a rubber
cylinder of the same as well as different sizes, and then to an aluminum
cylinder and a fiberglass sphere. In each case, Nemo acknowledged the
presence of a target but made no distinction between them. Finally, we
chose to present the aluminum cylinder as the "Go" target, which it had
been intended to be from the start, and a sand-filled ring as the "No-
go" target with an added advantage. In contrast to the cylinder which
was lined up with the center of the hoop station on each presentation,
the sand-filled ring would be presented in a position above the center
of the hoop. With that combination, Nemo began to show evidence of
recognizing a difference between the target conditioms.

In between the training required to establish the desired
echolocation task, the method by which acoustical signals could be
attenuated at the lower jaw was being developed. After abandoning the
shell method and committing to the use of eyecups, it was decided to use
two hoods, control and experimental, that would be worn directly by the
dolphin. The original design was such that the hood covered the entire
lower jaw as well as the area around the external ear. In use, however,
that design proved to be too cumbersome in the water and would have
allowed the possibility of reflections around the external ear to act as
a confounding variable. The shape of the hood was reduced to cover only
the lower jaw from the tip of the snout to near the bases of the
pectoral fins.

The major difficulty in designing the hood was finding a usable

means by which it would be held in place on the dolphin. The use of
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straps over the lower jaw and the back of the head were obvious elements
necessary in the design. Underwater, however, the hood billowed away
from the dolphin’s head and easily slid off. Attaching a pair of
eyecups to the inside of the hood to hold it in place had been
considered but that proved to be uncomfortable for Nemo. The solution
was to use commercially available bathroom socap dishes whose surfaces
were covered with small rubber suction cups. Cutting the small suction
cups from the backsides of several soap dishes and gluing them into
place on the interior of the hood provided the solution. With the hood
strapped into place on the dolphin, the small suction cups held the hood
close enough to the skin and prevented it from sliding off as it had
before.

Nemo did not resist wearing the hood and swimming into his hoop
station as long as his vision was not impaired. The training strategy
was to eventually introduce the wearing of the hood into the required
echolocation task that Nemo had learned. The first experiences in
requiring Nemo to wear a hood and eyecups simultaneously were not
successful and might best be described as disastrous. His initial
responses were similar and more pronounced than those he gave to the
helmet described above. He would thrash his head violently to free
himself of the hood and then would often leave his trainers and swim out
to the center of the pool to get as far away from the situation as
possible. His frustration was such that the mere sight of the hood was
enough to cause him to leave and prematurely end a training session.

The training process eventually required that more care and time be

taken in slowly introducing Nemo to the combination of hood and eyecups.
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Aided by the invaluable time commitment and patience of the Seven
Seas training staff, a decision was made to step back in the training
process and gradually make Nemo comfortable with the combination of hood
and eyecups. The hood was used like a toy to be played with in all
sessions, both performances and training, and would be placed on him for
brief periods of time. Nemo's improvement was seen in the training
sessions for this experiment as he began again to comfortably approach
his station wearing the hood in place. At that point, the eyecups were
cautiously reintroduced one at a time. The first eyecup was accepted
readily being placed on Nemo while his head was out of the water at the
beginning of each trial just prior to applying the hood. The placement
of the second eyecup was carefully approximated over a number of
sessions starting with the second trainer in the water holding it so
that Nemo could see it as he approached his underwater hoop station, to
gradually moving it closer to his head, to touching Nemo well behind the
eye, to placing the eyecup over the eye briefly, and to finally securing

it in place long enough to conduct a discrimination trial.
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