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ABSTRACT

Behaviorally mediated, psychophysical measurements of

passive sound localization acuity (minimum audible angle,

MAA) have been determined in the bottlenose porpoise,

Tursiops truncatus. A sub-adult male was tested in a pen

acoustically open to Kaneohe Bay at the Naval Undersea

Center facilities, Oahu, Hawaii. Localization thresholds

were measured for pure tone pulse trains which varied as a

function of 1) frequency (Horizontal, 6-100 kHz; Vertical,

20-100 kHz); 2) signal parameters (Horizontal, number of

pulses, pulse duration and rise-decay times); and, 3)

azimuth (Horizontal, 00
, 15°, 30°, 3300 and 345 0

; Vertical

0° and 150
). Localization capability was also determined

for click trains containing 166 clicks each of 35 usee

duration, centered at 64.35 kHz at 00 azimuth in both the

horizontal and vertical planes. Total signal duration was

maintained at either 0.5 or 1.0 seconds.

The discrimination task was of a spatial, forced­

choice, two alternative design. The MAAs for pure tones

were determined at the 70th percentile on the psychometric

function of localization using a modified up-down staircase

method of stimulus presentation. Click trains were

presented using the method of constants and MAAs again were

determined at the 70th percentile of correct responses.

Calculated MAAs were the mean of a minimum of seven sessions



each containing an average of 60-80 trials (pure tones) or

90 trials (clicks).

The animal maintained a fixed spatial relationship to

two underwater transducers by biting a stationary bar

(depth 77 em) placed 18.6 meters from and midway between

the transducers. Sound pressure levels measured at the

bite bar were 20 dB: re 1 ubar. The animal indicated the

source of the signal by swimming to his right or left and

hitting a response paddle.

The experimental results demonstrate that the bottle­

nose porpoise is capable of localizing spatial positions of

sound sources within 2-3 degrees in both the horizontal and

vertical planes. Angular resolution of pure tones was

greatest for frequencies of 20-60 kHz (MAAs: 2.10 to 2.50
);

and, MAAs increased at both higher and lower frequencies.

The MAA of 3.60 at 6 kHz suggests that the animal is using

binaural differences in phase and time at lower frequencies

and binaural intensity information at frequencies of 20 kHz

and above as localization cues. It also suggests that the

tissue overlying the ear and not the mandibular fat body is

the main route of sound transmission to the middle ear at

frequencies below 20-30 kHz. Pure tone thresholds were not

significantly altered by changes in pulse duration (3 msec

to 500 msec) or rise-decay times greater than 0.25 msec.

Horizontal localization capability to a pulsed 40 kHz signal

significantly improved when the porpoise positioned 150 to

v
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the right or left of the midline between the two trans-

00)ducers (MAAs: 1.7 and 1.4 respectively. Increase in

acuity at these azimuths is possibly a function of

differential, binaural intensity information which would

be greater in this situation than when the animal is at

00 because of the importance of angle of incident sound

on the lower jaw (sound is funneled to the middle ear by

the mandibular fat body). Maximal MAAs of 5.30 and 5.2 0

were measured at horizontal azimuths of 300 and 3300
.

Greatest localization resolution occurred when the animal

was presented click trains containing extremely fast rise

times and a broadband spectrum of frequencies. The

horizontal and vertical MAAs for click trains presented

at 00 azimuth were 0.9 0 and 0.70 respectively. These low

MAAs for click trains possibly result from the two trans-

mission routes being used simultaneously in conjunction

with binaural intensity comparisons and possible binaural

comparisons of spectral characteristics in the central

nervous system.

The rigorous testing situation in pure tone experi-

ments presented minimal auditory information to an immobile

animal. This was necessary for determining what acoustic

cues are most important for localization. The pulse

durations and rise-decay times of the tested stimuli were

much longer than that used in active sonar, and the infor­

mation contained in broadband clicks was absent. The MAAs



reported indicate the animal's capabilities only under

restricted conditions; and therefore are conservative.
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INTRODUCTION

Organisms are linked to their environment by their

sensory systems. Evolutionary adaptation and modification

of form and function through geological time has produced

the highly diversified mammalian order, Cetacea (Suborder

Mystoceti, baleen whales; and Suborder Odontoceti, toothed

whales). The sensory emphasis of these organisms has been

placed upon the most reliable stimulus in an aquatic

environment--sound. The physical properties of water

(variable turbidity, decrease of light penetration with

depth, slow rate of chemical diffusion, etc.) have been the

basis for the evolution of this sound oriented group of

organisms.

The bottlenose porpoise, Tursiops truncatus (Montagu)

is neritic in the temperate North Atlantic and is sometimes

estaurine (Norris 1966; Rice and Scheffer 1968; Ridgway

1972). These waters are often murky due to continental

runoff and usually light has been refracted and absorbed at

a depth of 10 meters, and in clearest ocean water 99.5

percent of the penetrating light is absorbed at a depth of

100 meters (Pickard 1963). Therefore, the ability to

extract environmental information from stimuli other than

light would be an advantage. T. truncatus is capable of

diving to depths of at least 300 meters, well below the



zone of light penetration, and locating acoustic targets

(Ridgway 1966; Ridgway, Scronce and Kanwisher 1969).

Cranial Nerves

All cranial nerves except the olfactory nerve are

present in odontocetes. The three largest cranial nerves

in Tursiops truncatus in order of decreasing size as deter-

mined by cross-sectional area are the auditory, trigeminal

and facial nerves. However, the order of the auditory and

trigeminal nerves are reversed if one counts individual

fibers (Morgane and Jacobs 1972). The auditory nerve

functions in hearing (6.79 x 104 fibers) and vestibular

sense (4.46 x 104 fibers); the trigeminal nerve (1.5 x 105

fibers) provides sensory innervation of the head (tactile)

and is also involved in movement and focusing of the melon;

and the facial nerve (4.9 x 104 fibers) is concerned with

control and movement of the blow hole and nasal plugs,

contraction of the air sacs, and focusing of the melon

(see Figure 1 for porpoise head anatomy). Comparison of

fiber counts of these three cranial nerves in T. truncatus

to man reveals the same order of magnitude in number of

trigeminal nerve fibers, twice the number of auditory nerve

fibers and seven times the number of facial nerve fibers

present in man (Morgane and Jacobs 1972). The optic nerve

(1.47 x 105 fibers) contains one-tenth of the number of

fibers found in man (Morgane and Jacobs 1972).

2
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Note the
a.
b.

c.

d.

FIGURE 1. Diagram of a Porpoise Head

following:
Nasal Plugs: proposed site of click production.
Melon: proposed organ for beaming the echo-

location clicks.
"Pan Bone," thin area of the mandible: proposed

route of sound entry for high frequencies.
Attachment of Fatty Channel to Bulla: proposed

route of sound transmission to the middle
ear.
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The above comparative, quantitative analysis of

cranial nerves might permit an estimate to be made of the

functional potential of the sensorimotor systems present in

these highly cephalized animals. These would include the

absence of olfaction, moderate vision, good tactile sense,

and sensitive hearing and balance.

Non-Auditory Senses

Odontocetes are anosmotic lacking both olfactory nerve

and lobe (Breathnach 1960; Morgane and Jacobs 1972;

Reysenbach de Haan 1957). Although the glossopharyngeal

nerve is present, researchers report odontocetes lack the

sense of taste (Morgane and Jacobs 1972; Reysenbach de Haan

1957). Most of the available information on the optical

capacities of the bottlenose porpoise is circumstantial or

inferential. Slijper (1962) states that "in bottlenose

dolphins the visual fields of left and right eyes overlap

to some extent so that part of their vision is stereoscopic."

However, this statement has neither been proved or disproved

by controlled optical experiments. A minimum visual angle

of 18 minutes of arc was obtained in the bottlenose porpoise

for in-air stimuli presentations at a distance of 2.8 meters

(Pepper and Simmons 1973). An illlderwater acuity threshold

of 12 minutes of arc has been reported by Madsen (1973,

personal communication) for the bottlenose porpoise. All

parts of the eye have the same refractive index as sea water
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thus reducing the possibility of distortion (Reysenbach de

Haan 1957; Walls 1963). The dorsal portion of the choroid

coat and retina possess a tapetum which presumably enhances

vision in dim light. At depths below light penetration and

at night their sense of vision may serve no major function;

however, this has not been experimentally tested.

Sound

A brief review of the physical aspects of sound is

helpful prior to a discussion of and comparison between

hearing mechanisms in terrestrial and aquatic mammals,

including associated anatomical modifications in the latter.

Sound waves are longitudinal waves produced by mechanical

vibration within a medium (gas, liquid, solid). These

vibrations compress the medium on forward movements and

rarefy it on backward movements producing variations in the

ambient pressure. The medium transmits these disturbances

outward from the source as a wave. As the wave advances,

particles of the medium oscillate about their equilibrium

positions. The frequency of sound waves, measured in

cycles per second (Hertz, Hz), is the number of condensa­

tions or rarefactions that pass a given point per second

(see Appendix A for definitions, abbreviations and formulae

of acoustic terms).

In order to understand inherent differences between

air- and water-borne sound one must examine five properties



of sound whose characteristics vary with the properties of

the medium (velocity, intensity, pressure, impedance and

wavelength). The velocity of sound depends upon the mass

and elastic properties of the medium and shows a nonlinear

increase with density. Distilled water at 200 C is 825

times denser than air at the same temperature (Table 1);

this results in a 4.6 fold increase in the velocity of

sound in distilled water as compared to air (Table 1)

(Kinsler and Frey 1962). The intensity of sound waves is

directly proportional to the magnitude of particle oscilla­

tion. The reference intensity is usually taken as 1.0 x

10-12 watts/m2 , the just noticeable threshold of a 1 kHz

signal for humans in air (see Appendix A). This reference

intensity corresponds to an effective (root mean square)

pressure of 2 x 10-5 Newtons/m2 (see Appendix A). This

latter value is the reference pressure for specifying sound

pressure levels (SPL) in air. Equal acoustic pressures in

both air and water correspond to a much higher intensity in

air (Table 1). Because of this difference, the reference

pressure for specifying sound pressure levels in underwater

acoustics is arbitrarily increased to an effective pressure

of 1.0 microbar. Actually these units are not often

mentioned in acoustic measurement. Results are stated in

decibels (see Appendix A). A decibel is the logarithm

(base ten) of the ratio of a measured acoustic intensity or

effective pressure over a standard reference level.

7



TABLE 1

Comparison of Specific Physical Characteristics
of Air and Distilled Water at 200 C

(see Kinsler and Frey 1962)

Air at Distilled Water
200 C at 20 0 C

DENSITY 1.2 kg/m3 998.2 kg/m3

VELOCITY 343 m/sec 1481. 2 m/sec

An Acoustic
Pressure of
2 x 10-4

10-12 watts/m2 2.7 x 10-16 watts/m2
dyne/cm2
corresponds to
an INTENSITY of

CHARACTERISTIC 415 Ray1s 1.48 x 106 Ray1sIMPEDANCE

8



Pressure levels in dB: re 1 ubar are 74 dB louder than the

same numerical value in dB: re 2 x 10-5 Newtons/m2 . For a

given preysure amplitude, intensity is inversely propor­

tional to the characteristic impedance of the medium (see

Appendix A, Table 1). The characteristic impedance of

distilled water is the same as flesh and is 3560 times

greater than the characteristic impedance of air.

Functional Anatomy of the Terrestrial Mammalian Ear

The terrestrial mammalian ear (Figures 2-4) consists

of three main divisions, the outer, middle and inner ears.

The outer ear includes the pinna, external auditory canal

and the tympanic membrane. The middle ear (Figure 2) is an

air-filled chamber maintained at ambient pressure via the

eustachian tube. It contains a linkage of three ossic1es

(malleus, incus and stapes) with their supporting muscles

and ligaments. Their function is to transmit pressure

waves from the tympanic membrane to the fluid of the inner

ear via the oval window and to match impedance between air

and fluid. This impedance match is accomplished by the

decrease in area of the oval window compared to the

tympanic membrane and the lever ratio of the ossic1es.

The total increase in force is approximately 36 dB (Bekesy

1960).

The inner ear (Figure 3) has two subdivisions, the

vestibule with its semicircular canals (balance) and the

9
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FIGURE 2. Human: Right Middle Ear

General structures are indicated as seen in coronal view.
The manubrium of the malleus, inferior process of the incus
and the stapes move to and fro along a medial-lateral line.
The ossicular chain as a whole oscillates around an
anterior-posterior axis through the head of the malleus and
incus. (from Gulick 1971)
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FIGURE 3. Human: Cochlea of the Right Ear

A. Relative positions of the sc~la vestibu1i, scala media
and scala tympani are indicated. Only the scala
vestibuli communicates directly with the vestibule.
The arrows show possible paths of sound. (from
Gulick 1971)

B. A cross section of the cochlear tube. (from Gulick
1971)
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FIGURE 4: Human: Organ of Corti of the Right Ear

Cross section of the scala media showing the Organ of Corti.
(from Gulick 1971)
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cochlea (hearing). The spiral-shaped cochlea is partitioned

into three fluid-filled chambers. The perilymph-filled

scala vestibuli is in contact with the middle ear via the

oval window and is separated from the scala media by the

one-cell thick Reissner's membrane. The endolymph-filled

scala media contains the Organ of Corti (inner and outer

hair cells with supporting cells, rods of corti, and

afferent and efferent nerve endings of the acoustic nerve:

see Figure 4). The perilymph-filled scala tympani adjoins

the middle ear cavity via the membrane-covered round window.

The inner ear detects and transmits information about

sound waves to the central nervous system (Bekesy 1960;

Davis 1965, 1968; De Reuck and Knight 1968). Movement of

the oval window initiates perilymph movement in the scala

vestibuli which deflects the basilar membrane. This

deflection induces a differential movement between the

basilar membrane and the tectorial membrane in whiCh the

stereocilia of the hair cells are imbedded (Tonndorf 1960).

The resulting shear force bends the hair cells (stimula­

tion) and initiates change of electrical potential between

the endolymphatic fluid and the hair cell (cochlear

potential) (Bekesy 1960; Honrubia and Ward 1970). Sound

waves progress in the cochlea as a traveling wave (Bekesy

1960) which differentially deflects the basilar membrane

as a function of frequency. High frequencies maximally

deflect the basal end (near the oval window) and low
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frequencies maximally deflect it near the apex.

Evolution and Functional Anatomy of the Cetacean Ear and
Auditory Nervous System

Cetacean ancestors evolved from eutherian creodont

stock just antecedant to the separation of the carnivore

and ungulate lines in the Early Tertiary (Kulu 1972).

Terrestrial eutherians in the Early Tertiary had highly

efficient ears which received air-borne sound (Tumarkin

1948, 1955). This ear became inefficient for the early

aquatic mammals. Fraser and Purves (1960) indicate that

adjustments of ossicular leverages and anchorage points in

the cetacean middle ear compensate for the 36 dB attenua-

tion that occurs in a submerged terrestrial mammalian ear

due to acoustic impedance mismatch. To become the

sophisticated sound oriented animals they are, the cetacean

ear and central nervous system have undergone a marked

evolution.

The following anatomical adaptations (Fleischer 1972;

Fraser and Purves 1954, 1960; McCormick, Wever, Palin and

Ridgway 1970; Morgane and Jacobs 1972; Norris 1968; Purves

and van Utrecht 1966; Reysenbach de Haan 1957; Wever,

McCormick, Palin and Ridgway 1971 a,b,c) refer to all

odontocetes, but specific numerical values refer to several

experimental animals (Tursiops truncatus) for whom data on

size, sex and age are not available. Figures 5 and 6
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present the anatomy of the ear of Tursiops truncatus.

The pinna is absent; if present, it would serve no

function of funneling sound since the impedance of sea water

and flesh are the same. The external auditory meatus has

been reduced to the size of a pin hole; and, the 7.5 cm

long, sigmoid-shaped external auditory canal is quite

narrow. The tympanic membrane has developed into a liga­

ment forming the only connection between the auditory canal

and the ossicles (malleus, incus and stapes); which while

small, are relatively massive (Figure 5). The malleus is

ankylosed to the bulla and the incus; and, the stapes is

firmly attached to the oval window by the annular ligament.

The petrous tympanoperiotic bone is suspended from

the skull by ligaments and is acoustically isolated from

the skull by air pockets in cavernous tissue. The tympanic

portion of the tYmpanoperiotic bone is quite thick except

at that point where it abuts the mandibular fat body.

The cochlea is large consisting of two complete turns;

and contains all elements discussed under the section on

terrestrial mammalian ears although some features have

undergone modifications (Figure 6). The basilar membrane

has an additional bony support (external osseous spiral

lamina), similar to that found in Microchiropteran bats,

which increases the tension of the basilar membrane thus

enabling the reception of ultrasonic frequencies. The

basilar membrane exhibits a l4-fold increase in widtb from
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FIGURE 5. The Right Middle Ear of Tursiops truncatus

A. The auditory bulla opened on its lateral side to show
its contents. (from McCormick, Wever, Palin and
Ridgway 1970)

B. The auditory ossicles rotated 800 from position A.
Notice the massiveness of the porpoise ossicles as
compared to the human ossicles in Figllre 2. (from
McCormick, Wever, Palin and Ridgway 1970)
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FIGURE 6. Cross Section of the Cochlea of Tursiops
truncatus, at a Position Near the Middle of the
Lower Basal Half-Turn (from Wever, McCormick,

Palin and Ridgway 1971b)
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25 urn at the basal end to 350 urn at the apex (Wever et al

1971b). For comparison, human basilar membranes have a 6.5-

fold increase in width from 80 urn to 500 um (Wever 1938).

Basilar membrane lengths in Tursiops truncatus have been

determined in three animals, 35.8, 36.6, 37.4 and 38.5 rom;

the first two values are from the same animal (Wever et al

1971b). Wever et al (197lc) counted a total of 17,384 inner

and outer hair cells in one speciment of !. truncatus.

This is the same order of magnitude as the value of 14,975

for the human ear (Retzius 1884, cited in Wever et al

1971c). However, ganglion cell counts of 95,004 for

I. truncatus are three times that in man (Wever et al 1971c)

which suggests an increase in acoustic information is being

sent to the central auditory nervous system of these

animals.

The central auditory nervous system exhibits a massive

trapezoid body, large ventral cochlear nuclei, but rudimen-

tary dorsal cochlear nuclei. Both porpoises and bats have

well developed lateral nuclei of the superior olivary

complex but lack medial olivary nuclei. The lateral

lemnisci, inferior colliculi with associated brachia, the

medial geniculate nuclei, and the auditory cortex are quite

prominent.

Sound Production, Hearing Capability and Echolocation

Since sound is unquestionably an important stimulus
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for these animals, there has been considerable interest

in hearing capabilities and sound production of odontocetes

during the past two decades. The work has been directed

towards obtaining basic information pertaining to the

functional anatomy of the ear (Figures 5-6), larynx, and

nasal sac area (Figure 1), sounds porpoises produce

(Table 2), auditory sensitivities and capabilities

(Table 3), echolocation discrimination capabilities, and

the central auditory system.

Although odontocetes lack vocal cords (Evans 1973;

Norris 1968; Reysenbach de Haan 1957) they are capable of

simultaneously producing echolocation clicks and communi­

cative, constant frequency (CF) whistles (Evans 1973). The

characteristics of both signals being species specific

(Table 2). Tursiops truncatus emits omnidirectional CF

whistles with a frequency range of 4-15 kHz and a duration

up to 3 seconds (Evans 1973).

A characteristic echolocation signal of !. truncatus

and its fourier spectrum are diagrammed in Figure 7. The

echolocation signal is in the pulse nlode; i.e. each signal

consists of discrete bursts of sound energy. This energy

is broad-band ranging from 0.1-130 kHz with a duration of

20-250 usec (Diercks, Trochta, Greenlaw and Evans 1971;

Evans 1973). Because of the extreme short duration and

broadband aspects of these pulses they are called clicks

or transients. The peak energy as seen in the fourier



TABLE 2

Signal Characteristics of Cetacean Species (for reviews
see Diercks 1972, Evans 1973, Norris 1968)

Delphinus G1obicepha1a Inia Lagenorhynchus
de1phis scammoni geoffrensis ql~liquidens

WAVEFORM
Pulse x x x x

Whistle x x --- x

FREQUENCY RANGE (kHz)
Pulse 0.1-150 0.1-100 0.1-150 0.06- 80
Whistle 2-32

PEAK FREQUENCY (kHz) 30-60 3 60-75

SPL (dB: re 1 ubar) 40 80 66 70

PULSE DURATION (msec) 0.05-0.25 0.25-2.0 0.1-0.15 0.25-1.0

REFERENCES Gurevich Norris Penner and Evans
1969 1968 Murchison 1973

1970
N
VI



TABLE 2. (Continued) Signal Characteristics of Cetacean Species

Orcinus Phocoena phocoena Phocoenoides
orca low freq. high freq. dalli

WAVEFORM
Pulse x x x x

Whistle

FREQUENCY RANGE (kHz)
Pulse 0.1-30 0.04-12 110-150 0.04-12
Whistle

PEAK FREQUENCY (kHz) 12 2 --- 1-2

SPL (dB: re 1 ubar) 78 25-30 40

PULSE DURATION (msec) 0.5-1.5 0.5-1. 5 0.1 0.5-1.5

REFERENCES Diercks Schevi11 Moh1 and Evans
et a1 et a1 Andersen 1973
1]1r 1]69 1973

N
0'



TABLE 2. (Continued) Signal Characteristics of Cetacean Species

Physeter Platanista Steno Tursiops
catodon ~etica bredadensis truncatus

WAVEFORM
Pulse x x x x

Whistle x --- x x

FREQUENCY RANGE (kHz)
Pulse 0.04-15 0.1-150 16-200 0.1-130
Whistle --- --- 2-16 4-15

PEAK FREQUENCY (kHz) 5-32 20-40 40-80 30-60

SPL (dB: re 1 ubar) 85 40 25 75-120

PULSE DURATION (msec) 0.75-5.0 0.075-0.15 0.05-0.25 0.02-0.25

REFERENCES Backus and Herald Norris and Diercks 1972
Schevi11 et a1 Evans Evans 1973

1966 1969 1967 Norris 1968
Perkins Norris
et a1 1968
1960-

N
-....J
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FIGURE 7. Generic Waveform and Power Spectrum of an
Echolocation Signal of Tursiops truncatus

(from Diercks, Trochta and Evans 1973)
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spectrum in Figure 7 occurs at 50-70 kHz. The sound

pressure level of these clicks measured one meter from

the animal covers a range of 75-120 dB: re 1 ubar dependent

upon the target distance and echolocation task (Diercks

et al 1971; Diercks 1972; Evans 1973; Au, Floyd, Penner and

Murchison 1974). The animal has control over the click

repetition rate of the signal which varies from several per

second to 600+ per second. The echolocation signal is

beamed (Norris and Evans 1967). The beam is directed

forward with the main component above 00 vertical; however,

the directionality changes from pulse to pulse (Diercks

et al 1971; Evans 1973).

It is now assumed that echolocation clicks are

produced in the nasal sac area in the vicinity of the nasal

plugs. This assumption is based on the data recorded by

Diercks et al (1971) who made sound measurements using

contact hydrophones on both the melon and the rostrum. The

results indicated that the echoranging pulses are projected

equally well from both the rostrum and melon. Recording

with a multiple array of attached hydrophones, they

concluded that the sound source is in the vicinity of the

nasal plugs at a depth of 2-3 em. A continuation of the

fatty melon into one or both of the nasal plugs occurs in

some species, lending credence to the theory that the nasal

plugs are the site of sound production since impedance of

fat and water are identical. The driving mechanism has
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been thought to be pneumatic, mechanical (muscle driven) or

both. Evans (1973) proposed that a "mechanical source

without dependence on air flow, and thus independent of

depth effects, could have definite advantages". Sound

transmission in this case would be with both bone and

adipose tissue components.

Cinemaradiography of a Tursiops truncatus producing CF

whistles indicate there is recycling of air between the

nasal area above and below the nasal plugs (Norris, Dormer,

Pegg and Liese 1972). Air is sucked down into the larynx,

yet prohibited from going further into the lungs by a

sphincter. The nasal plugs close off, the larynx constricts

causing the air pressure to increase, the premaxillary sacs

engorge with air, the right or left nasal plug pulses and

small amounts of air rush into the air sacs above the nasal

plugs (see Figure 1). Although the animal did not produce

clicks during filming, it is thought that a similar move­

ment of small amounts of air under pressure past the nasal

plugs might produce the clicks, possibly by rubbing the

nasal plugs over the bony external nares (Norris et al

1972).

Evans and Maderson (1973) suggested "that as the nasal

plugs are moved mechanically or pneumatically against the

hard edge of the external bony nares, 'relaxation oscilla­

tions', with resultant acoustic pulses, are generated by

alternate resistance and release of the plugs' movements.
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The sound produced would thus follow the paths described

by Norris and Harvey (1973)". The click trains are then

beamed from the nasal plugs via the melon due to differ­

ential rates of sound transmission between the inner tissue

core (low velocity) and the outer tissue (higher velocity)

(Norris and Harvey 1973), and through the mesethmoid

cartilage which is sandwiched between very dense premaxil­

lary bones dorsally, the the vomer ventrally.

Behavioral observations, sound field constructions,

and electrophysiologically mapped areas of greatest hearing

sensitivity implicate the mandibular fat body as the pre­

dominant route for sound transmission to the middle ear for

frequencies of 30 kHz and above. The fat body within the

mandibular bone abuts on the thin ventral surface of the

tympanoperiotic bone underlying the fusion of the malleus

and the bulla. It is also thought that sounds reach the

middle ear directly via the auditory canal and surrounding

tissues and possibly by some unknown route from the melon

(Bullock et al 1968). The lower jaw route is much more

sensitive than the other routes at frequencies above 30 kHz

and just as sensitive as the auditory canal route at the

lower frequencies (Bullock et al 1968; Bullock and Ridgway

1972; McCormick, Wever, Palin and Ridgway 1970).

Generally speaking, the odontocete ear functions

underwater in a similar fashion to that of a terrestrial

mammal in air, due to the modifications it underwent in
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connection with life in water. Table 3 presents

sensitivity data for all odontocete species experimentally

tested. In a psychophysical detection task, Johnson (1966)

determined that hearing sensitivity of Tursiops truncatus

ranged from 75 Hz to 150 kHz when 3 second sine waves were

presented (Figure 8). The maximum sensitivity occurs in a

wide band centered around 50 kHz (-60 dB: re 1 ubar).

Bullock et a1 (1968) recorded similar sensitivities for

evoked potentials in the inferior co1licu1s of Tursiops

gilli (Figure 8). The sensitivity threshold is raised only

when a masking tone is in a narrow band centered around the

tested frequency (Johnson 1968b). There exists an inverse

relationship between sensitivity and pulse duration (CF

stimuli) over the entire hearing range. The effect is less

marked with increasing frequency. Little difference in

sensitivity occurs between a one second and a ten second

signal (Johnson 1968a). Herman and Arbeit (1972) calculated

frequency difference 1imens (DL) of 0.002-0.003 in the

bottlenose porpoise. These values were relatively constant

over the range of 6-50 kHz and indicate similar frequency

discrimination capability in the porpoise compared to

humans: smallest calculated frequency DL in humans is

0.002 at 2 kHz (Shower and Biddulph 1931).

Echolocation, "an active perceptual process requiring

both generation of sounds and sensory processing of the

returning echoes" (Griffin 1973), has been experimentally



TABLE 3

Hearing Sensitivity Data for Several Species of Odontocetes

De1thinus Inia Orcinus Phocoena
de phis geoffrensis orca phocoena

BEHAVIORAL x x x x

ELECTROPHYSIOLOGICAL

FREQUENCY RANGE (kHz) to 280 1-105 0.5-31 1-150

MAXIMUM SENSITIVITY

A. Frequency (kHz) --- 75-90 15 8-32

B. SPL (dB: re 1 ubar) --- -50 -75 to -60 -50

C. Area

REFERENCES Be1'kovich Jacobs Hall and Andersen
and and Hall Johnson 1970a

Solntseva 1972 1972
1970

LV
~



TABLE 3. (Continued) Hearing Sensitivity Data for
Several Species of Odontocetes

Stenella Stenella Tursiops
attenuata caeruleo-alba gilli

BEHAVIORAL

ELECTROPHYSIOLOGICAL x x x

FREQUENCY RANGE (kHz) 10-150 10-150 10-150

MAXIMUM SENSITIVITY

A. Frequency (kHz) 60-70 60-70 60-80

B. SPL (dB: re 1 ubar) -69 to -54 -69 to -54 -60

C. Area lower jaw lower jaw lower jaw

REFERENCES Bullock Bullock Bullock
et a1 et a1 et a1
1968 1"968 1968

w
U1



TABLE 3. (Continued) Hearing Sensitivity Data for
Several Species of Odontocetes

Tursiops truncatus

FREQUENCY RANGE (kHz)

MAXIMUM SENSITIVITY

A. Frequency (kHz)

B. SPL (dB: re 1 ubar)

C. Area

REFERENCES

Behavioral

0.1-150

30-80

-60

Johnson
1966

E1ectrophysio1ogica1

5-150

lower jaw an d head
tissues around the

auditory meatus

McCormick
et a1
1"910

W
0'
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FIGURE 8. Hearing Sensitivity Thresholds as a
Function of Frequency

Determined from evoked potentials in the inferior col1iculus
of Tursiops g~llk (Bullock et a1 1968) and behaviorally in
T. truncatus Jo nson 1966) (!rom Bullock et a1 1968)
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demonstrated in birds (Steatornis caripensis, Griffin 1953;

Collocalia maxima, Medway 1959; and C. brevirostris

unicolor, Novick 1959); shrews and tenrecs (Gould 1965;

Gould, Negus and Novick 1964); blind human beings (Rice and

Feinstein 1965 a,b; Rice, Feinstein and Schusterman 1965);

bats, all species tested of the suborder Microchiroptera

(see Diercks 1972 for a complete review); and, several

species of odontocetes. Sound is often the most reliable

sensory stimulus in the light-limited habitats of these

animals.

The behavioral observations of McBride posthumously

published in 1956 were the first indication of the possible

echolocation capabilities of odontocetes. Norris, Prescott,

Asa-Dorian and Perkins (1961) gave the first definitive

demonstration of echolocation capability by requiring a

blind-folded bottlenose porpoise to locate and press an

underwater target randomly placed within the tank. Since

that time there have been several experiments which tested

the echolocation capabilities of odontocetes. The results

of these experiments follow.

Two bottlenose porpoises and a Pacific white-sided

dolphin (Lagenorhynchus obliquidens) could distinguish

between a standard target (0.22 cm thick copper disc) and

targets very similar in size, shape and sound reflectivity

to the standard. Reflected target strength differences of

+/- 1 dB were discriminated (Evans and Powell 1966).
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Echolocation discrimination abilities of a blind-folded

bottlenose porpoise and an Amazon river dolphin (Inia

geoffrensis) were tested with 7 inch long cylinders of

a cork-neoprene compound; reflected target strength varied

in 1.0 or 0.5 dB increments as a function of diameter

(Diercks et al 1971; Evans 1973). Tursiops truncatus

distinguished the standard (-19 dB) from targets of -18.5

and -19.5 dB above chance level; and, I. geoffrensis

discriminated differences of 1 dB.

Wire detection capability has been evaluated for two

species (Phocoena phocoena and !. geoffrensis). Busnel and

Dziedzic (1967) reported P. phocoena was capable of avoiding

wires 0.35 rom in diameter in 79 percent of the trials; they

did not, however, prevent air bubble formation which may

have increased apparent wire size. Penner and Murchison

(1970) demonstrated 79 percent detection in I. geoffrensis

of 1.4 rom wires under conditions preventing air bubble

formation.

Barta (1969, unpublished) demonstrated that a blind­

folded T. truncatus could distinguish between two neoprene

disc targets differing in area by 12.2 percent in 75 per­

cent of the trials. This difference in area equals a 1 dB

difference in reflective target strength. Using targets of

equal reflectivity compared to the standard (circle) but of

different shapes (square and triangle), a T. truncatus

chose the standard in 95 percent of the trials (Barta 1969).
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Although the main reflected lobes of all targets were at

the same pressure level, variations of as much as 4-5 dB

existed due to the difference in the number, shape, width

and intensity of the secondary reflected lobes. The author

concluded the porpoise may use intensity pattern differ­

ences or differential frequency patterns determined by

target shape to perform the above discrimination.

In experiments concerned with the identification and

discrimination of two and three dimensional figures by the

common dolphin, Delphinus delphis, Bel'kovich, Borisov,

Gurevich and Krushinskava (1969) and Gurevich (1969)

reported the species can accurately distinguish between

spatial figures differing by 6.7 percent and flat figures

differing by 9.75 percent in area.

Sound Localization

Sound localization, the ability to find the position

of a sound source, is one important aspect of porpoise

audition not yet quantitatively studied. No studies of

marine mammals have measured the absolute error of auditory

localization, i.e. the ability to indicate the correct sound

source from a multiple array of transducers. Five studies

(three pinniped, two odontocete) have measured the resolu­

tion of auditory localization in the horizontal plane.

Data are reported in terms of minimum audible angle (MAA).

Mills (1958) defined the MAA as the angle formed between
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the subject and two speakers, one speaker being set at the

reference azimuth, when the subject is just able to

discriminate the speakers as two discrete sound sources.

Dudok van Heel (1959, 1962) investigated the precision

of sound localization in the harbor porpoise, Phocoena

phocoena, at two frequencies and reported MAAs of 110 (3.5

kHz) and 80 (6 kHz). Andersen (1970b) reported a MAA of

30 (2 kHz) for the same species. M¢hl (1964) determined a

MAA of 30 (2 kHz) in the harbor seal, Phoca vitu1ina, and

Gentry (1967) found a MAA of 100 (6 kHz) and 150 (3.5 kHz)

in the California sea lion, Zalophus californianus. Moore

(1974) indicates the MAA of the California sea lion to be

8.80 (75 percent threshold, corrected for guessing) for

click trains centered at 1 kHz. However, this pinniped

data does not shed any light on precision of auditory

localization by porpoises since their inner ear is not

acoustically isolated from the skull. The two studies on

P. phocoena are incomplete because the animals were tested

at a limited number of frequencies, all pure tone, at the

lower end of their hearing range (see Table 3).

The limited data available on the cochlear morphology

(Wever et al 1971 a,b,c) and hearing capabilities (Bullock

et al 1968; Bullock and Ridgway 1972; Herman and Arbeit

1972; Johnson 1966, 1968 a,bj and McCormick et al 1970)

suggest a similarity in function of the cochlea and central

auditory nervous system in odontocetes and terrestrial
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mammals. Therefore it would be worthwhile to consider

briefly sound localization by terrestrial mammals since

this would give an idea of the capabilities the odontocete

system might have. It will also outline the basic

mechanisms involved in localization.

Terrestrial vertebrates and invertebrates (Suga 1963;

Erulkar 1972) make use of sound information received at the

two sound detectors (ears) for localization information.

The binaural differences or similarities in the signal are

passed along to the brain and this information is integrated

and correlated in some yet not understood fashion to provide

the animal with information about the position of a sound

source (Bergeijk 1962; Grinnell 1963; Grinnell and Grinnell

1965; Hall 1964; Howard and Templeton 1966). If the

signals to the two ears are identical, the brain interprets

the source as being directly along the midline of the head.

If there is a slight difference in time of arrival of the

start of a signal the interpretation is that the sound is

not on the midline but in the direction of the leading ear.

Likewise, if there is a difference in sound intensity or

signal phase at the two ears, these differences are

interpreted to indicate direction.

Investigations of terrestrial mammals have indicated

that different sounds are localized in different ways

(Howard and Templeton 1966; Mills 1958, 1972). Sound below

1.5 kHz is localized by humans using differences in time of
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arrival of the sound (especially signal onset) at the two

ears or by binaural phase differences due to each ear being

at a different point in the phase angle. Intensity

differences at the two ears are minimal at these frequen­

cies since the wavelength is larger than the head; and

consequently, the head does not cast a useful acoustic

shadow or sufficiently attenuate the signal. Above 3 kHz

the major information is gained from intensity differences

at the two ears. The wavelength of these frequencies is

smaller than the head and the head serves to shadow the

sound at the ear further from the sound source.

Between 1.5 and 3 kHz sound localization by humans in

air is not as good as at higher and lower frequencies

since the available stimuli do not give the maximum amount

of information (Howard and Templeton 1966; Mills 1958,

1972). It has been demonstrated by several workers that

humans can localize sounds in air on a fairly refined level.

When two sequential sounds are presented to humans with one

speaker at the reference azimuth of 00
, they can discrimi­

nate between two sources at a MAA of 0.8 to 1.00
. When the

sources are closer the observer indicates the presence of

only one sound source (Mills 1958). The MAA varies with

changes in the azimuth of the reference speaker. When the

reference speaker is placed at an azimuth of 900 to the

front of the head, i.e. directly opposite the ear, the MAA

is maximal (Howard and Templeton 1966).
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It has also been demonstrated that humans have

considerable difficulty localizing pure tones when they are

above or below the head in the vertical plane. The human

pinnae are immobile and without the benefit of head

movements there are no apparent dichotic interaural cues

available for locating sound at 00 azimuth in the vertical

plane. Yet when sound sources are only 40 apart, localiza­

tion performance significantly exceeds chance level when

complex sounds containing frequencies above 7 kHz are

presented to the listener (Butler 1969; Roffler and Butler

1968a). Human monaural localization in both the horizontal

and vertical planes is inferior to binaural localization.

A possible explanation for binaural superiority in the

vertical plane is that the contours of the pinna provide

multiple delay paths for the auditory stimulus and that the

redundancies resulting from these delay paths provide a

coding scheme related to auditory space (Batteau 1967, 1968).

It is now possible to consider the availability of

these various cues to a marine mammal. Since the wave­

length of sound is five times longer in water than in air,

time of arrival differences at the two ears of any but the

very largest marine organism would be very small. Phase

differences are also not likely to be significant for the

higher frequencies important to the porpoise. For low

frequencies the phase differences between the two ears

would be very small and for higher frequencies used in
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(1968) and Bullock and Ridgway (1972) have suggested that

the major cues for sound localization available to the

porpoise are differences in intensity at the two ears.

Since sound attenuation is greater at higher frequencies

(Albers 1965) it is likely there exist significant binaural

intensity differences of the entire frequency spectrum.

Investigations of sound localization in Microchirop-

teran bats further substantiates the argument that

intensity is the major cue in cetacean localization.

Grinnell (1963) has demonstrated that at higher frequencies

used for echolocation, bats use intensity cues for position

information and he has shown that the differences in sound

intensity needed to give localization information are on

the order of 1 dB. Grinnell and Grinnell (1965) have also

demonstrated that bats localize on a vertical plane by

intensity comparisons of three or more frequencies. Peff

and Simmons (1972) tested horizontal angle resolution in

two species of actively echo10cating bats. The acuity was

experimentally determined to be 6-80 for Eptesicus fuscus

and 4-60 for Phy110stomus hastatus. Their data suggest

that the width of a bat's sound beam may be related to

acuity of angular resolution; the sound beam of P. hastatus

is narrower than the beam of E. fuscus. They propose,

based on Grinnell's data (1963), that the bat perceives

target direction from binaural comparisons of eco intensity
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and perhaps from binaural spectral comparisons.

Ayrapetiantz and Konstantinov (1971) determined the acuity

of angular discrimination of a bat in the genus Rhinolophus
oto be 4.5 of arc. One major difference between bat and

porpoise, however, is that bats use their highly mobile

pinna to create patterns of directional sensitivity. While

the pinna is absent in cetaceans, the role of the pinna may

be replaced to some extent by varying sensitivity to sound

at various portions of the head and the reflectivity index

of sound at a water-blubber interface as a function of

angle of incidence. This has been demonstrated by Bullock

et al (1968), McCormick et al (1970) and Norris and Harvey

(1973, unpublished ms).

Another anatomical aspect of cetaceans that may have

a significant role in sound localization is the shape of the

cranium. Norris (1964, 1966) has demonstrated a marked

asymmetry in the cranium above the lower jaw. Evans and

Prescott (1962) have shown there is asymmetry of the

animal's sound beam in terms of pressure and Diercks et al

(1971) confirmed the pressure asymmetry and demonstrated

this asymmetry extends also to the frequency composition

of the echolocation sound beam.

Purpose of this Experiment

Behavioral studies of Tursiops truncatus have only

been conducted on captive animals (Tavolga 1966). However,



48

one can delimit behaviors and associated sensory capabili­

ties necessary for survival in their watery habitat.

Behavior mandatory for survival would include the location,

identification, pursuance and capture of fast moving prey

who possess good sensory systems (mainly fish and squid),

the identification and avoidance of predators, maintenance

of herd formation, social interaction and communication

between individuals. Accurate localization is a necessity

in the performance of the above behaviors, for this is the

primary method of finding the position of sounds heard or

objects being echolocated.

It is evident that a thorough study of localization

capability in these animals is needed. While quantitative

information of localization capabilities in porpoises

relative to known signal parameters (amplitude, frequency,

bandwidth, pulse duration, pulse rate and source distance)

is an end in itself; more importantly it would also provide

insight into odontocete auditory mechanisms.

Psychophysics, the study of animal sensory systems,

evaluates sensory capabilities by reference to overt

behavioral responses established through learning paradigms.

The goal of this psychophysical study was to measure

accurately through behavioral responses the passive under­

water sound localization capabilities in the horizontal and

vertical planes of the bottlenose porpoise, Tursiops

truncatus, as a function of frequency, stimulus parameters



and azimuth. Determinations of localization acuity (MAA)

were made for pulsed pure tones at selected frequencies

from 6-100 kHz and click trains similar to the species

echolocation signal. A further goal of this research was

to relate behavioral localization ability to electrophys­

iological findings reported in the literature.

49
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MATERIALS AND METHODS

Experimental Site

There are a number of major problems limiting work

with sound localization with marine animals (see Popper

and Fay 1973). Major difficulties arise simply from

working with underwater sounds, especially in confined

areas as has been done in most previous work on marine

mammal localization. The difficulties arise from the

presence of reflective bodies such as walls, tank bottoms

and air-water interfaces (Parvulescu 1964, 1967; Popper,

Salmon and Parvulescu 1973); and, from the fact that the

speed of sound in confined areas may result in stimuli

other than that intended for the animal (see Cahn, Siler

and Wodinsky 1969). The sounds may also be considerably

different from those that the animal might hear under

natural conditions. These problems may not be of major

significance in investigations of audition where discrimi­

nation between different sound sources is not important.

However, they can be of major significance in understanding

the localization ability of porpoises. The reflections set

up by interfaces could present the animal with extra or

erroneous cues about the location of the sound source.

This would lead to an inaccurate interpretation of the

animal's ability to localize sounds.
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In order to determine the actual auditory localization

ability of Tursiops truncatus the experiments were conducted

at the Sag Harbor test facility of the Naval Undersea Center

(NUC) , Hawaii Laboratory, which has experimental pens open

to a large expanse of water, Kaneohe Bay (Figures 9 and 10).

The localization experiments were conducted with two under­

water transducers projecting out into the bay. Since the

facility is part of a large body of water, few if any of

the problems associated with working in confined areas were

encountered.

The acoustic problems present approximate those in

actual oceanic conditions and include such factors as high

ambient noise due to snapping shrimp and other sound

producing organisms that could alter the porpoise's ability

to hear and respond to sounds. However, the energy at

specific frequencies is very low at Sag Harbor (Figure 11).

Most of the experiments were conducted at frequencies of 20

kHz and above where there is very little acoustic energy

from either biological sources or from natural conditions

(Hazlett and Winn 1964; Wenz 1964). Ambient noise would

not be expected to interfere with minimum audible angle

determinations because all sound stimuli were well above

the levels of the noise.

The greatest difficulty encountered was rocking of the

floating pen caused by waves produced by winds, passing

boats or the surf breaking over the reef at high tide
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FIGURE 9. Aerial Photo of Sag Harbor and the
Naval Undersea Center Facilities

The experimental pen faced open water as seen at center
right in the photo. (Official Naval Photograph)
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FIGURE 10. Depth Diagram of Sag Harbor

Depths are indicated in feet. The asterisk indicates the
location of the experimental pen.
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FIGURE 11. Ambient Noise Spectrum Level
Measured at Sag Harbor

Amplitude level has been referenced to a 1 Hz band. The
spectrum analyzer (Hewlett Packard l4lT) filter bandwidth
was set at 1 kHz and a scan rate of 20 kHz per second was
used. (from Au, Floyd, Penner and Murchison 1974)
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(Figure 10). To reduce the effects of wave action test

sessions were scheduled at low tide, in the early morning

(6:00 to 8:00 am) when there are minimal trade winds; and

at noon when boat personnel are usually not working.

Experimental Subject

A sub-adult, male bottlenose porpoise, named Heptuna,

was the subject in this study. He was captured on

December 4, 1970, off Fort Meyers Beach, Florida, and

flown to NUC on December 18, 1970. His age at that time

was estimated to be between three and five years old by

John Allen, NUC's veterinarian. Initial training of the

animal was begun on June 9, 1971; and, the final test

session was conducted on October 17, 1973. During this

time the animal's weight increased from 102.1 to 141.5 kg

and length from 205.7 to 260 em. Daily food intake was

maintained at 6.5 percent of body weight. This fish diet

was supplemented with a daily dose of multivitamin (200

mg), thiamine (400 mg), Heptuna (500 mg) and vitamin E

(200 mg). In an initial hearing sensitivity experiment he

responded to frequencies from 1 kHz to 140 kHz, which is

the normal hearing range as reported by Johnson (1966) and
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Bullock et al (1968). Prior to June 1971, Heptuna would

eat fish from a person's hand but was naive to training

procedures except for 6 days of training to hit left and

right response paddles in a target detection task during



the interim of February 16 to March 24, 1971.

Procedure

The experiment was conducted in a floating pen (12.19

meters long, 6.1 meters wide, and 2.44 meters deep)

(Figures 12 and 13). The pen's size permitted testing

small angles for determination of minimum audible angle

resolution. The animal's head rather than being free to

move was immobilized by having him bite a stationary bar

during stimulus presentation. This permitted control of

acoustical aspects of the signal impinging on the animal

thus allowing repetitive exploration of acoustic cues used

in localization at the same position in the sound field

without complications introduced by head movements during

localization.

The porpoise was trained by operant conditioning

techniques (see Appendix B) to indicate behaviorally

whether a sound came from a transducer to the right or

left of a buzzer on the test pen (Figures 12 and 13). The

buzzer was between the animal and the transducers and was

the azimuth reference point for the animal; i.e. it corre­

sponded to the midpoint of the spatial separation of the

transducers. In addition, the buzzer signal functioned as

a warning signal, reducing any uncertainty about the time

of occurrence of the observation interval and initiated

each trial. Prior to each trial the porpoise positioned
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FIGURE 12. Experimental Pen

A. Air-Conditioned Equipment Shack.
B. Bite Bar: positioned 18 meters from the midpoint

between the two transducers.
C. Wooden Crossbeam.
D. Right and Left Response Paddles.
E. Winch: moved the transducers in and out on the

horizontal plane (cable and pulley system is not
diagrammed).

F. Winches: used for raising and lowering the right
and left transducers.

G. Buzzer.
H. Transducer Support Cables.
I. Metal Pipes: these were moved back and forth on

a cable by using winch E. Attached to the pipes
were pulleys which fed the support cables to the
transducers.

J. Left and Right Transducers.
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FIGURE 13. Photo of the Experimental Pen
Taken During a Session
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behind a stationary bite bar (Figure 14). At the sound of

the buzzer he bit the bar (Figures 15 and 16) and continued

biting for the duration of the observation interval. The

test sound was presented randomly from either of two under­

water transducers submerged at a depth of 122 em.

During the vertical localization experiments the two

transducers were left in the horizontal plane and the

animal was trained to approach and bite the vertical bite

bar while on his side. This eliminated differential

acoustic information from surface and bottom reflections

which would have occurred if the transducers were in the

vertical plane. This procedure gives a simulated vertical

plane in which to test the animal's localization

capabilities.

The response interval began at the termination of the

test signal (20 dB: re 1 ubar, measured at the bite bar).

The animal indicated the source of the signal (i.e. right

or left relative to the buzzer set at a specific azimuth)

by swimming to his right or left and hitting a paddle with

his rostrum (Figure 17). To insure a continuous high level

of performance, feedback of results was systematically

given on a trial by trial basis. A correct response was

rewarded with a whistle bridge (simultaneous reinforcement

by sound) and a fish, silver smelt (Hypomesus pretiosus) or

Columbia River smelt (Thaleichthys pacificus). An incor­

rect response was followed by silence and no fish reward.
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FIGURE 14. Stationing Behavior Prior to Initiation
of a Trial in the Horizontal Plane
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FIGURE 15. Biting Behavior During Signal Presentation
in the Horizontal Plane

FIGURE 16. Biting Behavior During Signal Presentation
in the Vertical Plane
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FIGURE 17. Behavioral Response for Indicating the
Right Transducer as the Sound Source
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Immediately after each trial the animal repositioned and

the next trial began. The total time for the observation,

response and feedback intervals averaged 10 seconds, and

the intertrial interval averaged 20 seconds giving 30

seconds between the initiation of successive trials.

Silent observation trials were randomly presented on 11

percent of the trials as a check on responding to the

sound stimulus and not to ambient sound. Failure to

indicate right or left in these trials was rewarded with

a whistle bridge and a fish.

Experimental Pen (Figures 12 and 13)

The test pen was a floating structure with a 9.75

meter extension. The enclosure fencing for the sides and

bottom was standard 11 gauge 6 x 6 inch (15.24 x 15.24 cm)

galvanized steel reinforcing wire. The wire was attached

to the inside of 2 foot wide (61 cm), barrel supported,

wooden walkways. An additional two walkways without

fencing were hinged to the front of the pen. This exten­

sion supported the transducer suspension system. A

platform, 15 feet long (4.57 m) by 10 feet wide (3.05 m)

attached to the right side of the pen, supported the air­

conditioned equipment shack. The pen was securely anchored

yet able to rise and fall with the tide. This type of

enclosure is the most efficient porpoise holding pen avail­

able due to economy and ease of construction, maintenance
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and replacement (Steele 1971). In addition the animal was

easily observed during experimentation because the walkways

were only inches from the water surface.

Horizontal Bite Bar (Figures 18 and 19)

The horizontal bite bar, constructed of plexiglass,

wooden dowels and a metal disc, was suspended from a wooden

cross beam. The bite surface was at a depth of 76.2 cm.

A rectangular, caulk-covered plexiglass sheet (22.9 cm long,

3.8 cm wide, 0.64 cm thick) had two holes drilled along its

midline, each 3.8 cm from an end. Two wooden dowels (91.44

cm long, 2.54 cm in diameter) were positioned over these

holes and screwed in place. Thus the bite surface dimen­

sions were 15.2 cm long, 3.8 cm wide and 0.64 cm thick.

The free end of each wooden dowel was tightly fitted and

bolted into one of two short metal pipes welded to a metal

disc. This disc could be locked in several angular posi­

tions. The apparatus was supported by and suspended in the

water from a wooden beam (5.39 m long, 10.2 cm wide, 10.2

cm high) which fitted into notches, one on each side of the

pen.

This set-up gave control of the animal's position

during testing, allowed minimal head movement due to the

short length of the bite surface, and provided minimal

underwater reflective surfaces. The bite bar was present

in the water only during training and experimental sessions.
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FIGURE 18. Horizontal Bite Bar: Diagram



--- ---

91.44 em

---

METAL PIPE

WOODEN DOWEL
2.54 em DIAMETER

CAULK COVERED
PLEXIGLASS



75

FIGURE 19. Horizontal Bite Bar: Photo
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Vertical Bite Bar (Figures 20 and 21)

The vertical bite bar, constructed of plexiglass,

wooden dowels and a sheet of plywood, was vertically

suspended in the water from a wooden cross beam with the

bite surface at a depth of 76.2 cm. The animal was required

to bite a clay covered piece of plexiglass; the teeth

indentations provided a dimension model from which to

construct the bite surface. The bite surface was a portion

of a plexiglass sheet (45.7 cm high, 17.2 cm long and 0.64

cm thick) covered with caulk and outlined with raised

sections of plexiglass on both sides. A sheet of plywood

(82.6 cm long, 69.9 cm wide and 1.9 cm thick) was nailed to

the underside of a wooden beam (5.39 m long, 10.2 cm wide,

10.2 cm high) which fitted into notches, one on each side

of the pen. Four wooden dowels (71 cm long, 2.54 cm in

diameter) were glued and bolted to the underside of the

plywood, one in each corner. Each dowel formed an angle of

610 with the piece of plywood. The bases of the dowels

were separated by a distance of 68 cm (not a diagonal

measurement). Two holes were drilled 3.8 cm from the top

of the plexiglass sheet at a distance of 3.8 cm from each

edge. The free ends of the wooden dowels were placed over

these holes (two dowels per hole, one on each side) and

glued and bolted in place to form an angle of 290 with the

plexiglass sheet. To test localization ability at azimuths

other than zero the plywood was freed from the wooden beam
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FIGURE 20. Vertical Bite Bar: Diagram
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FIGURE 21. Vertical Bite Bar: Photo
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and renailed in the desired position.

This apparatus allowed testing of localization ability

in a simulated vertical plane; for the animal was required

to bite the plexiglass surface while on his side. In

addition, it provided minimal underwater reflective sur­

faces and allowed minimal head movement during signal

presentation. The bite bar was in the water only during

training and experimental sessions.

Sound Stimuli

The echolocation signal of Tursiops truncatus is brief

(20-250 usee), broadband (0.1-130 kHz) and pulsed with the

major energy present in the frequency range of 30-60 kHz

(see Table 2, Figure 7). The objectives of this study were

to determine 1) what aspects of this signal are used as

localization cues; 2) if localization capability was altered

by azimuth position of the sound sources; 3) similarities

or differences between localization capability on the

horizontal and vertical planes; and, 4) the localization

capability to a signal similar to the animal's own click

train. Several experiments were conducted to attain this

information.

Experiment 1. Horizontal Localization: Frequency

Horizontal localization thresholds were determined at

selected frequencies of 6-100 kHz to ascertain if capability
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varied as a function of frequency. This range encompasses

the major frequencies present in the animal's echolocation

click. If binaural time, phase and intensity differences

are frequency dependent cues in the porpoise as in humans

the results will so indicate.

The sine waves were presented in pulse trains,

simulating the pulse mode of the porpoise's echolocation

signal. Relatively long rise and decay times of the pulse

are necessary to prevent introduction of transients caused

by ringing of the transducers. The shortest rise-decay

times that could be used without transient production were

0.25 msec.

All sound stimuli were presented above threshold level

for a total duration of 1.04 seconds. This duration gave

ample time for discrimination. The signal consisted of 80

pure tone pulses of 3 msec duration, 0.25 msec rise-decay

times, and 10 msec interpulse intervals (see Table 4 and

Figure 22). The animal positioned at 00 azimuth for all

sessions (see Figure 23).

Experiment 2. Horizontal Localization: Signal
Parameters

Horizontal localization thresholds were measured at 40

kHz for various combinations of signal parameters to deter-

mine if localization capability is altered by changes in

pulse duration, number of pulses or rise-decay times.



TABLE 4

Parameters of Sound Stimuli

A. Pure Tone Pulse Trains

Frequency No. of Pulse Rise-Decay Interpulse Signal
Exp. No. Azimuth (kHz) Pulses Length Times Interval Duration

(msec) (msec) (msec) (sec.)

1 0° 6-100 80 3 0.25 10 1.04
2A 0° 40 23 10 1.0 33 0.99
2B 0° 40 10 33 5.0 67 1.0
2C 0° 40 10 20 1.0 80 1.0
2D 0° 40 10 80 1.0 20 1.0
2E 0° 40 1 500 1.0 -- 0.5

15°
3 30° 40 80 3 0.25 10 1. 04

3300

345°
4 0° 20-100 40 3 0.25 10 0.52
6 15° 40 40 3 0.25 10 0.52

B. Click Trains

Frequency No. of Duration Interc1ick Center Signal
Exp. No. Azimuth Range Clicks (usee) Interval Frequency Duration

(kHz) (msec) (kHz) (msec)

5 0° 2-130 166 35 3 64.35 498
co
+'
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FIGURE 22. Parameters of Pulse Train Stimuli
Tested in Experiments 1-4, 6



EXPERIMENT
NUMBER
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0.25 msec RISE-DECAY TIMES I

4. 6 40 PULSES
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2A 23 PULSES
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1 msec RISE-DECAY TIMES

33 msec 5 msec RISE-DECAY TIMES

28 10 PULSES < ) 67 msec < >
20 msec 1 msec RISE-DECAY TIMES

2C 10 PULSES ( ) 80 msec ( )
80 msec 1 msec RISE-DECAY TIMES

20 10 PULSES ( ) 20 msec ( :
500 msec

2E 1 PULSE < :1 msec RISE-DELAY TIMES
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FIGURE 23. Porpoise Orientation for Signals Presented
at Azimuths of 0°, 15°, 30°, 330° and 345°

in the Horizontal Plane

Positioning was the same for the vertical experiments,
except the animal was on its side (see Figure 16).
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The animal positioned at 00 azimuth for all sessions. Five

different signals were tested (see Table 4 and Figure 22).

A. 23 pulses, 10 msec pulse duration, 1.0 msec
rise-decay times, 33 msec interpulse intervals,
0.99 second signal duration.

B. 10 pulses, 33 msec pulse duration, 5.0 msec
rise-decay times, 67 msec interpulse intervals,
1.0 second signal duration.

c. 10 pulses, 20 msec pulse duration, 1.0 msec
rise-decay times, 80 msec interpulse intervals,
1.0 second signal duration.

D. 10 pulses, 80 msec pulse duration, 1.0 msec
rise-decay times, 20 msec interpulse intervals,
1.0 second signal duration.

E. 1 pulse, 500 msec pulse duration, 1.0 msec
rise-decay times, 0.5 second signal duration.

Experiment 3. Horizontal Localization: Azimuth

MAAs for humans increase as the azimuth position of

the sound source deviates from 00 (Mills 1958, 1972). To

determine if this also occurs in the porpoise horizontal

localization thresholds were measured at four azimuths
00000other than 0 (15, 30 , 330 and 345 ) (see Figure 23).

The 40 kHz signal had the same parameters as in Experiment 1

(80 pulses, 3 msec pulse duration, 0.25 msec rise-decay

times, 1.04 second signal duration).

Experiment 4. Vertical Localization: Frequency

All animals tested, with the possible exception of

bats, demonstrate a decrease of localization capability in
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the vertical plane compared to the horizontal plane (see

Erulkar 1972 for a review). Although it has been hypothe-

sized that porpoises would have good vertical localization

capability since they move freely in all three dimensions;

their capabilities have never been tested. Therefore,

vertical localization thresholds were determined at

selected frequencies from 20-100 kHz. The total duration

of the signal was halved to 0.52 seconds compared to the

horizontal experiments because the animal tended to back

off from the vertical bar before the termination of a

1 second signal. This reduction in signal duration insured

that the animal was stationary and not moving during the

stimulus presentation. No deterioration of threshold

response was detected in comparison horizontal sessions to

the shorter signal. A survey of localization as a function

of frequency was conducted with two sessions for each

tested frequency. Only the frequencies of 30, 60 and 90

kHz were tested with seven sessions each. The signal

consisted of 40 pure tone pulses, 3 msec pulse duration,

0.25 msec rise-decay times, and 10 msec interpulse intervals

(see Table 4 and Figure 22). The animal positioned at 00

azimuth for all sessions.

Experiment 5. Horizontal and Vertical Localization:
Clicks

Localization capability to simulated echolocation click
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trains was tested in both the horizontal and vertical

planes at 00 azimuth. The signal consisted of 166 clicks

centered at 64.35 kHz. One click was presented every

3 msec for a total duration of 498 msec. The duration of

each click was 35 usec (see Table 4 and Figure 24).

Experiment 6. Vertical Localization: 150 Azimuth

Vertical localization capability for the 150 azimuth

setting was tested for comparison with the results of

Experiment 3. The 0.52 second signal was a pulsed 40 kHz

tone consisting of 40 pulses, 3 msec in duration, 0.25 msec

rise-decay times and 10 msec interpulse intervals.

Electronic Equipment

A. Sine Waves. The electronics for the sound genera­

tion are diagrammed in Figure 25. The stimuli consisted of

pulsed pure tones generated by a voltage controlled

oscillator (Wavetek model 136). The electronic set-up

permitted control of pulse duration, rise-decay times,

interpulse interval and number of pulses. A manual switch

initiated a logic circuit which triggered a pulse generator

(Hewlett Packard Model 8002A). The logic circuit (ADTECH

logic cubes) controlled the number of pulses from the pulse

generator and the interpulse interval. The output of the

pulse generator shaped the waveform of the voltage

controlled oscillator. The signal was amplified by a
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FIGURE 24. Example of the Waveform and Power Spectrum
of Clicks Produced by Both F-33 Transducers
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FIGURE 25. Electronics Schematic
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Khron-Hite amplifier (Model DCA 50), selectively attenuated

for right or left transducer (Hewlett Packard attenuator,

Model 3500) and transmitted into the water by either the

left or right J-9 transducers for frequencies of 6-20 kHz

or F-33 transducers for frequencies of 20-100 kHz (see

Appendix C for specifications of the transducers). Signals

were continuously monitored by a Clevite hydrophone (CHLA) ,

hung from the back of the pen, which sent the impulses to a

bandpass filter (Khron-Hite Model 3002). The signals were

then displayed on a dual trace Tektronix oscilloscope.

B. Click Trains. The electronics for production of

click trains were identical to those for sine waves except

that a Wavetek sweep generator (Model 144) was substituted

for the voltage controlled oscillator. It was in the gated

mode and when triggered by the pulse generator produced one

complete 100 kHz sine wave which caused the F-33 transducer

to ring giving a 35 usec transient centered at 64.35 kHz

(see Figure 24).

Stimuli Presentation

The method chosen for stimuli presentation was the

modified up-down staircase (Bekesy 1960; Dixon and Massey

1969; Levitt 1971; Wetherill 1966). This method both

reduces the range of stimuli needed and increases the

amount of useable data per session as compared to



97

non-sequential methods. Sequential methods offer greater

efficiency (Brownlee, Hodges and Rosenblatt 1953; Dixon

and Mood 1948) and greater freedom from stimulus bias

(Kappauf 1963 cited in Kappauf 1969) in the estimation of

percentile points than do methods using fixed prearranged

stimulus schedules.

A series of uniformly spaced separation distances

were presented to the animal by moving the transducers in

and out using a winch and pulley system (Figures 12 and 13).

The animal was allowed two responses, right and left (two-

alternative, forced choice). The initial stimulus point

was chosen by the experimenter and was 1) 6° for all

horizontal and vertical sessions testing azimuths of 0°,

15° and 345°; 2) 8.7° for azimuths 30° and 330°; and,

° ° °3) randomly selected from 0.7 , 1.5 and 2.2 settings for

click train sessions. Subsequent angles for stimulus

presentation except those with click trains were determined

by the animal's previous response. For the trial following

two consecutive correct responses, each transducer was

moved inward one step. Following one incorrect response

each transducer was moved outward one step. This step size

was 0.5° for sessions testing frequency, stimulus parameters

and for azimuths 0°, 15° and 3450
; and, 0.7° for azimuths

30° and 330°.

The animal "tracked" the stimulus back and forth across

the threshold (MAA) which oscillated around the 70th



percentile of the psychometric function. The MAA was

calculated as the average transition value between

discrimination and failure to discriminate.

The porpoise made a high percentile of correct

responses at the smallest angular setting available for

click trains. It was impossible to decrease the angular

presentation any further following two consecutive

responses at the smallest setting available. Therefore,

the up-down staircase method of stimuli presentation was

not appropriate. Consequently, the method of constant

stimuli (Plutchik 1968) was selected for determining

angular presentations of the signal. This method measures

the differential threshold of sound localization. The

buzzer at 00 azimuth was again the fixed reference point

and the transducers were positioned at three angular

settings (0.7 0
, 1.50 and 2.20

) to the right and left of

the 00 reference point. The angles were tested in blocks

of 15 trials each. A Gellerman series of random numbers

(tables of random numbers) was used to determine the

sequence of block presentation and left-right sound

presentation within each block. Each session consisted

of 90 trials, a total of 30 trials per angular setting.

The percentage correct for each angle per session was

calculated and then the average percentage for each angle

was determined for all sessions.
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Statistical Analysis of the Up-Down Staircase

The MAA is not a fixed value; but, like all other

sensory thresholds, is a range of variable sensitivities

which oscillate around a mean (x) due to momentary altera-

tions in both stimulus and subject. Hence, to insure

accuracy, repeated measurements are necessary. Here the

MAA is defined as the average of measurements taken at

the 70th percentile level of correct responses on the

psychometric function of localization.

The mean of each session was determined by summing

the reversals (the angular values where the animal made

an incorrect response, and then the next higher value

where he made two consecutive correct responses). The

session mean was based on approximately 15 reversals,

although many sessions had more or less than this average

value. Figure 26 diagrams the responses of one session.

The means of a minimum of seven sessions were averaged

to give the MAA for the signal parameter in question.

The standard deviation (s) of all sessions testing

the same signal parameter was determined by the formula:

2 zs = ( x /n-l) 2

n = total number of sessions.

x 2 = the sum of squared deviations
from the MAA.

99



The standard error of the MAA (s-) was determinedx
by the formula:

.k
s- = sl (n) 2x

n = total number of sessions.

s = standard deviation.

100
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FIGURE 26. Graphical Representation of Correct
and Incorrect Responses in One Session

The session mean (x = 2.0°) is the average of the 18
reversals which occur after trial number 19.
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RESULTS AND DISCUSSION

The small MAAs determined in this study (Tables 5-7,

10-12, Figures 27-31, Appendix D) for a wide range of

signals and azimuth positions demonstrate that the bottle-

nose porpoise possesses good localization ability in

three-dimensional space. Appendix D elaborates on the

experimental data presented in Tables 5-7 and 10-12 by

listing means, number of reversals and number of trials

per session.

Experiment 1. Horizontal Localization: Frequency

Horizontal localization ability is frequency dependent

to some degree (Table 5, Figure 27, Appendix Dl). The MAAs

for 6 kHz (3.60
), 90 kHz (3.20

) and 100 kHz (3.8°) were

significantly different at the 5 percent level from the

000 ° ° °MAAs for 10-80 kHz (2.8 , 2.2 , 2.2 , 2.5 , 2.2 , 2.3 ,

2.8°, and 2.8° respectively) (Duncan's new multiple range

test; Steel and Torrie 1960). No significant differences

existed among the thresholds for 10-80 kHz at the 5 percent

level (Duncan's new multiple range test).

The horizontal localization data suggest that Tursiops

truncatus is able to use binaural differences in phase and

time at frequencies of 20 kHz and lower and binaural

intensity information for frequencies of 20-30 kHz and
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TABLE 5

Horizontal Localization Thresholds (MAA) Determined
in Experiment 1 as a Function of Frequency

(s = standard deviation, s- = standard error of the mean)*x

Frequency No. of Degrees
(kHz) Sessions MAA s s-x

6** 7 3.6 0.5 0.18

10'k~,( 7 2.8 0.2 0.08

20** 7 2.1 0.3 0.11

20 5 2.2 0.4 0.16

30 11 2.2 0.6 0.18

40 13 2.5 0.7 0.19

50 7 2.2 0.8 0.3

60 10 2.3 0.5 0.19

70 9 2.8 0.8 0.26

80 6 2.8 0.7 0.2

90 7 3.2 0.8 0.34

100 6 3.8 1.1 0.44

*See Table 4 for Signal Parameters

**J-9 transducers
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FIGURE 27. Localization Thresholds Determined on the
Horizontal Plane as a Function of Frequency

MAAs +/- standard deviation. Reference azimuth = 0°.
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higher as localization cues.

Magnitude of evoked potentials in the inferior

colliculus (Bullock et al 1968; Bullock and Ridgway 1972)

and of cochlear potentials recorded at the round window

(McCormick et al 1970) have implicated both the tissue--
overlying the ear and the lower jaws as routes for sound

transmission to the middle ear for frequencies below 30

kHz. The magnitude of response is equal in both cases for

the same sound stimulus. The porpoise therefore has two

possible routes of sound reception which are frequency

dependent, the sides of the head and the lower jaw.

For the mammalian cochlea to detect binaural phase or

time differences the wavelength must be greater than the

distance between the two sound detectors; and, differential

binaural intensity differences are not adequate localiza-

tion cues until the wavelength equals half the distance

between the two sound detectors or less (Mills 1958, 1972).

For wavelengths intermediate to the above situations, none

of these localization cues are maximal.

The straight line distances between the sound receptors

in the bottlenose porpoise are 24 cm from outer ear to

outer ear and 14 cm from lower jaw to lower jaw. The

measured speed of sound at Sag Harbor is 1527 m/ sec (Au

et al 1974). Therefore localization ability would be "poor"

from 6.2-12.4 kHz (wavelengths of 24 and 12 cm) if the

animal does use binaural phase or time information, and if
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predominant binaural information at these frequencies

is from sound waves traveling through the tissue overlying

the ear. However, if predominant binaural information at

low frequencies is from sound traveling through the

mandibular fat body, and if the porpoise does use differ-

ential binaural phase or time differences, localization

acuity would decrease for frequencies between 11 and 22

kHz (wavelengths of 14 and 7 cm); and, MAAs would be

smaller at both higher and lower frequencies.

The large MAA at 6 kHz may result from the lack of

maximal binaural localization cues since the wavelength

(25.34 cm) approximates the distance between the two outer

ears. Thus, the tissue overlying the ear is probably the

main route for sound transmission to the middle ear at

frequencies below 20 kHz. For, if the sound route were

via the mandibular canal, the localization threshold for

6 kHz should be more sensitive than for 10 kHz.

Experiment 2. Horizontal Localization: Signal Parameters

MAAs for the five different sound stimuli tested

(Table 6, Figure 28, Appendix D2) were not significantly
. 0

different from each other or the MAA of 2.5 for the 40

kHz signal in experiment 1 at the 5 percent level (Duncan's

new multiple range test). o 0MAAs ranged from 2.0 to 2.8 .

Therefore within the limits of this experiment, localiza-

tion capability was not altered by changes in number of



TABLE 6

Horizontal Localization Thresholds (MAA) Determined in Experiment 2
as a Function of Signal Parameters

(s = standard deviation, Sx = standard error of the MAA)

No. of Pulse Rise-Decay Interpu1se No. of Degrees
Exp. No. Pulses Duration Times Interval Sessions(msec) (msec) (msec) MAA s s-x

1 80 3 0.25 10 13 2.5 0.7 0.19

2A 23 10 1.0 33 12 2.8 0.6 0.19

2B 10 33 5.0 67 7 2.8 1.3 0.5

2C 10 20 1.0 80 7 2.8 0.8 0.3

2D 10 80 1.0 20 8 2.1 0.6 0.23

2E 1 500 1.0 -- 7 2.0 0.4 0.15

t-'
o
I.D
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FIGURE 28. Localization Thresholds Determined
on the Horizontal Plane as a Function

of Signal Parameters

MAAs +/- standard deviation. Reference azimuth = 0°,
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pulses (1-80), pulse duration (3-500 msec) , rise-decay

times (0.25-5.0 msec) or interpulse intervals (10-80 msec).

Bullock and Ridgway (1972) reported that "the typical

midbrain evoked potential is specialized for ultrasonic,

ultrabrief, fast rising, closely spaced sounds like the

echolocating clicks". These authors also showed that

short rise-decay times were essential for generation of

on or off action potentials in the inferior colliculus.

They could not elicit action potentials for signals with

rise-decay times longer than 5 msec. The sound stimuli in

this experiment presented minimal auditory information to

the immobile porpoise. The pulse duration and rise-decay

times of the tested stimuli were much longer than that

used in active sonar, and the information presented in

broadband clicks was absent. The shortest rise-decay time

tested (0.25 msec, experiment 1) was equal in duration to

the longest click used in active sonar and 10 times longer

than the shortest echolocation click of the species (see

Table 4).

The MAAs for signals 2D (2.10
, 40 kHz, 10 pulses of

80 msec duration, rise-decay times of 1.0 msec and inter­

pulse intervals of 20 msec) and 2E (2.0 0
, 40 kHz, 1 pulse

of 500 msec duration, and rise-decay times of 1.0 msec)

suggest that increasing total sound duration within the

signal and holding rise-decay times constant may increase

localization capability. Although no significant
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differences existed between MAAs in experiment 2, the

smaller MAAs for these two signals may indicate an

increase in localization acuity. However, Bullock and

Ridgway (1972) could not evoke co11icu1ar responses to a

maintained tone. This discrepancy in results may be due

to differential binaural information impinging on the

porpoise from echoes off of reflective surfaces. But,

more likely, the discrepancy arose because this experiment

measured the response of the entire organism and not just

popu1atlins of neurons within the inferior co11icu1us.

Experiment 3. Horizontal Localization: Azimuth

Localization capability to a 40 kHz pulsed signal

(see Table 4, experiment 3) is azimuth dependent. More­

over greatest localization acuity occurs at azimuths of

15° and 345 0 (MAAs: 1.7° and 1.40 respectively) rather

than at an azimuth of 00 (MAA: 2.5°) (see Table 7,

Figure 29, and Appendix D3). MAAs for the azimuths of

15° and 345° were significantly different at the 5 percent

level from the MAAs for 0°, 30° (MAA: 5.3°), and 330°

(MAA: 5.2°); in addition, the MAA for 0° azimuth was

significantly different at the 5 percent level from the

M&\s for azimuths of 300 and 330° (Duncan's new multiple

range test). This increase in localization acuity at

azimuths of 150 and 345 0 is contrary to all terrestrial

animals including humans (Eru1kar 1972; Mills 1958) where
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TABLE 7

Horizontal Localization Thresholds (MAA) Determined
in Experiment 3 as a Function of Azimuth

(s = standard deviation, s- = standard error of the MAA)*x

Exp. No. Azimuth No. of Degrees
Degrees Sessions MAA s s-x

1 0 13 2.5 O. 7 0.19

3A 345 7 1.4 0.5 0.19

3B 15 8 1.7 0.2 0.07

3C 330 7 5.2 0.9 0.34

3D 30 7 5.3 0.3 0.12

*See Table 4, Experiment 3, for Signal Parameters
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FIGURE 29. Localization Thresholds Determined on the
Horizontal Plane as a Function of Azimuth

MAAs +/- standard deviation.
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best angular resolution occurs when the head is oriented

at 00 azimuth. The data sessions with Tursiops truncatus

for the azimuth settings at 15 0 and 3450 were consistent

and reproducible on a day to day basis (see Appendix D3).

Therefore I suggest that these results indicate the true

capabilities of the organism and are not an experimental

artifact. The significant improvement in horizontal

localization acuity which occurred to a 40 kHz signal at

azimuths of 150 and 345 0 leads to questions about sound

paths to the middle ear.

Norris (1968) presents a logical argument in favor

of sound transmission through the lower jaw based on

1) impedance match of sea water and fat; 2) transmission

of sound from sea water through varying thicknesses of

ivory (similar to bone) and again into sea water as a

function of frequency; 3) dependence of sound transmission

from water to oil upon angle of incidence; and. 4) the

angle of the porpoise lower jaw relative to the body axis

(28 0 in Tursiops truncatus). The proposed route of sound

transmission is 1) from a watery medium. 2) through the

blubber overlying the 3) "pan bone" of the mandible (the

thinnest portion of the mandible (1.0 rom in thickness)

approximately midway between the tip of the rostrum and

the eye) into the 4) mandibular canal filled with 5) fatty

tissue which leads to and abuts upon the 6) periotic bulla

(a thick, dense bone except in the area of fatty tissue
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adherement where it is relatively thin) thence to the

7) middle ear and the normal route via the oval window

to the 8) cochlea.

The arguments which support this proposed mandibular

sound pathway are as follows. Norris (1968) reports that

the percent transmission of sound from sea water to ivory

for various thicknesses of ivory is virtually 100 percent.

Tile impedance of fat is closely matched to sea water

(castor oil 1.45 x 105 gm/sec/cm2 ; sea water 1.54 x 105

gm/sec/cm2 ; Norris 1968). But the percent transmission

of sound from water to oil depends upon the angle of

incidence (Table 8).

The angle of incidence of sound on the blubber over-

lying the "pan bone" varies as a function of azimuth

setting in experiment 3. Comparing the angle of incidence

of sound at the right and left mandibles in Table 9 with

the sound transmission coefficients of Table 8, one is led

to the conclusion that angular resolution should be better

at the larger azimuth settings (300 and 3300
) because the

percent transmission of sound is higher. However, Bullock

et al (1968), studying collicular evoked potentials with

the animal restricted but submerged in a large test tank,

determined that "a cone of best reception is directed

forward and downward, some 5-300 from the midline (25-500

in relation to the orientation of the lower jaw) in the

horizontal plane. The cone of best receptivity moves



119

TABLE 8

Transmission of Sound from Water to Oil
(from Norris 1968)

Incident Angle
in Degrees~'(

(water)

Refracted Angle
in Degrees

(oil)

Sound
Transmission
Coefficient

90.0 0 0.986

55.2 30 0.979

35.2 45 0.953

28.8 50 0.935

21. 0 55 0.885

9.0 60 0.63

0.0 61.4 0.00

*Angles relative to the longitudinal axis of the animal
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TABLE 9

Angle of Incidence of Sound Relative to the
Body Axis and the Mandible in Experiment 3

(all values are in degrees)

Azimuth

o

15

345

30

330

Body
Axis

o
15

345

30

330

Right
Mandible

28

71

43

58

86

Left
Mandible

28

43

71

86

58
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closer to the midline with increasing frequency."

Anatomically, the ears of a porpoise are acoustically

isolated from each other and the skull. Each tYmpano­

periotic bulla is suspended from the skull by a ligament

and is surrounded by cavernous tissue. This isolation

coupled with the two fat channels of the lower jaw, would

allow differential information to reach the ears. I pro­

pose that due to the crucial importance of angle of

incidence of sound at the water-blubber interface coupled

with the separate functioning of the left and right

mandibular fat canals that differential, binaural,

intensity information would be available to the animal.

Especially since recent NUe experiments (Evans 1973) have

shown that the difference limen for intensity sensitivity

is 1 dB.

In summary, the "best" angle of receptivity in water

is a compromise of the factors discussed above: ability

of sound to pass from water through skin and blubber into

the jaw tissues; refractory properties of the jaw tissue

including the bone surrounding the fatty tissues; the

angle of incidence of the sound with respect to the lower

jaw orientation; and, the frequency at which the animal

is tested. The angle of incidence of the sound is nearly

optimal at all azimuth settings tested, yet angular

resolution is significantly different among the values

determined at 00
, 150 and 300 right and left in the
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horizontal plane. To reiterate, Bullock et al (1968)

found the "best" angle of receptivity was a function of

frequency, the higher the frequency the closer to the

midline. This present study was conducted using a pulsed

40 kHz signal. The data indicate the best angle of

receptivity for maximum angular resolution in the horizon­

tal plane is at 150 right or left of the midline between

the two transducers, relative to the longitudinal axis

of the animal.

Minimal audible angles determined at azimuths of 300

and 3300 were the largest for all experiments in this

study (MAAs: 5.3 0 and 5.2 0 respectively) (Table 7,

Figure 29, Appendix D3). While the maximum values of the

study, they still demonstrate accurate localization ability

when compared to the best localization acuity in other

organisms (see General Discussion) .

Experiment 4. Vertical Localization: Frequency

Results of the survey of localization capability as

a function of frequency (20-100 kHz) in the vertical plane

demonstrated no significant differences, at the 5 percent

level, in localization acuity compared to the MAAs deter­

mined in the horizontal plane (Students t-Test; Dixon and

Massey 1969) (see Table 10, Figure 30, Appendix D4). The

MAAs calculated for each of the seven sessions conducted

at 30, 60 and 90 kHz (MAAs: 2.50
, 3.00 and 3.00
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TABLE 10

Vertical Localization Thresholds (MAA) Determined
in Experiment 4 as a Function of Frequency

(s = standard deviation, s- = standard error of the MAA)**x

Frequency No. of Mean*
Degrees

(kHz) Sessions MAA s s-x

20 2 2.3

30 7 2.5 0.3 0.12

40 2 2.8

50 2 2.8

60 7 3.0 0.2 0.06

70 2 3.3

80 2 3.1

90 7 3.0 0.5 0.19

100 2 3.5

*Means are not reported as MAAs since only two sessions
were conducted

**See Table 4, Experiment 4, for Signal Parameters
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FIGURE 30. Comparison of Horizontal and Vertical
Localization Thresholds as a

Function of Frequency

Standard deviations are indicated for 30, 60 and 90 kHz
vertical data (seven sessions each). Reference azimuth
= 00.
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respectively) again were not significantly different

from the horizontal thresholds (Students t-Test) or each

other at the 5 percent level (Duncan's new multiple range

test). The porpoise is unique in being the only organism

so far studied who exhibits equal resolution acuity (MAA)

for pure tone stimuli in both the horizontal and vertical

planes. Differential binaural information would not be

available from any signal originating in the vertical

plane since both sound receptors would be equidistant

from the sound source. Is the porpoise truly unique from

all other organisms in terms of possessing some mechanism

for signal processing that has never even been postulated

for other organisms, or might the routes for sound trans­

mission explain this "unusual" acuity? It is now widely

accepted that porpoises possess two frequency-dependent,

sound transmission routes to the middle ear, the lower jaw

and tissues overlying the ears. Frequencies above 30 kHz

give maximal stimulation when placed near the lower jaws

(Bullock et al 1968; Bullock and Ridgway 1972; McCormick

et al 1970). Although differential binaural information

would not be available from any signal in the vertical

plane, and measured pressure levels at the bite bar were

identical for both transducers, intensity differences could

exist between signals received from above (fainter) and

below (louder) 00 azimuth because of lower jaw transmission.

Therefore, the MAAs probably reflect the angular differences
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for which no intensity differences occur in the received

sound between the "up-down" sources. This would be a valid

method of determining source position, since the anatomy

of the animal introduces intensity differences between

sources, even though the projected signals are identical.

Under normal conditions of echolocation an animal would

probably not resort to this type of cue, since information

would be available from many frequencies, the maximal

stimulation of which occurs at different azimuths.

Experiment 5. Horizontal and Vertical Localization: Clicks

Greatest localization acuity occurred when the

porpoise was given the greatest number of localization

cues: clicks. MAAs of 0.70 and O.gO were determined for

click trains in the vertical and horizontal planes

respectively (see Table 11, Figure 31, Appendix D5). This

signal was very similar in frequency spectrum to the emitted

echolocation clicks of the species. The low MAAs measured

for passive localization suggest that an actively echo­

locating porpoise has similar or more sensitive localization

ability. Especially if the animal increases the apparent

distance between the sound receptors by scanning (moving

the head from side to side).

Behavioral experiments on localization capability in

the vertical plane have onlY,been conducted for humans.

Subjects indicated pure tone source positions at higher
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TABLE 11

Localization Thresholds (MAA) Determined in
Experiment 5 for Click Trains Presented on

both the Horizontal and Vertical Planes
(s = standard deviation, s- = standard error of the MAA)*

x

Plane No. of Degrees
Sessions MAA s s-x

Horizontal 7 0.9 0.4 0.3

Vertical 7 0.7 0.4 0.27

*See Table 4, Experiment 5, for Signal Parameters
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FIGURE 31. Graphical Determination of Localization
Thresholds for Click Trains in both the

Horizontal and Vertical Planes
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vertical angles for high frequencies than for low

frequencies, irrespective of the actual source position

(Roffler and Butler 1968b). Humans exhibited poor vertical

localization capability for both pure tone stimuli and

noise bands containing frequencies below 7 kHz (Butler

1969; Roffler and Butler 1968a). However, the mean esti­

mates of speaker position (from a hidden array of four

speakers) were within 40 for broadband signals containing

frequencies above 7 kHz. The heads of the six subjects

were kept immobile by a chin rest. Roffler and Butler

(1968a) concluded that binaural cues were not necessary

for accurate localization in the vertical plane; but that

vertical localization does depend on frequencies above 7

kHz and upon the pinna. They postulated that the series

of ridges and folds of the pinna impose "a pattern of

organization on the noise stimulus, the intensities of

the high frequencies may be differentially modified by

the pinna with the pattern of modification dependent upon

the signal angle".

Experiment 6. Vertical Localization: 150 Azimuth

The increase in horizontal localization acuity seen

in experiment 3 at azimuths of 150 and 345 0 did not occur

when the same signal was presented at an azimuth of 150 in

the vertical plane (MAA: 2.70
; Table 12, Appendix D6).

The lower jaw was facing the left speaker quadrant and
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TABLE 12

Vertical Localization Threshold (MAA) Determined
at the 150 Azimuth in Experiment 6

(s = standard deviation, s- = standard error of the MAA)*x

Frequency
(kHz)

40

No. of
Sessions

7

MAA

2.6

Degrees
s

0.3

s­x

0.11

*See Table 4, Experiment 6, for Signal Parameters
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differential binaural information would not be available

for any signal. Although the angle of incidence of sound

on the lower jaw would vary with "up-down" speaker presen­

tation, the angle of incidence for each discrete signal

would be the same for right and left mandible. Therefore,

the MAAs probably again (see experiment 4 discussion)

reflect the angular separations for which no intensity

differences occur in the received sound between the

"up-down" sources.

Control

The porpoise was under stimulus control at all times.

The animal never responded by swimming to his right or

left during a silent check trial; he always backed off

the bite bar and waited in the stationing position for

his reward.
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GENERAL DISCUSSION

The bottlenose porpoise exhibits acute underwater

resolution of sound sources in both the horizontal and

vertical planes. In this section I present comparative

localization data for all species tested underwater, and

discuss and speculate upon the answers to three questions.

1) What mechanisms are involved in the central nervous

system for signal processing? 2) How does this capability

relate to an animal's behavior in the wild? 3) What

directions should future research follow to expand our

knowledge of odontocete localization capability? Compari­

son of localization capability to other organisms and

examination of theories on central processing, especially

for species that echolocate, may suggest possible mechanisms

used by the porpoise for resolving spatial position.

Comparative Underwater Localization Capability

Underwater passive localization capability has been

behaviorally tested on the horizontal plane in representa­

tive organisms of three mammalian orders: 1) cetacea ­

harbor porpoise (Andersen 1970b; Dudok van Heel 1959, 1962),

and bottlenose porpoise (present study); 2) pinniped ­

harbor seal (M¢hl 1964), and California sea lion (Gentry

1967; Moore 1974); and, primate - man (Andersen and
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Christensen 1969; Feinstein 1966, 1973). Table 13 presents

the horizontal localization data for the above organisms

with the exclusion of the present study.

Since anatomical requirements for sensitive hearing

are not the same in air and water because of impedance

differences, one would expect differences in underwater

localization ability based solely on an organism's normal

environment. Cetaceans are entirely aquatic, pinnipeds

are amphibious and man is terrestrial.

The ears of odontocetes are isolated from each other

and the skull by the cavernous tissue surrounding each

tympanoperiotic bulla and the loose mandibular symphysis.

This isolation does not occur in pinnipeds or man. Without

isolating mechanisms the skull itself would function as a

path for sound conduction, delivering identical stimuli to

each ear simultaneously. This would effectively eliminate

interaural time, phase and intensity differences.

Repenning (1972) lists three modifications of the

pinniped skull as "possible adaptations to improve the

sense of directional hearing that results from the conduc­

tive reaction of the skull to sound": 1) the development

of large external angular surfaces on particular bones

which could selectively reflect sound; 2) the continuous

solid contact of the bulla only with these modified bones;

and, 3) " cons truction of the bulla in a manner which seems

ideal for maximum distortion of the cochlear capsule by
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conducted sound waves, thus increasing sensitivity to this

directional sensitive stimulation". Man has no special

anatomical adaptations which could increase directional

sensitivity by bone conduction. Therefore, based solely

on anatomical adaptations one would expect underwater

localization acuity to be greatest in the cetacea, moderate

in the pinnipeds and "poor" in man.

The procedures, test site and equipment for sound

production and generation differ widely among these experi­

ments. Thresholds are reported at different percentiles of

correct responses and the number of trials for each

frequency and angular setting vary widely. An examination

of these points is necessary prior to comparing underwater

localization acuity in these organisms.

Experimental Site. Localization acuity was measured

in open water (Andersen and Christensen 1969; Feinstein

1973), enclosures open to a body of water (Andersen 197Gb;

Dudok van Heel 1959, 1962; M¢hl 1964; Moore 1974; the

present study) and tanks (Feinstein 1966; Gentry 1967).

Experimental Procedures. All of these experimenters

have professed to use the procedural techniques of Mills'

(1958) in-air human study in which MAAs were defined as the

angle formed between the subject and two speakers, one

speaker being set at the reference azimuth, when the subject
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is just able to discriminate the speakers as two discrete

sound sources. Mills determined human thresholds for only

one quadrant (right: 0-900
) and each trial contained two

consecutive signals, one from each speaker. The subject's

response was to indicate if the second stimulus was right

or left of the first stimulus.

Moore (1974) tested horizontal sound localization in

the California sea lion (Zalophus californianus) only in

the left quadrant. One transducer remained at 00 azimuth

and the other was randomly positioned. Only one transducer

sounded per trial; and the sea lion's task was to indicate

which one was the sound source. Although each trial did

not contain two consecutive stimuli, this is still a valid

method of determining the MAAs since the stimuli presenta­

tion came only from the left quadrant.

The other experiments on pinnipeds, harbor porpoise,

and man tested horizontal left-right quadrants with one

stimulus per trial and a subjective (imaginary) reference

point from which to make left-right judgments. Although

data for these studies are reported as MAAs (one-half the

angle between the subject and the two transducers) one

must exercise caution in accepting them at face value

since the thresholds may be two times the reported MAAs if

judgments were left or right of the other transducer and

not the subjective reference point.

The present experiments on the bottlenose porpoise
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tested both right and left quadrants (0-300 in the

horizontal plane and 0-15 0 in the vertical plane). A

buzzer, and not a transducer, was set at the reference

azimuth. Each trial contained two consecutive sounds,

first the buzzer and second the test stimulus from either

the right or left transducer. The porpoise's response

was to indicate if the second stimulus was right or left

of the first sound. This is the only underwater locali­

zation study in which the subject was presented two

consecutive sounds per trial.

Stimuli. Sound stimuli are listed in Table 13 for

each experiment done by other workers. The generation of

specific sound stimuli is unlimited with the correct

electronic equipment. However, operating specifications

of the transducers introduce limitations on what sounds

can be presented to an organism underwater, i.e. outgoing

signals may not always be the same as the incoming signals

to the transducer. For example, click transients are

produced by J-9 and F-33 transducers if rise-decay times

fall much below 0.25 msec (Renaud, unpublished). Yet

Feinstein (1973) used rise-decay times of 10 usec (J-9

transducers) and still reported that the MAAs were measured

for pure tones of 3.5 and 6.5 kHz; when in reality, the

beginning and end of each stimulus must have contained a

broadband spectrum of frequencies which would give



TABLE 13

Underwater Sound Localization Capability in Man, California Sea Lion
(Za10phus ca1ifornianus), Harbor Seal (Phoca vitu1ina), and Harbor

Porpoise (Phocoena phocoena) as a Function of Signal Parameters

Signal Localization
Organism Capability

Experimenter Type Frequency Duration Rise-Decay
(kHz) (msec) Times (msec) MAA % correct

Man

Feinstein (1966) white noise broadband 100-300 --- 90 0 a

Feinstein (1973) sine wave 3.5 100 0.01 21. 50 b

sine wave 6.5 100 0.01 14.50 b

white noise 0.02-20 100 0.01 9.80 b
Andersen and
Christensen sine wave 1.0 1000 100.0 900 70

(1969)
900sine wave 2.0 1000 100.0 70

sine wave 4.0 1000 100.0 300 70

sine wave 8.0 1000 100.0 300 70

sine wave 16.0 1000 100.0 200 70
t-'
W
\.0



TABLE 13. (Continued) Underwater Sound Localization Capability in Man,
California Sea Lion (Za10Ehus ca1ifornianus), Harbor Seal

(Phoca vitu1ina), andHar or Porpoise (Phocoena phocoena)
as a Function of Signal Parameters

Organism
Experimenter

Za10phus ca1ifornianus

Gentry (1967)

Moore (1974)

Type

sine wave

sine wave

click train

sine wave

sine wave

sine wave

sine wave

sine wave

Signal Localization
Capability

Frequency Duration Rise-Decay
(kHz) (msec) Times (msec) MAA % correct

3.5 300-400 --- 15 0 70

6.0 300-400 --- 100 70

centered --- --- 8.80 75
at
1.0

0.25 20 5.0 83 c

0.50 20 5.0 87 c

1.0 20 5.0 87c

2.0 20 5.0 48c

4.0 20 5.0 41c

~

~
0



TABLE 13. (Continued) Underwater Sound Localization Capability in Man,
California Sea Lion (za10Ehus ca1ifornianus), Harbor Seal
(Phoca vitu1ina), and Har or Propoise (Phocoena phocoena)

as a Function of Signal Parameters

a. based on 50 trials
b. one-half the range defined by + 0.67 standard (Z) units
c. percent correct response at 200 azimuth signal presentation

t-'
~
t-'
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localization cues other than those stated as being tested.

Dudok van Heel (1959, 1962) and Gentry (1967) indicated

that transients were not produced, but they failed to

report the rise-decay times of the pure tone stimuli.

Echoes were probably present in the tank studies of

Feinstein (1966) and Gentry (1967) and in M¢hl's "open

water" study (due to transducer placement one meter in

front of a stone pier).

o 0Capabilities. The MAAs of 15 (3.5 kHz) and 10

(6.0 kHz) reported by Gentry (1967) for the California sea

lion were determined by randomly presenting 105 trials

from either left or right transducer for each of eight

azimuths (5-400 in 50 steps). These MAAs indicate a

greater acuity as a function of frequency in the sea lion

than reported by Moore (1974) who tested 0-350 in the left

quadrant in 50 steps, 200 trials per step. Moore conducted

his experiment in a floating pen, similar to the one in the

present study, at the NUC facilities, Hawaii Laboratory.

The discrepancy in localization acuity reported in these

two studies may be due to inaccurate measures of MAAs in

the Gentry study caused by signal distortion from rever-

berating echoes; or, they may indicate individual

differences.

The harbor seal MAA of 1.50 for a 2 kHz signal (M¢hl

1964) is probably an inaccurate estimate of the species
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ability. The percent correct response fluctuated widely

dependent upon azimuth position: 1.5 0 (71 percent), 4.5 0

(87 percent), 7.00 (68 percent). Furthermore, the sound

field at the position of the seal's head was probably not

constant due to reverberant echoes produced because of the

"poor" transducer placement mentioned previously.

Localization thresholds in the harbor porpoise,

Phocoena phocoena, (Andersen 1970b; Dudok van Heel 1959,

1962) were measured at the lower frequencies of the species

hearing range which is 1-150 kHz (Andersen 1970a). The

animal in Dudok van Heel's study was free swimming and the

animal in the 1970 study was required to glide through

hoops during stimulus presentation. MAAs for 2 and 3.5

kHz were calculated from a small number of trials: 1) 30

(2 kHz), 30 trials for each left-right azimuth tested to

give a total of 180 trials (Andersen 1970b); 2) 110 (3.5

kHz), total of 78 trials spread over three, left-right

azimuth positions (Dudok van Heel 1959, 1962). The 80

threshold for 6 kHz (Dudok van Heel 1959, 1962) is the

only one based on a large number of trials (527) and

suggests that localization capability in the harbor

porpoise is less accurate than in the bottlenose porpoise

(460 trials) for the same frequency.

The sea lion's underwater hearing sensitivity remains

fairly constant at -15 dB: re 1 ubar over the range of 1-16

kHz (Schusterman, Balliet and Nixon 1972). The MAAs in the
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sea lion for pure tones (0.25, 0.50 and 1.0 kHz) are some­

where below 20°, and for 2.0 and 4.0 kHz they are somewhere

above 20° (Moore 1974). Whereas in the bottlenose porpoise

all MAAs for the frequency range of 6-100 kHz are below 5°

(including standard deviations) and for the range of

greatest hearing sensitivity (10-80 kHz) average 2_3 0
. The

human pure tone localization thresholds reported by

Feinstein (1973) indicate greater acuity than reported by

Andersen and Christensen (1969). This discrepancy was

probably introduced by the presence of transients in the

1973 study. The results of both studies suggest human

underwater acuity increases with frequency, and the best

acuity for high frequency pure tones is probably greater

than 200
.

The MAAs of 9° in the sea lion for click trains (Moore

1974), 10° in the human for white noise (Feinstein 1973)

and 10 in the bottlenose porpoise for click trains suggest

that underwater localization capability is 9-10 times more

accurate in the bottlenose porpoise than in the sea lion

or man for optimal signals. This suggests that the isola­

tion of the ears in the porpoise does allow maximal differ­

ential information to reach the ears. However, the MAAs

for sea lions and humans suggest that bone conduction does

not entirely eliminate interaural cues for broadband

signals. Skull modifications in the sea lion (Repenning

1972) may produce these interaural cues by selective
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reflection, but no present theory accounts for the

mechanism by which this is accomplished in man.

Response Characteristics of the Auditory Nervous System in
Bat and Porpoise

Most of the present knowledge on discrimination,

detection, avoidance and signal processing capabilities

in echolocating organisms has been provided by studies of

porpoises and bats. With the exception of three studies,

the information on porpoise thresholds comes from

behavioral studies. Behavioral thresholds indicate

individual and species capabilities and often give hints

of possible methods of signal processing; but, the

behavioral approach does not answer questions concerned

with neuronal processing. Examination of neurophysiological

acoustic studies in bats may give clues to these answers

for porpoises since much more is understood about the

mechanisms for signal processing in bats than in porpoises.

The two electrophysiological experiments in porpoises have

recorded only evoked potentials, whereas the bat studies

have recorded both single unit and evoked potentials.

Differences in echolocation signals exist between

porpoises and bats and also among different species of

bats. Bat signals are not clicks but either frequency

modulated (FM) or constant frequency (CF) with a short

duration, terminal FM sweep. The duration of the shortest
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FM bat signal is on the average five to eight times longer

than the porpoise click. The frequency spectrum of bat

signals is usually one octave or less, while eight or more

octaves are present in the broadband click of the bottle­

nose porpoise. Both bat and porpoise have sensitive

hearing for ultrasonic frequencies.

Although the wavelength for a specific frequency is

five times longer in water than in air, it could be valid

to compare bat signal processing to porpoises, since similar

interaural information per frequency may be available to the

porpoise and bat because of the greater interaural distance

in the porpoise. The response similarities which exist

between the two acoustic nervous systems include:

1. The inferior colliculus in bats (Suga and Schlegel

1973) and porpoises (Bullock and Ridgway 1972) appears to

be the most important center for echolocation.

2. Both bat and porpoise exhibit frequency response

tuning. However, the response waveform and amplitude of

the evoked potential in the porpoise is often "changed

more dramatically than threshold by small changes in

stimulus frequency" (Bullock et al 1968).

3. FM bats show discrete evoked potentials to two

identical sound sources for intervals as short as 0.4 msec

(Grinnell 1973). The bottlenose porpoise exhibits 100%

recovery of the first wave peak amplitude in 0.5 msec

(Bullock and Ridgway 1972), but does not exhibit the



147

facilitation to the second of two sound stimuli as seen in

the bat.

4. The auditory system of bats is coupled with the

vocalization system in the midbrain, for neural attenuation

(0-40 dB, average = 22 dB) occurs simultaneously with

vocalization between the auditory nerve and the inferior

colliculus (Suga and Schlegel 1973). This difference in

amplitude between the midbrain and auditory nerve has not

been looked for in the porpoise. But Bullock and Ridgway

(1972) demonstrated that evoked potentials in the bottle-

nose porpoise are maximal to weak emitted clicks and are of

low amplitude to the highest intensity voluntary clicks of

the animal.

5. Changes in sensitivity of single neurons in bats

occur with change in source azimuth as much as 9 dB/degree

(Grinnell 1963). Sensitivity in the porpoise was found to

change very sharply with angle of incidence (Bullock et al

1968) .

6. Directional sensitivity in both bat and porpoise

moves toward the median plane with increasing frequency.

The bat directional sensitivity is 0.3-0.6 dB/degree for

the range of 35-95 kHz (Shimozawa, Suga, Hendler and

Schuetze 1974). The porpoise directional sensitivity is

0.3-1.5 dB/degree for the range of 5-150 kHz (Bullock et al

1968) .

7. The evoked potentials of some areas of the midbrain
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for both bat and porpoise change markedly in amplitude

with intensity changes as small as 1 dB (Bullock et al

1968, Grinnell 1973).

Many results of neurophysiological experiments in bats

have either not been tested for or not demonstrated in

porpoises. Shimozawa et al (1974) measured the direc-

tional sensitivity of the auditory system in bats (see

number 6), calculated the directional sensitivites of the

echolocating system (150 at 55 kHz, 2.50 at 95 kHz), and

concluded that interaural intensity differences "appeared

to be the essential cue for echolocation in Myotis

grisescens and!:!. lucifugus" for interaural intensity

differences changed linearly with the azimuth angle from

0-300 regardless of the frequency of sound (respective

rates of 0.4, 0.7, 0.3 and 0.4 dB/degree for 35, 55, 75 and

95 kHz). They hypothesized that the just detectable azimuth

difference of Myotis around the median plane would be

0.7-1.70 with the interaural intensity difference cue.

The importance of inhibition in increasing the

"directionalityll of the central auditory nervous system at

higher centers has been demonstrated in bats by Grinnell

(1963). The average difference in threshold was 38-40 dB

with the extremes up to 68 dB between single units of the

lateral lemniscus and the auditory nerve. Also, in certain

preparations at high frequencies neurons in one lateral

lemniscus responded to signals 60-70 dB fainter than was
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necessary to stimulate the other side from the same angle

of incidence.

Grinnell and Grinnell (1965) tested passive localiza­

tion capability by presenting stimuli from 37 positions,

300 apart in the hemisphere in front of two species of

bats, Myotis lucifugus and Plecotus townsendii. Sensitiv­

ity of neuronal thresholds as a function of signal angle

were measured in the lateral lemniscus. Resulting curves

of sensitivity versus signal angle revealed that "sensitiv­

ity is highly directional in both the vertical and

horizontal dimensions".

Signal'Processing

The preceding sections have presented experimental

data on sound localization. Facts, however, are of little

use unless they can be interpreted and included in a work­

ing system that will describe mechanism. Acoustic signals

impinging on an organism contain information in four

domains: frequency, intensity, time and space. The neural

mechanisms of bats, porpoises and man extract much of this

information as evidenced by their capability to resolve

small angular differences of sound source positions in

space.

Central analysis of sound localization depends on the

interaction of excitatory and inhibitory events elicited by

binaural stimulation. It is now believed that this analysis
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occurs at various levels of the brain by comparison and

correlation of activities between populations of neurons

rather than single units (David, Guttman and van Bergeijk

1959; Hall 1965; Jeffress 1948; Sayers and Cherry 1957;

Suga and Schlegel 1973).

The response similarities of the acoustic nervous

system in bats and porpoises include response tuning,

short duration recoveries, and sensitivities dependent

upon azimuth position as a function of frequency and

source intensity levels. Response thresholds have been

demonstrated to shift markedly with source position,

frequency and intensity. Moreover inhibition increases

the "directional information" received at higher centers

compared to the auditory nerve (Grinnell 1963). Experi­

ments still need to be performed on the porpoise to

determine if a similar inhibition occurs.

Accurate directional localization may occur by cross­

correlation of the potentials of small populations of

neurons which can be stimulated only from small angular

positions (Grinnell 1963). Greatest acuity would occur

for signals containing several frequencies which would

stimulate many such populations, and pinpoint the source

position in space. This theory of sound localization is

applicable for broadband stimuli in the vertical plane;

and coupled with interaural intensity differences for pure

tone and broadband stimuli, in the horizontal plane.
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Roffler and Butler (1968a), Grinnell (1963, 1973), and

Grinnell and Grinnell (1965) concluded differential

binaural information is absent for signals presented on

the vertical plane; and, accurate vertical localization

is accomplished by the simultaneous comparison of three

or more frequencies. I suggest that the porpoise gains

directional information by similar mechanisms of comparison

of activities of populations of neurons within the central

nervous system.

Speculations on Directional Hearing in the Wild

Survival for any organism depends on information

received from the environment. Essential information

includes orientation in space, collection of data regarding

members of the same species, food, natural enemies and

danger. In other words porpoises in their natural environ­

ment require information for navigation and for maintenance

of the species and the individual. Hearing in combination

with the sense of equilibrium may provide all the necessary

information to these animals at great depths and over long

distances (see Introduction). Environmental conditions are

so variable that it is impossible to estimate at what

distance information is simultaneously received from both

hearing and vision.

The broadband and high amplitude features of the

echolocation clicks enable extraction of information about
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the environment from the returning echoes. The frequency

spectrum of returning echoes is dependent upon target size.

The shorter the wavelength, the greater the resolving power,

for sound waves will not be reflected if the target size is

smaller than the wavelength. The low frequencies in the

click are best suited for navigation since rate of attenua-

tion of sound is a function of the square of the frequency.

These low frequencies are beamed widely and travel for

great distances, but any returning echoes have a low

resolving power due to the long wavelength.

The importance of acute localization capability is

demonstrated by the following example. Assume 1) the beam

width of an echolocation signal is 20°, and left and right

portions of the beam are symmetrical; and 2) the animal is

receiving target echoes also with a beam width of 20°, from

a distance of 50 meters. The volume of water through which

the emitted beam travels can be calculated from the volume

formula for a cone:

v = (1T r 2h) /3 = 4053 m3

'IT = 3.14

h = 50 meters

r = (50 m)(tan 10°)* = (50)(0.176) = 8.8 m

*The radius of the circle forming the "base" of the
cone can be calculated for a right triangle having an
acute angle of 10° (1/2 the emitted beam width) with an
adjacent side of 50 meters.
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Therefore the target could be anywhere within this volume

of water (4053 m3). However, the central nervous system

probably calculates the target range by cross-correlation

of the outgoing and incoming signals for elapsed time or

frequency content (greater attenuation of higher frequencies

compared to lower frequencies with distance). Bottlenose

porpoises vary the time intervals between successive clicks

in a click train as a function of distance (Au et al 1974).

Interclick intervals are variable for any given distance

but are always longer than round trip transit time of the

outgoing signal and returning echo. With information on

range, the target could still be anywhere within an area of

243 m2 (A = 7T r 2). However, if the localization acuity is

considered as 10 as demonstrated by the experimental results

for horizontal and vertical click trains, the animal should

be able to pinpoint the target as occurring within an area

of 2.4 m2 at a distance of 50 meters.

The emitted sound beam is not 200 but 5-10 0 for long-

distance detection tasks (Au, personal communication).

Furthermore the beam is asymmetrical both in terms of

pressure and frequency (Au et al 1974; Diercks et al 1971;

Evans and Prescott 1962; Evans, Sutherland and Beil 1964).

If the central nervous system cross-correlates returning

echoes with a "template" for emitted frquency and power

spectrums as a function of azimuth, the localization acuity

would be less than 10
,
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These calculations seem to predict an incredible

capability. Yet, in a recent target detection task a

bottlenose porpoise, stationed in a nose cup, was still

performing above threshold (90+ percent correct response

for presence or absence of target) at a distance of 100

meters (Haun, personal communication, 1974). The target

was a 3-inch diameter, water-filled, stainless steel

sphere with a reflective target strength of -31 dB.

Ayrapetiantz and Konstantinov (1971) present another

indication of acute localization capability in Tursiops

truncatus (Black Sea) when using active sonar. The animal

was able to discriminate target range within 1.5 rom and

angular separations of targets within 0.250 in the

horizontal plane and 0.80 in the vertical plane. However,

the authors failed to detail their procedures and did not

indicate total number of experimental trials or at what

percentile of correct response the thresholds were based

upon.

~~rine organisms have followed many adaptive routes

for survival and sensory reception in their various

habitats. It appears that odontocetes, as exemplified by

the bottlenose porpoise, have emphasized anatomical

modifications for sound production and reception and

evolved complex neuronal methods for signal processing to

attain accurate environmental information.
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Directions for Future Research

Although this behavioral study extensively measured

underwater passive localization capability in the bottle­

nose porpoise as a function of frequency, signal parameters

and azimuth in both the horizontal and vertical planes,

many questions concerning odontocete localization

capability remain unanswered. All MAAs reported indicate

the localization thresholds of one highly trained porpoise.

Each stimulus parameter and azimuth was tested in a minimum

of seven sessions (exceptions were 5 sessions at 20 kHz

(F-33) and six sessions each at 80 and 100 kHz horizontal)

with a large number of trials per session (see Appendix D).

Therefore the MAAs listed in Tables 5-7 and 10-12 represent

definitive data for the one animal and give indications of

the species capability. However, prior to expanding

experimental designs, sound stimuli and species studied,

one or more bottlenose porpoises should be tested on a few

of the pure tones and clicks described in the Methods and

Materials section on both the horizontal and vertical

planes to give indication of variability within the species.

This new data in conjunction with that reported here would

form a solid framework from which to expand localization

studies in odontocetes.

The following list contains the seven experimental

approaches that I feel would be most valuable in expanding

our knowledge of odontocete localization capability.
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1. Increase the distance between the animal and

transducers to facilitate testing of smaller angular

presentations.

2. Train porpoises for open water and test localiza­

tion capabilities without enclosure restrictions.

3. Test angular presentations at azimuths which are

not restricted to only the horizontal and vertical planes

but are some combination of the two, for example 20oH-20oV

in the right quadrant.

4. Replace the bite bar by a stationary, hollow,

acoustically transparent model of the porpoise's head.

Require the animal to put his head in the apparatus during

stimulus presentations. Cover up portions of the lower jaw

and tissues overlying the ear and determine what effect

this has on localization capability as a function of

frequency and azimuth position.

5. Definitive answers on the possible use of binaural

phase, time and intensity differences as a function of

frequency and azimuth would be given by simultaneously

recording behavioral and neuronal responses in unanesthe­

tized animals with implanted electrodes.

6. Determine the passive localization capabilities in

other odontocetes.

7. Measure the active localization capability and

differential target range resolution (comparing range of a

minimum of two targets).
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SUMMARY AND CONCLUSIONS

1. The bottlenose porpoise exhibits good localization

capability in three-dimensional space.

2. MAAs for pure tones average 2_40 in both the

horizontal and vertical planes with a reference azimuth

oof 0 .

3. Greatest localization acuity occurs when the

animal is given the greatest number of localization cues,

as in clicks. MAAs for clicks are not significantly

different when tested on either the horizontal (0.9 0
) or

vertical (0.7°) planes.

4. Within the limits of the azimuth experiments the

bottlenose porpoise localizes a 40 kHz pulsed signal

presented in the horizontal plane best when the reference

azimuth is set at 15°, either in the right or left quadrant.

5. The bottlenose porpoise probably uses binaural

differences in time of arrival and phase as localization

cues below 20 kHz and intensity differences as the main

localization cue for frequencies of 20 kHz and above.

6. The significant differences between the MAA at 6

kHz and the MAAs for 10-80 kHz suggests that the tissue

overlying the ear is the predominant route of sound trans-

mission to the middle ear at frequencies below 20-30 kHz.

7. Within the limits of the experiment, changes in



number of pulses, pulse duration or rise-decay times of

pure tone stimuli do not significantly alter localization

capability.

158
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APPENDIX A

DEFINITIONS, ABBREVIATIONS AND EQUATIONS OF

ACOUSTICAL TERMS DISCUSSED IN THE TEXT

Decibel (dB)

A logarithmic unit to the base 10 of ratios of a
measured value of acoustic intensity or effective pressure
over a standard reference level.

intensity: dB = 10 log 1/10

I = measured intensity

pressure:

Density Cd)

10 = reference intensity
(1.0 x 10-12 watts/m2)

dB = 20 log Pe/Po

Pe = measured effective pressure
level

Po = reference pressure level
(air: 2 x 10-4 dynes/cm2)
(water: 1.0 dyne/cm2)

The mass of a substance per unit volume. MKS units
equal kg/m3.

Frequency (f)

Cycles per second. Examples: 500 cycles/sec = 500
Hertz = 500 Hz; 2000 cycles/sec = 2 kilohertz = 2 kHz.

Impedance (2)

The ratio of the pressure to the volume displacement
at a given surface in a sound transmitting medium.

Impedance = velocity times density (2 = c x d).
~~S units equal Rayls.
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Intensity (I)

The time rate of transport per unit area of the wave
front. MKS units equal watts/m2 .

Reference intensity = 1.0 x 10-12 watts/m2 .

The percent transmission of sound intensity of a plane
wave passing at normal incidence between two media is
governed by the relationship:

It/Ii = 4(2122) / (21 + 22)2

It = transmitted intensity

I· = incident intensity1

21 = impedance of medium 1

22 = impedance of medium 2

Pressure (P)

a. Peak to peak pressure level in air.

Pp = (22I)~ = (2 x 415 x 10-12)~ =
2.89 x 10-5 Newtons/m2

Pp = peak to peak pressure level

2 = impedance of air, 415 Rayls

I = reference intensity 10-12 watts/m2

b. Reference sound pressure level (SPL) in air.

Pe = Pp / (2)~ = 2.89 x 10-5 n/m2/(2)~ =

2 x 10-5 Newtons/m2

Pe = effective (root mean square) pressure
level

Pp = peak to peak pressure level



Equivalent values of Pe:

a. 2 x 10-4 dynes/cm2

b. 2 x 10-4 microbars

c. Reference pressure level in water.

1.0 microbar, 1.0 ubar.

Equivalent pressure levels:

a. 0.1 Newtons/m2

b. 1.0 dyne/cm2

c. 10-16 atmospheres

Velocity (c)

Speed of sound in a medium (gas, liquid, solid).

c = f ~ .

f = frequency

1\ = wavelength

Wavelength (")

i\ = c/f.
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APPENDIX B

TRAINING PROCEDURE

The training objectives were to condition Heptuna
(designated H3l-Tt-18) to bite a positioning bar on command,
remain biting during the presentation of the sound stimulus,
and behaviorally indicate the source of the sound as right
or left of center by swimming towards and hitting either
the right or left response paddle.

Phase I. Biting Behavior

June 9, 1971. Using the method of rewarding for
behavioral approximation of the desired task Heptuna was
conditioned to bite a hand held, rolled piece of neoprene
(13 inches long, 1.5 inches in diameter). In order to
remove the trainer from the situation as much as possible
a new 19 inch bite surface was constructed by placing a
13 inch length of 0.375 inch diameter wood doweling with
a 19 inch long 0.4 inch diameter plastic tubing. The
terminal ends of a metal pants leg presser were put into
the ends of the plastic tubing for a distance of 3 inches
on each side. The resulting rectangular apparatus was
approximately three fe~t long and had a number of advan­
tages over the hand held neoprene: 1) it could be
introduced into and removed from the water easily, 2) the
depth of the bite surface could be varied, and 3) it forced
Heptuna to bite straight on due to the tubular metal bite
surface supports. Heptuna failed to transfer biting
behavior to the new surface.

June 10, 1971. The 19 inch, dowel filled, plastic
tubing was covered with neoprene. With this alteration
Heptuna bit correctly 50 consecutive times within 15
minutes (the bite bar was removed from the water after each
bite). The neoprene cover was then removed and biting
behavior continued.

Phase II. Response Paddle Activation

June 10, 1971. Two response paddles (red rubber balls
suspended by metal springs from curved pipes attached at
the 4 foot and 16 foot marks on the inside of the north
walkway) were introduced. They could be swiveled out over
the water at a distance of 1.5 feet from the walkway.
Whenever they were placed in the water Heptuna would hit
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them with the tip of his rostrum (for six days during the
interim of February 16, 1971 to March 24, 1971, an NUC
trainer had conditioned Heptuna to behaviorally indicate
the presence or absence of a test target by hitting either
the "yes" or "no" response lever with his rostrum).

Phase III. Introduction of Sound into the System

June 11, 1971. A Hewlett Packard 200AB oscillator was
used to drive two unmatched training hydrophones. A switch
box with right, left and off positions allowed no leakage
of current to the off hydrophone because of a built in
shorting circuit. The hydrophones were paired with the
response levers by suspending them directly in front of the
levers at a depth of 1.5 feet, but outside of the pen.
Heptuna bit the bar when it was placed in the water. A
continuous 10 kHz tone was presented from either the right
or left hydrophone while Heptuna was biting. He would swim
to his right or left and hit a response paddle, but there
was no correlation between the position of the sound source
and the response paddle hit.

June 14, 1971. The bite bar was temporarily removed
from the system. The response paddles were introduced one
at a time but only during the sound signal and then removed
until the following tone. A total of 50 trials (25 consec­
utive right, 25 consecutive left) were given. The response
paddles were then left permanently in the water and towards
the end of the session Heptuna was hitting them only when
the test tone sounded. The bite bar was again introduced
and sounds were randomly presented either from the right or
left hydrophones while biting. Heptuna again failed to
give the desired behavior. The bite bar was again removed,
and the trainer concentrated on the desired behavior of the
animal hitting the paddle when a tone sounded.

June 15, 1971. The same physical set-up was used as
before (bite bar, right-left hydrophones), right-left
response paddles) but the test tone was kept on until
Heptuna hit one of the response paddles. He immediately
responded correctly at the 96 percent level for 58 trials.

June 16, 1971. Heptuna began biting the response
paddle instead of hitting it, so the trainer introduced a
whistle bridge in addition to the fish reward for hitting
the paddle, and no bridge or fish for biting the paddle.
The desired response was shaped.

June 17, 1971. Heptuna was biting at angles other
than directly forward because the bite surface was so wide.
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This was corrected by introducing a whistle bridge plus
food reward for biting straight on.

June 18, 1971. During all of the previous sessions
the bite bar was removed from the water between trials.
The bite bar was now left in the water and a buzzer signal
was used to initiate biting (this was the first introduc­
tion of a tangible 00, midpoint reference). During initial
trials the bite bar was swung out of his way until the
buzzer sounded. He responded correctly to the buzzer at
the 72 percentile level (135 trials total).

June 21, 1971. The bite bar was suspended from a
4 foot long, wooden two by four that extended out over the
pen and was hinged to a post nailed to the walkway mid­
point. The hydrophones were directly in front of the
response paddles, but were now at a depth of 3 feet and
were suspended from the biosonar pier. Heptuna was only
biting if the buzzer signal was given, and his left-right
response performance was at the 83 percentile level (43
trials total).

June 24 to August 3, 1971. Frequencies between 19 kHz
and 32 kHz were used in training. Angular presentations
were successively decreased in small steps until Heptuna
was consistently gerforming at the 80-100 percent level at
angles of 40 to 6 (method of constants was used at this
time). During this time the bite bar was changed. 1) The
wooden extension supporting the bite bar was lengthened to
9 feet 4 inches. The new bite surface was the central 9
inch portion of a plexiglass rectangle (12 inches by 1.5
inches by 0.25 inches) covered with black silicone cement.
Two wood dowels (36 inches long, 1 inch in diameter) were
placed 0.5 inches in from the end of the rectangle and 0.25
inches in on the sides, the rectangle was then screwed in
place. The wooden dowels were bolted to the overhead
extension. 2) The bite surface was decreased to the
central 6 inch portion of a plexiglass rectangle (9 inches
by 1.5 inches by 0.25 inches). It was connected to wooden
dowels as before, but it was now suspended from a wooden
two by four plank that was positioned across the pen.

August 4 to September 15, 1971. Frequencies between
10 kHz and 32 kHz continued to be used in training. Heptuna
was performing consistently at the 70 percent level of
correct response down to 1-20 ; however, the two hydrophones
were not matched for signal output at this time.

September 16 to December 8, 1971. J-9 transducers
(Naval Research Laboratory, NRL) were used as sound sources.
Frequencies between 10 kHz and 100 kHz were tested.
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Tones were produced by a Hewlett Packard 204C oscillator
and amplified by a Hewlett Packard 467A power amplifier.

December 9, 1971 to the completion of the study
(October 1973). NRL F-33 transducers were used for
frequencies of 20-100 kHz and J-9 transducers (NRL) were
used for frequencies of 6-20 kHz. Prior to April 28, 1971
all test signals were a continuous pure tone, approximately
1 second in duration, with an abrupt on and off. The
electronic equipment described in the Methods and Materials
section was procured in late April 1971, and data
collection began.



APPENDIX C

TRANSDUCER SPECIFICATIONS

A. F-33 Transducers

Rented from and calibrated by the Navy Research
Laboratory, Orlando, Florida.

Specifications:

frequency range: both sections, 1 to 50 kHz
inner section, 5 to 150 kHz

maximum hydrostatic pressure: 500 psig

operating temperature range: 0 to 350 C

maximum input: 200 V rms

nominal capacitance at end of 100 foot cable:
outer section, 54500 pF
inner section, 12000 pF
both sections, 66500 pF

d-c resistance: greater than 1000 megaohms

over-all dimensions: diameter, 10.75 inches
case depth, 1.75 inches
acoustic center to top

mounting bracket,
11.62 inches

weight with 100 foot cable: 38 pounds

B. J-9 Transducers

Rented from and calibrated by the Navy Research
Laboratory, Orlando, Florida.

Specifications:

frequency range: 40 Hz to 20 kHz

maximum depth: 24.4 meters

operating temperature range: 0 to 35 0 C
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maximum input: 20 V rIDS above 100 Hz

driving impedance: 16 megaohms

length overall, less cable: 27.94 cm

diameter: 11.43 cm

weight: 9.1 kg.
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APPENDIX D

LOCALIZATION DATA FOR EACH SESSION

APPENDIX D1

Experiment 1. Horizontal Localization: Frequency

Frequency
(kHz)

Date
1972

No. of
Trials

No. of
Reversals

Mean in
Degrees

6* 7/26 67 16 3.7
7/27 65 9 2.9
7/28 64 13 3.9
7/30 77 15 3.1
7/30 44** 8 3.5
8/1 69 13 4.2
8/1 74 15 5.0

10* 10/13 60 14 3.0
10/13 76 16 2.9
10/15 65 16 2. 7
10/15 75 20 2.6
10/16 67 18 2.6
10/16 71 18 2.7
10/17 70 17 2.8

20* 8/2 77 11 2.2
8/4 70 13 1.7
8/6 69 11 1.9
8/7 56 9 2.5
8/8 82 16 1.9
8/9 75 14 1.9
8/9 77 17 2.4

20 5/16 67 14 2.4
6/1 66 11 1.8
6/17 56 4 1.8
6/20 67 9 2.6
7/21 50 5 2.3
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Horizontal Localization: Frequency
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Frequency Date No. of No. of Mean in
(kHz) 1972 Trials Reversals Degrees

30 5/12 98 21 2.0
5/13 103 29 2.2
5/16 66 17 1.9
6/2 70 12 1.9
6/6 54 10 1.5
6/14 97 18 2.3
7/1 58 10 1.8
7/11 55 8 2.5
7/20 56 9 1.9
8/3 70 16 2.5
9/12 51 7 3.7

40 5/11 64 13 1.6
5/23 57 10 1.5
5/26 53 8 3.2
6/18 58 12 1.5
7/25 62 11 3.1
8/3 52 9 1.8
8/8 54 9 2.3
8/10 59 13 2.6
8/10 47 7 3.3
9/6 55 9 3.3

10/24 65 12 2.4
11/1 40** 4 2.5
11/10 64 13 2.8

50 5/17 71 19 3.4
6/16 65 10 1.8
6/26 56 6 1.5
6/30 61 9 1.8
7/12 56 8 2.4
7/13 74 10 1.5
8/4 68 12 3.2

60 5/11 70 13 2.6
6/5 64 13 2.8
6/5 70 16 2.2
6/15 64 12 1.7
6/30 67 14 3.3
6/30 62 11 2.1
7/10 68 12 2.3
7/31 57 8 1.9
8/9 58 6 1.7
8/12 60 9 2.7
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Frequency
(kHz)

Date
1972

No. of
Trials

No. of
Reversals

Mean in
Degrees

70 5/16 70 10 1.6
6/18 73 12 2.2
7/14 74 17 2.2
8/4 52 5 2.4
8/11 80 15 2.3
8/16 56 8 3.6
8/24 50 8 3.9
9/5 52 6 3.9
9/18 82 21 3.4

80 5/23 64 13 1.8
6/6 70 14 2.8
8/15 60 7 3. 7
9/8 58 13 2.4
9/22 69 11 2.6
9/22 67 13 3.5

90 5/22 73 17 3.3
7/3 60 10 3.8
9/11 59 11 2.6
9/11 67 17 4.4
9/28 50 6 2.4

10/2 40 8 3.6
10/2 65 16 2.1

100 6/2 46 3 4.8
6/17 50 5 4.9
9/8 70 13 3.5
9/20 65 21 4.4
9/25 62 15 1.7
9/25 62 14 3.5

*1973 data using the J-9 transducers

**Bite-bar broke
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APPENDIX D2

Experiment 2. Horizontal Localization: Signal Parameters

Experiment
Number

Date
1973

No. of
Trials

No. of
Reversals

Mean in
Degrees

2A* 10/16 67 14 3.4
10/25 61 6 3.5
10/25 31 3 3.8
10/26 64 12 2.6
10/27 70 14 3.3
10/30 59 6 2.5
10/31 60 12 3.2
12/6 61 7 3.3
12/11 63 8 2.1
12/12 72 15 2.1
12/14 68 11 2.3
12/15 62 11 2.0

2B* 11/3 58 11 2.3
11/3 62 9 2.6
11/6 61 10 4. 7
11/6 57 15 4.5
11/8 57 10 1.2
11/8 61 11 2.0
11/10 64 15 2.1

2C 1/3 62 9 3. 7
1/5 62 9 2.4
1/8 63 15 2.8
1/9 61 13 3.1
1/10 60 9 3.1
1/12 62 11 2. 7
1/15 64 14 3.6

2D 1/16 60 11 2.9
1/18 61 7 2.3
1/24 65 14 2.7
1/31 65 10 1.4
1/31 62 10 1.4
2/2 65 10 1.4
2/14 74 11 1.8
2/15 76 14 2.5
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Experiment Date No. of No. of Mean in
Number 1973 Trials Reversals Degrees

2E 2/27 71 14 2.6
2/28 69 13 2.0
3/1 75 12 1.8
3/14 69 15 1.7
3/14 70 15 1.5
3/19 73 12 2.0
3/20 82 13 2.4

*1972 data

APPENDIX D3

Experiment 3. Horizontal Localization: Azimuth

Azimuth Date No. of No. of Mean in
Degrees 1973 Trials Reversals Degrees

345 3/23 67 11 1.0
3/24 69 11 2.0
3/26 76 13 1.3
3/27 71 15 1.1
3/29 73 9 0.8
4/2 80 15 2.0
4/3 80 17 1.9

15 5/1 79 17 1.4
5/3 94 11 1.9
5/3 73 15 1.8
5/8 84 17 1.8
5/8 89 17 1.5
5/9 52 8 2.0
5/10 79 12 1.6
5/11 78 10 1.7



APPENDIX D3. (Continued) Experiment 3.
Horizontal Localization: Azimuth

173

Azimuth Date No. of No. of Mean in
Degrees 1973 Trials Reversals Degrees

330 6/5 88 20 6.4
6/15 71 11 4.6
6/18 86 15 5.1
6/18 88 24 6.3
6/19 87 20 4.0
6/20 78 22 4.4
6/21 84 16 5.9

30 7/6 80 18 5.7
7/7 73 17 5.1
7/9 76 20 6.3
7/9 80 15 4.6
7/10 84 19 4.6
7/11 71 21 5.5
7/16 76 17 5.2

APPENDIX D4

Experiment 4. Vertical Localization: Frequency

Frequency Date No. of No. of Mean in
(kHz) 1973 Trials Reversals Degrees

20 8/28 78 19 2.2
8/31 76 12 2.3

30 8/28 77 13 2.8
9/1 78 17 2.6
9/8 78 19 2.7
9/9 80 14 2.4
9/11 78 15 2.6
9/12 79 15 1.9
9/14 86 15 2.2
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Frequency Date No. of No. of Mean in
(kHz) 1973 Trials Reversals Degrees

40 8/29 93 23 3.1
8/30 81 15 2.5

50 8/27 78 19 2.6
9/2 86 17 2.9

60 8/24 80 11 3.1
8/31 83 14 2.9
9/6 75 16 3.0
9/8 80 17 2.6
9/10 80 21 3.1
9/12 80 15 2.9
9/13 78 17 3.1

70 8/23 79 17 3.0
8/30 95 17 3.5

80 8/27 79 15 3.4
9/3 80 13 2.7

90 9/1 82 20 3.2
9/6 80 17 2.7
9/7 79 18 3.1
9/9 77 14 2.8
9/10 77 18 2.8
9/11 78 13 3.1
9/13 76 16 3.0

100 9/2 81 17 4.0
9/7 77 12 3.0



APPENDIX D5

Experiment 5. Horizontal and Vertical
Localization: Click Trains
(Table values are in percent
correct responses/30 trials)

Date Angles - Degrees
1973 0.7 1.5 2.2

Vertical Plane

9/20 63 80 83
9/21 76 76 83
9/21 57 83 90
9/22 80 80 83
9/23 70 80 90
9/24 70 77 83
9/24 73 80 87

average 70 79 85

Horizontal Plane

10/10 63 87 87
10/10 67 87 90
10/11 70 83 93
10/11 67 87 90
10/12 53 87 90
10/12 67 83 87
10/13 70 83 90

average 65 85 90
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APPENDIX D6

Experiment 6. Vertical Localization: Azimuth

Azimuth
Degrees

Date
1973

No. of
Trials

No. of
Reversals

Mean in
Degrees

15 9/25 78 18 2.8
9/25 77 15 2.7
9/26 77 16 2.4
9/26 76 15 2.5
9/27 73 18 2.5
9/27 73 18 3.1

10/4 74 17 2.5
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