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All current data on underwater hearing in pinnipeds are based on tests conducted in small tanks, and
may not accurately represent the auditory functioning of free-ranging animals, especially if hearing
sensitivity changes with water depth. Underwater auditory thresholds were determined for a
California sea lion at depths ranging from 10 to 100 meters. The following results were obtained:
(1) False alarm probabilitieeesponding in the absence of a signdécreased significantly with
depth, indicating that the sea lion adopted a more conservative response criterion in deeper water.
(2) Hearing sensitivity generally worsened with dep(B) There was a significant interaction
between depth and frequency, the depth effect being most pronounced at 10 kHz and reversing at 35
kHz. Increasing pressure related to diving probably alters the impedance characteristics of the
pinniped ear, in particular affecting the size of the middle-ear air space via expansion of cavernous
tissue in the middle-ear cavity. These results show that the middle ear plays a functional role in
underwater sound detection in sea lions. However, contrary to previous speculation, the presence of
cavernous tissue in the sea lion middle ear does not appear to enhance sensitivity at defif2 ©
Acoustical Society of America[DOI: 10.1121/1.1489438

PACS numbers: 43.80.LEBVA]

I. INTRODUCTION air, the middle ear is commonly thought to serve as an
One of the distinctive features of the middle ear of Sealémpedance—matchmg device, converting airborne sound

and sea lions is the presence of a thickened mucosa Witwgves(low—pressure, hig'h-particle yeloc)tjmo fluid waves
three distinct layers, thought to engorge with blood whenign-pressure, low-particle velociyn the cochlea. In wa-

submerged. The cavernous tissue of the pinniped middle edf" the air-filled middle ear is generally described as an im-
has been thoroughly described by Tand(@899; harbor pediment to the transfer of sound energy, because of the air—

sea), Odend’hal and Poultef1996; California sea lion water barrie_r a_t the tympanic membr_ane, where theoretically,
Mghl (1968:; harbor sesl and Welsch and Riedelsheimer almost all incident sound energy is reflected rather than
(1997: Weddell seal The function of this middle-ear mu- transmitted(Repenning, 1972 As a result, mammals are
cosal layer has been suggested by these authats asgu- thought to hear primarily through bone conduction when un-
lating middle-ear volume at depth by expanding under in-der water, “bone conduction” referring to any and all sound
creased static pressure, through either passive or acti@nduction pathways not utilized in the nornaé., outer to
means, and?2) allowing for movement of the middle-ear middle to inner earsense. Vibration of the head, transmis-
ossicles at depth, by ensuring that they were maintained in a#ion of pressure or flexural waves through the bones of the
air-filled space upon submergen@e., the epitympanic re- Skull, conduction of particle motion from the environment
cess would be the last reservoir of air in the middle ear as théhrough the skull to the inner ear, and compression of the
cavernous tissue expanded during a Hinghl (1968 first ~ cochlear capsule have all been proposed as bone conduction
hypothesized that the cavernous tissue played a potential rofgechanismgTonndorf, 1972 The retention of air spaces in
in acoustic impedance switching, allowing the pinniped eathe external meatus and middle ear has been viewed solely as
to function amphibiously. In air, for example, the input im- @ barrier to sound conduction and thus, an impediment to
pedance of the middle ear would approximate that of air; inunderwater hearingbut see Lipatov, 1992 for a discussion of
water, the inflation of cavernous tissue would alter thethe role of intrameatal air on hearing sensitivity in pinni-
middle-ear impedance to equal that of the aquatic environpeds.
ment. Although the sound conduction mechanisms between In contrast to humans, pinnipeds are generally more sen-
the environment and the pinniped inner ear have not beesitive to underwater sound than to airborne sound across the
elucidated in water or in air, Repenniig972 believed that audible frequency rang@damilton, 1957; Hollien and Fein-
expansion of the cavernous tissue on both sides of the tynstein, 1975; Schusterman, 1981—for a review of underwater
panic membrane would allow sound transmission along dearing in humans, see Kirklaret al, 1989. Additionally,
pathway identical to that of terrestrial mammalse., when tested in water, pinnipeds also have shown an extended
tympanic—ossicular transmissijprbased on a similar con- upper-frequency hearing limit compared to the upper limit
cept of impedance matching due to cavernous tissue expashown in air. One reason for the increase in upper-frequency
sion. limit may be related to changes in acoustic impedance—
The role of the middle ear in underwater hearing is un-increasing the stiffness of the ossicular suspension upon sub-
known for terrestrial, marine, or amphibious mammals. Inmergence ought to facilitate high-frequency sound transmis-
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sion through the middle ear. As RepennifiP72 notes,
there is no evidence that the pinniped middle-ear bones do CAMERA

not function in a relatively fluid environmert.e., partially HOUSING
or wholly surrounded by cavernous tisgumerefore, if cav- \
ernous tissue surrounds the ossicles and contacts both side:

of the tympanic membrane at depth, then acoustic energy
should be transmitted across the tympanic membrane with
the same efficiency as when transmitted from air to the ear.
Thus, hearing sensitivity would be better than that expected
for a terrestrial eafRepenning, 1972 These changes in un- PADDLE
derwater sensitivity should directly reflect the degree to
which the cavernous tissue is inflated, and therefore, hearing
sensitivity in pinnipeds should change with depth.

To date, all pinniped auditory thresholds have been ob-
tained in shallow tanks, as has all work on masking and the
effects of noise. However, conclusions drawn from work
conducted in shallow tanks are suspect because of the pres-
ence of reflective barriers, pressure release surfaces, and
near-field effects. Free-field relationships between soundIG. 1. Diagram of the apparatus for obtaining thresholds at depth from a
pressure and particle velocity do not apply in such confinedalifornia sea lion.
situations, so estimates of acoustic impedance and sound in-
tensity are unlikely to be close approximations of the experiticular depth in the water column by biting on to the
mental conditions. Testing under conditions more closely reneoprene-covered bite-plate surface. The response paddle
sembling a free fieldi.e., open oceanwould provide a Wwas an aluminum target plate positioned to the left side of
means to ecologically validate results obtained in the laborathe bite plate. The video camera provided a view of the bite
tory. Another advantage of open ocean work relates to th@late and response paddle from above. A dive light, used to
effects of noise on marine mammals: In order to make ratiodelineate trial intervals, was positioned in front of the bite
nal policy decisions regarding anthropogenic noise limits, itolate and in view of the subject while stationed. A projecting
is necessary to determine how realistic our estimates of noid@ydrophone(ITC 1032 was suspended in the center of the
exposure for these animals are, given that the work in shaltube, and an identical receiving hydrophone was mounted on
low tanks might over- or underestimate sensitivity of free-the bite plate. The receiving hydrophone was positioned for
ranging(diving) animals to noise. calibration purposes in the space that would be occupied by

To resolve the role of the middle ear in hearing at depththe subject’s head during test sessions, and could be pivoted
and to provide a comparison open-water study of hearing i@way for testing. The projecting hydrophone was positioned
pinnipeds, we trained a free-diving male California sea lionin front of and above the subject, at a distance of 80 cm from
to report detection of acoustic signals at depths of 10, 50, anthe center of the subject’s head.

100 m. We obtained auditory thresholds at each of these The apparatus was suspended via cable from the side of
depths over a range of frequencies to determine whethe 26-ft. research vessel, modified to house the equipment for

PROJECTING HYDROPHONE

RECEIVING HYDROPHONE

TRIAL LIGHT

BITE PLATE

pressure-related changes in auditory sensitivity occur. signal production and audio and video monitoring. Test sig-
nals (500-ms duration, sampled at 500 kHz, 5-ms rise/fall
II. METHODS time, manually triggeredwere generated by an experimenter

on a personal computer, attenuated, amplified, and projected
from the transmitting hydrophone. The incoming signal and
The subject of this experiment was “Newman” ambient noise from the receiving hydrophone were bandpass
(ZC701), a 12-year-old male California sea lidZalophus filtered, amplified, and analyzed using an oscilloscope and a
californianug, housed in an open ocean pen at Space an®C-based real-time spectrum analyzer. The dive light was
Naval Warfare Systems Center San Diego in San Diego Bayperated manually from the control booth. The trainer moni-
California. He was fed a daily diet of freshly thawed herringtored live video feed on a constant basis during training and
(Clupea spp, capelin(Mallotus villosu3, smelt,(Osmarus testing. The procedure was blind; that is, the experimenter
spp) and squid(llex spp) totaling about 4 to 5 kg. He con- could not see when a response was made, and the trainer did
sumed about 25%-50% of his daily ration during experi-not know when a signal was triggered. The subject’s re-

A. Subject

mental sessions. sponses were relayed by the trainer to the experimenter. The
experimenter subsequently informed the trainer whether the
B. Apparatus response was correct or incorrect.

The response apparatus consisted of a platform comprisé Trainin
ing a 31-cm-diameter PVC tube on which were mounted a™ 9
bite plate, response paddle, and video camera, as shown in The sea lion was trained via classical and instrumental
Fig. 1. The bite plate provided a stationing area for the subeonditioning procedures to dive to the bite plate in shallow

ject, who could maintain an invariant head position at a parwater and hold on for a period of time ranging from several
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seconds to just over a minute. Subsequently, the subject was 0.76
trained to respond to a 2-s duration 5-kHz pure tone by
pressing the paddle with its nose. In the training phase, we
used a discrete trial procedure; after every presentation of Az 0.5
tone, the subject was recalled to the surface using a pinger &

that produced a series of brief 10-kHz pulses. After acquisi- 5 n=436

tion of the stationing and paddle press response, a dive light & 025 =474 =127

was introduced to delineate 4-to 6-s trial intervals. At this

point in training, a signal could only occur during trial inter-

vals, when the light was turned on. To control for false re- 0 !
porting during the psychophysical phase of the experiment, 10m D::)Th 100m

catch trials, during which the dive light was switched on for
4 to 6 s, but no S'gnal was d_e“V_er.eda Wer?_mtmduced at thig. 2. Proportion of false alarm respondiRgFA) vs depth.P(FA) was
time. The behavior of maintaining positiofrather than calculated by pooling training phase data and dividing the number of false
pressing the paddlevas reinforced on catch trials. Follow- alarms by the number of catch trials for a given depth. False alarm respond-
ing each correct response, the subject was provided feedbalig as significantly greater at 10-m depth than at 50 and 100 m.

by being presented an acoustic conditioned reinfof@&uzz

delivered under water from a small, sealed PVC enclgsure on the number of false alarms per session. Thus, all sensitiv-

Following acquisition of single-trial responses, multiple jty data reported herein are thresholds correspondingdto a
trials were grouped together within a single dive, the subjectajue of 1.

being trained to restation rather than to surface between tri-  Ayditory sensitivity at 10 and 50 m was measured at

als. Training continued in shallow water until the subjectfrequencies of 2.5, 6, 10, and 35 kHz. Additionally, thresh-
reliably performed ten trials without surfacing until recalled. o|ds at 100 m were obtained at frequencies of 2.5 and 6 kHz.
Fish reinforcement was delivered following Completion of aHowever’ because of small numbers of reversals and h|gh
pseudorandomly predetermined number of trials. Theariability, the threshold data at 100 m were excluded from
amount of reinforcement was determined by the overalcomparison with shallow-water thresholds. The testing order
amount of correct responding during a trial sequence. was randomized with respect to depth and frequency in order
Subsequent to completion of the auditory detection taskio eliminate potentially confounding practice effects. The
the sea lion was trained to enter a cage for transport via thgnly constraints on testing at particular depths and frequen-
research vessel to the experimental site in 250 m of wategjes on a given day were ambient noise levels and weather
and approximately 10 km off the San Diego coast. Acclima-conditions. If noise levels were high enough to mask the test
tion to open ocean testing took place in stages starting igjgnal, dive sequences were run, but the data were not in-
shallow water near the subject's home pen. Gradually, traincluded in threshold calculations. A minimum of two and a

ing moved into San Diego Bay up to depths of about 10 mmaximum of six sessions were used to calculate thresholds at
The training phase ended following demonstration of normakach depth/frequency combination.

testing behaviofa series of four dives without spontaneous
surfacing at a depth of 100 m.

D. Psychophysics ll. RESULTS

Audiometric data were obtained using the go/no-go pro-  During training and testing, the subject’s response bias
cedure described above, and a staircase psychophysicgianged with depth. Results of pooled training sessions at
method(Stebbins, 1970 The sequence of signal and catch depths of 10, 50, and 100 m are shown in Fig. 2. False alarm
trials was predetermined. For each session, the initial signahktes were double for sessions conducted at 10-m depth rela-
level was well above threshold. This signal was attenuatetive to those conducted at 50-and 100-m depth. There were
by 4 dB following each HIT(correct detectionuntil the first  no significant differences in false alarm responding between
MISS (failure to detedt which defined the first reversal 50 and 100 m.
point. Subsequently, the signal level was increased by 2 dB  Figure 3 shows auditory threshol@is 1 standard devia-
following each MISS and decreased by 2 dB following eachtion) obtained at depths of 10 and 50 m. Included in this
HIT. Each change of direction in a sequence of signal amplifigure are data from Schustermanal. (1972 obtained from
tudes defined a reversal, and sessions comprised a minimum5—6-year-old male California sea lion in a shallow tank at
of seven and a maximum of ten reversals. False alarm ratesdepth 6 a 1 m. These data fairly closely match the 10-m
were calculated as the number of FALSE ALARMS8:>- data obtained in the present study. As expected, thresholds
sponding in the absence of a signdivided by the total varied significantly with frequency, resulting in the typical
number of catch trials. Thresholds defined as signal levelsu-shaped” audiogram. There was also a significant effect of
corresponding to 50% correct detections were calculated adepth on thresholdsH; ,s=12.25; p<<0.01) and a signifi-
the mean of the reversal poin®ixon and Mood, 1948 cant interaction between depth and frequencls

The thresholds determined by the staircase procedure 11.05;p<0.01); thresholds were lower in shallow water,
were ultimately transformed to constaght thresholds. This except at the highest frequency test&@8 kHz), where this
calculation adjusted the initial threshold determination basettend was reversed.
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10 structures of the ear. If, at these frequencies, the middle-ear
105 - oo structures act as a damped resonant air space, transmitting
~e— SBN (1972) ) acoustic particle motion directly to the inner ear, then
& 100 { changes in pressure, density, and volume would be expected
? to have frequency-dependent effects on hearing sensitivity.
s % . The interface between the environment and the middle-ear
;3 00 space might only become important as a barrier to sound
% . transmission at high frequencies where the wavelengths are
£ 851 similar in size to the middle ear, external meatus, and other
tissue and bony structures surrounding the ear. Thus, in shal-
. ’ low water, high-frequency sensitivity would be relatively
75 . poor, because of the significant reflection of sound energy at
1 10 100 the middle ear. In deeper water, sensitivity might improve

Frequency (kHz) because of better impedance matching due to the expansion
FIG. 3. California sea lion audiograms at 10 and 50 m. Error bars represen(-t)f cavernous tissue on both sides of ,the tymp.anlc membr_ane'
standard deviations. Numbers alongside data points represent numbers of WO separate types of change in the middle ear might
sessions conducted at each frequency-depth combination. The plotted poirggcount for the patterns of sensitivity change that occurred
without error bars are reported values for a California sea lion in a Sma'With depth. At low frequencies, changes in the resonance
pool (SBN=Schustermart al., 1972. . .
properties of the middle-ear space should affect sound trans-
mission in a frequency-dependent manner. At high frequen-
IV. DISCUSSION cies, expansion of cavernous tissue increases the efficiency
The California sea lion tested in this study showed g0f sound transmission through the ossicular pathway, also
clear tendency to withhold responding at depth, the reasori§ading to frequency-dependent alterations in sound trans-
for which are unclear. It is possible that the subject was mor&ission with depth, but in the opposite direction. These pro-
comfortable near the surface, while within view of the boat,Posed mechanisms doubtless oversimplify the problem of
and was simply more likely to release the bite plate in ordetinderwater hearing in pinnipeds, and do not take into con-
to respond when it was closer to the surface. At depth, if théideration sound channels through tissue and bone or the
sea lion were fearful or uncomfortable, it may have been lesgossible role of the middle-ear ossicles acting as a load on
likely to let go of the bite plate in general, thus less likely to the inner eatwhich might be stimulated through some other
respond in the presence of a signal. The subject’s more corif€chanism altogetherHowever, these ideas are consistent
servative behavior at depth may also have been a responseWdh the results of this study and imply not only that high-
the generally increasing task difficulty associated withfrequency sensitivity improves with depth in the California
deeper diving and longer transit time to and from the appasea lion, but that the upper-frequency hearing limit might
ratus at depths of 50 and 100 m. Whatever the reason for th@lso increase with depth. It is interesting to note that in a
subject’s conservative behavior, the difference in responseecent study by Ridgwagt al. (2001, two belugas tested at
bias among the three depths tested would have had a smalgpths of up to 300 m showed no evidence of changes in
but significant effect on estimates of sensitivity had the trahearing sensitivity at frequencies ranging from 500 Hz to
ditional measure of the 50%-correct detection level beed00 kHz. These authors concluded that in the beluga, under-
used to define a threshold. Nearly all threshold estimates avater hearing does not require the usual ossicular sound
50-m depth would have been high, while estimates obtainedonduction/amplification found in terrestrial mammals. The
at 10 m would have been low, exaggerating the differencesdontocete middle ear, however, is highly specialized com-
evident in the data shown in Fig. 3. It is also possible thapared to that of the pinniped, and differences in structural
small sample sizes for estimating false alarm rg2fsto 30  anatomy and sound conduction pathways are likely to ac-
catch trials per sessipied to poor estimates of detectability. count for the different effects of depth on hearing in these
However, such errors would have had to be extremely largéwvo taxa.
in magnitude to account for differences of 10 dB or more. It is evident from this study that the sea lion middle ear
Because the 10-m thresholds obtained in this study weris functional under water, in depth- and frequency-dependent
similar to those obtained by Schustermetnal. (1972 for  ways. Future investigations of the effects of pressure on
the same species in a shallow tank, we conclude that audidwearing should focus on several problems. First, experimen-
metric data collected from captive subjects are probablyal variables such as temporal patterns of pressure change,
fairly representative of hearing capabilities of free-rangingtrial and session length, and response bias should be better
animals. However, based on the results at depth, this contontrolled. These problems might be addressed by testing in
parison may be validnly for shallow water. a hyperbaric chamber, where the time taken to simulate de-
Physiological mechanisms must be taken into considerscent to various depths could be controlled. Second, the
ation as the primary cause of the sensitivity changes witlphysiological and anatomical correlates of diving should be
depth. It may make little sense to think of the air—watermonitored. This might take place through ultrasound or mag-
interface at the tympanic membrane as a reflective barrier toetic resonance imaging when a dive response can be in-
the transmission of sound, especially at low frequenciesguced in sedated or trained subjects, answering the question
where the sound wavelengths are many times larger than th# whether(a) middle-ear cavernous tissue does engorge, and
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(b) whether blood flow to the middle ear is actively regulatedKirkland, P. C., Pence, E. A., Dobie, R. A., and Yantis, P(2989. “Un-

(as part of the dive responser passively controlled, in re- derwater noise and the conservation of divers’ hearing: A review,” Tech-

sponse to pressure changes. Finally, similar experimentshical report APL-UW TR8930, University of Washington.

should be conducted with the true seals, or phOCidS, Whichlpatoy, N. \/..(1992. “Underwater hearing |Q seals: The role of the outer
. . ear,” in Marine Mammal Sensory Systeneslited by J. A. Thomas, R. A.

generally have larger mlddle-ear spaces, more extensive Cavy,eiein and A. Ya. SupitPlenum, New York pp. 249—256.

ernous tissue, and are deeper divers. Only after data addreggsn), B. (1968. “Hearing in seals,” inThe Behavior and Physiology of

ing these issues are obtained will the mechanisms of under-pinnipeds edited by R. J. Harrison, R. C. Hubbard, R. S. Peterson, C. E.

water auditory functioning in pinnipeds be fully understood. Rice, and R. J. Schusterm#Appleton-Century-Crofts, New Yoik pp.
172-195.
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