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INTRODUCTION

Aquatic animals must orientate themselves relative
to surrounding objects (partners, bottom, surface,
underwater rocks, prey, enemies, etc.) in 3D space.
Regardless of water transparence and illuminance,
they have to find food and mates as well as avoid dan�
ger. For these purposes, odontocetes (toothed whales)
have an efficient sonar, comprising a system for emit�
ting the sounding pulses and a system for receiving the
echo signals. Both systems possess unique characteris�
tics that have been evolving over millions of years, and
are marked by pronounced directionality.

In view of the unusual positioning of the animal in
our experiments (Fig. 1), we further use spatial coor�
dinates relating to the object proper, without tying it to
external points of reference. The plane perpendicular
to the longitudinal (rostral–caudal) axis of the animal
body will be called transverse. The plane including the
longitudinal axis and dividing the body into the left
and the right parts will be called median. Finally, the
plane including the longitudinal axis and dividing the
body into the dorsal and the ventral parts will be called
frontal. Note that in most works [1–4] the spatial
coordinates were associated with external points of
reference, where the dolphin’s frontal plane was

referred to as horizontal, and the dolphin’s median
plane as vertical.

In dolphins, sound passes to the middle ear via the
left and the right mental foramens and mandibular
canals. In each half of the lower jaw, this set performs
the function of a «new external ear» (further, «ear»)
and from the acoustical standpoint represents a travel�
ing wave antenna (TWA) [6–10]. The directivity pat�
tern (DP) of each ear is formed by TWA, and together
they determine the complex pattern of dolphin’s spa�
tial hearing.

In behavioral experiments, the frontal�plane hear�
ing DP in bottlenose dolphin was first obtained in 1975
[11] at a singe frequency of 80 kHz using a binaural
unmasking technique. Subsequently the frontal�plane
DP was studied in several dolphin species using both
behavioral [3, 4, 12] and electrophysiological [1, 13–
16] approaches; in all cases the results proved qualita�
tively similar. The highest sensitivity was commonly
found for the rostral direction, coinciding with the
longitudinal axis of the body. The threshold width of
the DP could vary, but for short (0.5 ms) tones at 128
kHz it was ~10° in bottlenose dolphin and somewhat
larger than 10° in white whale [16].
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There is a single work where the dolphin’s hearing
DP was assessed in the rostral/median half�plane [4],
using binaural unmasking. On the whole, these results
suggest that the median� and frontal�plane DPs are
close in bottlenose dolphin. The best directivity was
noted for high frequencies, declining substantially at
lower ones.

Heretofore, the transverse�plane DP of dolphin’s
hearing has not been measured experimentally. At the
same time, the results of modeling [5, 6] allow a sug�
gestion that the DPs for the left and the right ears must
partly overlap rostrally and ventrally but somewhat
diverge dorsally and caudally, forming a composite
pattern of spatial hearing. At that, the transverse�plane
DPs of the ears also partly overlap, which may deter�
mine a number of interesting features. The calculated
DP overlap width in the frontal plane was 21°, 16°, and
14.4°, while in the median plane it was 11°, 8°, and
7.2° at 60, 110, and 130 kHz respectively. These esti�
mates obtained in a TWA model are in qualitative
agreement with the width of DPs reported in [4].

The aim of the present study was to experimentally
measure the DP of dolphin’s absolute auditory sensi�
tivity in the transverse plane using short broadband
pulses similar to its echolocation clicks (spectral max�
ima at 2, 4, 8, 16, 30, 50, and 100 kHz), and to corre�
late these data with the absolute auditory sensitivity of
the same dolphin in the rostral direction.

EXPERIMENTAL

Tests were performed at the premises of Karadag
Natural Reserve in an indoor concrete pool measuring
27.5 × 9.5 × 4.5 m, with an adult female Black Sea
bottlenose dolphin (Tursiops truncatus). The animal
had been kept for more than 20 years, had normal
hearing and was trained for behavioral responses.

We used the method of conditioned reflexes with
food reinforcement, in the go/no�go version [17]. The
coach standing on the footbridge (Fig. 1, 1) sub�
merged the start disk (3) to 1 m and signaled the dol�
phin to come to the start. The dolphin swam to the disk
and assumed a strictly vertical position, touching the
disk with its rostrum and waiting for acoustic stimulus.
Then the researcher switched on the stimulus, which
the dolphin detected (or did not). Detecting a stimu�
lus, the dolphin left the start (go) and moved toward
the emitter. If no stimulus was presented, the dolphin
remained in the start position (no go) until signaled by
the coach. In these cases the dolphin got food rein�
forcement. If the dolphin did not leave the start after a
stimulus (miss) or left it without a stimulus (false
response), it got no reward and usually the presenta�
tion of the next stimulus was delayed.

During measurement of auditory thresholds in the
dorsal directions of the transverse half�plane, the start
position of the dolphin (5) was the one shown in
Fig. 1, so that the edge of the footbridge was at the ven�
tral side. During measurement of auditory thresholds
in the ventral directions, the dolphin turned through
180° about the longitudinal body axis so that the edge
of the footbridge was at the dorsal side. Under coach
control, the dolphin readily assumed the required
position and kept it precisely, in both cases seeing the
edge of the footbridge; fluctuations about the longitu�
dinal axis rarely exceeded 5°.

In measuring the detection thresholds for stimuli
from the rostral direction, the dolphin was in the hor�
izontal position parallel to the edge of the footbridge,
rostrum touching the start disk at a depth of 1 m. The
emitter was directly in front of the dolphin at the same
depth.

In all experiments the distance from the start disk
to the emitter was 3 m. In every trial the decision to
present or not present the stimulus was taken at ran�
dom (but not more than three running). The stimulus
intensity was changed stepwise. The session began
with a level surely exceeding the supposed threshold.
Upon successful performance, the stimulus was atten�
uated by 6 dB. After the first mistake the step was
reduced to 3 dB. Each threshold was calculated from
~15 trials as the mean value of the inflection point. To
diminish the interference of direct and reflected sound
in the pool, we used short broadband acoustic pulses
similar to dolphin’s echolocation clicks.

Note that in the vertical position (Fig. 1), from the
rostral direction of highest auditory sensitivity the dol�
phin receives only multiply reflected (from bottom
and surface) and substantially weakened signals. With
the given disposition of the emitter and dolphin’s
head, direct reflections from the surface also came at a
significant angle to the longitudinal axis, not falling
into the highest auditory sensitivity zone. To minimize
the acoustic field distortion at the start, the disk was
50 mm in diameter and 4 mm thick, made of Plexiglas

1

2
3

5
4

Fig. 1. Testing stage: 1 – footbridge; 2 – rigging and
alidade for positioning the emitter along an arc of 3�m
radius at the required angle; 3 – start disk; 4 – emitter; 5 –
dolphin in vertical position.
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and mounted on a bamboo stick (~6 mm thick at the
disk and up to 10 mm at the surface).

Stimuli peaking at 30, 50, and 100 kHz were pro�
duced with spherical piezoceramic transducers 50, 30,
and 20 mm in diameter excited with rectangular pulses
of 17, 10, and 5 µs duration, respectively. Stimuli at 2,
4, 8, and 16 kHz were made with the 50�mm trans�
ducer excited through a band�pass filter of central fre�
quency 2, 4, 8 or 16 kHz with a rectangular pulse of
225, 125, 56, and 36 µs respectively. The effective
length of the stimuli in no case exceeded three periods
of the peak�energy wave (Fig. 2). Thereby the reflec�
tions from pool walls and water surface did not inter�
fere with the stimulus, being delayed and attenuated.
At threshold stimulation levels, the reflections were
below the detection limit, so measurements could be
made without special acoustic backing. The sound
pressure level and the stimulus shape were monitored
with a calibrated hydrophone 8103 and precision
amplifier 2650 from B&K and recorded using an ADC
(USB3000) in the 1–200 kHz range.

RESULTS

The mean auditory thresholds for different angles
of disposition of the emitter relative to the dolphin’s
lower jaw—the DPs—in the transverse plane for stim�
uli with peak energy at 8, 16, 30, 50, and 100 kHz are
displayed in Fig. 3. In each panel, the zero level is the
mean threshold of the same dolphin for the same stim�
ulus presented rostrally at the same distance. Thus, the
plots show the relative drop in the absolute auditory
sensitivity as a function of the angle of presentation.

It should be noted that the thresholds for the ros�
trally presented stimuli have no pronounced mini�
mum in the frequency range tested: from 8 to 100 kHz
they smoothly decrease by ~6 dB (from 0.0075 to
0.0037 Pa), while at 4 and 2 kHz the threshold abruptly
rises to 0.2 and 0.8 Pa (34 and 47 dB) respectively. On
the whole, the absolute rostral thresholds measured by
us correspond to normal dolphin hearing, with allow�
ance for energy summation [17, 18].

The most intriguing result is that the auditory sen�
sitivity of the dolphin at 8–30 kHz in the ventral and
lateral directions of the transverse plane is only 2–8 dB
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Fig. 2. The time profiles А(t) and spectra |G(f)| of acoustic stimuli with peak energy about 100, 30, and 8 kHz (from top to bottom).
Recording for emitter and receiver 1 m deep and spaced 1 m; transducer excitation with a 20�V rectangular pulse; receiver, hydro�
phone 8103 with amplifier 2650 (100 ×) from B&K.
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worse than in the rostral direction, and it is some 25–
30 dB better than at 50–100 kHz (Figs. 3, 4), the fre�
quencies conventionally associated with echolocation.
Further, at 8–30 kHz the DPs show pronounced dor�
soventral asymmetry, reaching 15–18 dB, which
reduces to just 2–3 dB at 50–100 kHz. In the dorsal
direction relative to rostral, the hearing sensitivity is
18 dB worse for stimuli around 8 kHz, and the differ�

ence increases with frequency (to 33 dB at ~100 kHz).
At that, the thresholds at 50–100 kHz deteriorate
almost uniformly in all transverse�plane directions
(25–33 dB relative to rostral). As a result, the trans�
verse�plane DPs at 50–100 kHz substantially contract
(Fig. 3) and are nearly round, in contrast to DPs at 8–
30 kHz. It should be specially noted that the DP shape
does not significantly change with a nearly fourfold
raise of frequency from 8 to 30 kHz (Figs. 3, 4), but is
abruptly altered when further the frequency is less than
doubled from 30 to 50 kHz.

Admittedly, here we must rely on results obtained
for one animal. However, considering the small angu�
lar step (15–30°), which increased the pattern reliabil�
ity, and the high degree of dolphin training, which
ensured the small scatter of data, we believe these
results to be typical of other healthy adult bottlenose
dolphins.

DISCUSSION

It is known that in the rostral direction, the audi�
tory thresholds of bottlenose dolphin are minimal
(40–50 dB relative to 1 µPa) in a broad frequency
range 8–130 kHz [4, 15, 16, 18, 20] but steeply rise
below 8 kHz and above 130 kHz. The directivity of
hearing in the frontal and median planes, being well
pronounced above 50 kHz, is almost absent in the low�
frequency range [4, 16].

The results presented here show the dependence of
the absolute auditory sensitivity of the dolphin on the
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Fig. 3. Transverse�plane DP of dolphin’s hearing for stimuli peaking about 8, 16, 30, 50, and 100 kHz. At each frequency the zero
level is the mean threshold for the same dolphin in the rostral direction: 0.0075, 0.0066, 0.0063, 0.0042, and 0.0037 Pa respec�
tively; the vertical axis denotes deterioration of auditory sensitivity, dB.
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Fig. 4. The frequency dependences of dolphin’s auditory
sensitivity for principal directions in the transverse plane:
1 – dorsal; 2 – ventral; 3 – left; 4 – right.
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stimulus direction and frequency is quite pronounced
in the transverse plane. At 8–30 kHz, the sensitivity in
the ventral and lateral directions does not differ much
from that in the rostral direction (Figs. 3, 4). At the
same time, in the dorsal direction the hearing sensitiv�
ity is almost an order of magnitude worse than in the
rostral direction, so the dorsoventral asymmetry
reaches 15–18 dB.

Considering the causes of the revealed asymmetry,
we should point out that the observed DP must result
from the directionality of the left and right ears. In
particular, this is evidenced by the literature data
obtained in studying the DPs of head structures in a
dolphin right after death [21]. With a hydrophone
implanted into the fat channel before the left bulla, the
monaural receptivity was maximal at ipsilateral angles
~20°. Similar asymmetrical monaural reception was
observed in an acute electrophysiological experiment
when local potentials were picked from the inferior
colliculus of a Stenella dolphin [13]. Upon body�sur�
face recording of the presumed auditory nerve
responses of river dolphin (Inia geoffrensis), monaural
DPs for short pulses peaking at 30–50 kHz [14] exhib�
ited best receptivity at 10–15° ipsilateral. In bottle�
nose dolphin [15] the direction of maximal sensitivity
monotonically shifted from 0 to 22.5° ipsilaterally with
frequency decreasing from 128 to 8 kHz. The monau�
ral characteristics are asymmetric, with the contralat�
eral slope being steeper. These data are in good mutual
agreement, and also suggest partial overlap of DPs and
broadening of the directivity diagram of dolphin’s
hearing at low frequencies.

It is quite natural to assume that the asymmetry of
monaural DPs registered in the frontal plane also
exists in the transverse plane. Here it must be deter�
mined by that the DP of either ear is formed because
of acoustic shielding of the mental foramens by the
upper and lower jaw bones and sound diffraction on
these structures [5, 6]. As a result, the DPs in the ven�
tral direction are partly overlapping at high auditory
sensitivity, while in the dorsal direction, at minimal
sensitivity. In view of the horizontal position of the
dolphin swimming near the surface this means that in
the direction toward the bottom the hearing is better
than toward the water surface; this is fully consistent
with our measurements.

If the results obtained here at 8–30 kHz (Fig. 3) are
presented at a larger scale, the minimal receptivity in
the dorsal region becomes more obvious, and the DP
is nearly heart�shaped, as exemplified in Fig. 5 for
16 kHz. Considering the length of the sound wave at
8–30 kHz, the observed minimum can be explained by
partial overlap of the DPs of the two ears. This is con�
sistent with the earlier model [5, 6] and is indicated in
Fig. 5 with lines tentatively drawn for the left (L) and
the right (R) ears.

Thus, our results corroborate the idea of non�coin�
cident monaural DPs in the lower frequency range.

Such a resultant DP ensures one�pulse target (or
sound source) direction finding by means of compari�
son and, just as in the frontal plane, forms the features
required for sound location in the transverse plane.

In contrast, the mean transverse�plane thresholds
at 50 and 100 kHz deteriorate relative to the rostral
ones almost uniformly in all directions (25 and 33 dB
respectively) and the dorsoventral asymmetry is only
2–3 dB (Fig. 4).

It appears that at frequencies above ~40 kHz some
mechanism is engaged whereby the DP of each ear
contracts and they come to almost fully overlap, which
abolishes the dorsoventral asymmetry of dolphin’s
hearing in the transverse plane. Such an event is con�
sistent with the abrupt change in the DP shape
between 30 and 50 kHz (Figs. 3, 4). This is also in line
with the data [15] for the rostrofrontal half�plane.

The sharp dorsoventral asymmetry of the auditory
sensitivity in bottlenose dolphin (Figs. 3–5) is in
accord with the data of measurements in the median
plane at 30 kHz [4]. For directions close to dorsal and
ventral, the difference was about 15 dB. The smaller
difference in thresholds derived from smoothed and
extrapolated data was not substantiated. The differ�
ence obtained by us for the rostral and lateral direc�
tions (Figs. 3, 4) also agrees with the data of the cited
work (8–10 dB at 30 kHz). Further, it is consistent
with the electrophysiological data [15, 16], where the
relative drop in sensitivity in the lateral direction
increased with the frequency of a tone signal; 3, 20,
and 30 dB at 8, 30, and 128 kHz respectively. This fea�
ture gave rise to quite an unexpected form of audio�
grams for laterally positioned emitters: the hearing
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Fig. 5. The DP of dolphin’s hearing in the transverse
plane for 16 kHz stimuli (the 0 to –20 dB part of that in
Fig. 3) is viewed as superposition of the DPs of the left (L)
and right (R) ears. The putative overlap region (R+L) is
obtained in accordance with the model implying sound
perception via the left and right mental foramens operat�
ing as TWA [5–10].
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thresholds monotonously rose as the sound frequency
was raised from 8 to 128 kHz [16]. According to our
data, the same tendency holds throughout the trans�
verse plane (Figs. 3, 4).

Consequently, in the 8–30 kHz range the dolphin
has a broad maximum of auditory sensitivity in the
rostral, ventral, and lateral directions. In the dorsal
and caudal directions, the hearing is substantially
worse [3, 5, 6], which determines the rostral–caudal
and the dorsoventral asymmetry. Attenuated dorsal
receptivity may serve to protect dolphin’s hearing from
surface reverberation of its own powerful echolocation
pulses. At the same time, dorsoventral and rostral–
caudal asymmetries create features necessary for
sound location. Thus, the rostroventral partial overlap
of the DPs of the left and right ears forms a complex
spatial DP of dolphin’s hearing [5, 6], which together
with the binaural features creates the rostral/caudal,
dorsal/ventral, and left/right characters. In other
words, the directivity of the «new external ear» ensures
the features necessary for binaural 3D sound location
[10], like the pinna of land mammals with passive
hearing [22].

The biological significance of the results obtained
appears obvious in explaining the intraspecies acoustic
communication of Black Sea bottlenose dolphins as
well as perception and location of all sounds in the
range up to 30–40 kHz. A broad DP with preference
for rostral, ventral and lateral directions [5, 6] is opti�
mal for handling such signals.
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