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ABSTRACT

Differences between the auditory system of humans and Bottlenose Dolphins

There is a widely accepted notion of functional similarity between the auditory system of dolphins and humans.
Although similarities mostly concern the perception of tone-like signals, dolphins are believed to process high fre-
quency echolocation clicks using the same auditory mechanisms known for humans. Contrary to this view we found
that, at least as far as the auditory analysis of the brief signals associated with the dolphin sonar is concerned, there
are more functional differences between Bottlenose Dolphins (Tursiops truncatus) and humans than similarities. With
the time resolution as high as 0.02-0.03 ms the auditory system of Bottlenose Dolphins is a time domain analyzer
rather than a frequency analyzer. The spatial hearing in dolphins appears to be based on directional reception and trans-
mission and performs similarly to a monaural rather than the binaural system of humans. There are some functional
differences between the auditory systems of humans and dolphins even at audio frequencies of humans hearing.

Key words: Auditory system, dolphin sonar, time resolution, integration time.

IZVLEŒEK

Razlike v sluønem sistemu œloveka in pliskavk

Znano je, da obstajajo podobnosti v sluønem sistemu delfinov in œloveka. Ker podobnosti zajemajo predvsem
zaznavanje tonski signalov, smo domnevali, da delfini za obdelavo visokofrekvenœnih eholokacijskih klikov uporab-
ljajo enak sluøni mehanizem, kot ga poznamo pri œloveku. Vemdar naøe raziskave kaæejo, da med pliskavkami
(Tursiops truncatus) in œlovekom pri sluøni analizi kratkih signalov povezanih s sonarjem obstaja veœ funkcionalnih
razlik, kot pa podobnosti. Z visoko œasovno loœljivostjo 0,02–0,03 ms deluje sluøni sistem pliskavk kot œasovni ana-
lizator in ne kot frekvenœni analizator. Izkazalo se je, da prostorski sluh pri delfinih temelji na neposrednem zazna-
vanju in prevajanju signalov in deluje bolj podobno enouøesnemu sistemu, kot pa dvouøesnemu sistemu, ki je razvit
pri œloveku. Obstajajo pa tudi nekatere funkcionalne razlike v sluønem sistemu œloveka in delfinov celo pri frekven-
cah v œloveku sliønem delu.

Kljuœne besede: sluøni sistem, sonar pri delfinih, œasovna loœljivost, integracijski œas.
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INTRODUCTION

Auditory analysis of tone-like signals in dolphins is believed to be similar to that in
humans (AU 1993). The audiogram of dolphins has the same shape as a human audiogram
though is shifted to higher frequencies. Spectral filtering in the dolphin auditory system
also seems to function similar to that in humans, with the dolphin critical ratios appearing
like an extension of the human critical ratios to higher frequencies (AU 1993). Atlantic
Bottlenose Dolphins (Tursiops truncatus, MONTAGU 1821) are believed to integrate tone
signals in similar fashion as humans, having an integration time of around 200 ms at audio
frequencies of humans hearing and slightly shorter integration time of 40 ms at higher fre-
quencies (JOHNSON 1968). The same auditory mechanisms operating in humans at audio
frequencies are believed to provide the high frequency dolphin sonar with around 0.3-ms
time resolution (SUPIN et al. 2001).

Spatial hearing in dolphins is also considered to be similar to that in humans. Since a
classic path of sound conduction through the external auditory canals does not function in
cetaceans, the lower jaw is considered to be such a pathway at least at high frequencies of
the dolphin’s sonar (AU 1993). However, the same binaural phenomenon known for
humans is used to explain sound and target localization in dolphins. Interaural time and
intensity differences are believed to be the basic sound localization cues in dolphins (AU

1993, MOORE et al. 1995). As far as the auditory system is concerned, it may appear from
literature that the differences between humans and dolphins are not bigger than between
humans and, for example, mice with nominal hearing range almost as wide as that of dol-
phins.

On the other hand, dolphins have an active sonar system whereas humans have only
passive hearing. It seems safe to suggest that the dolphins’ audio frequency passive 
hearing is somewhat similar to the humans hearing. As far as the dolphin’s high frequen-
cy active sonar is concerned, some new auditory features absent in humans can be expec-
ted. Bottlenose Dolphins’ frequency hearing range is approximately ten times wider than
that of humans with good hearing sensitivity over a frequency range from around 10 to
130 kHz. Dolphins emit 0.02 to 0.05-ms broadband clicks with peak frequencies as high
as 110-130 kHz. Theoretical time resolution of the dolphin’s echolocation click is as high
as around 15 μs (AU 1993). The click energy spectrum almost perfectly matches the dol-
phin’s audiogram, which can provide the actual auditory time resolution as high as the 
theoretical time resolution of the echolocation click.

A Bottlenose Dolphin is able to localize a sound source in the vertical plane as accu-
rately as in the horizontal plane (RENAUD & POPPER 1975). Transmission of dolphin sonar
high frequency clicks is directional with around a 10° beam in both horizontal and verti-
cal planes (AU 1993). The directionality of transmission and reception appears to account
well for most of the experimental data on sound and target localization in dolphins.
Binaural hearing in humans does not involve any substantial directionality.

Most publications, which highlight similarities between the auditory system of dol-
phins and humans, are usually concerned with perception of tone-like signals. In this paper
we concentrate mostly on differences between the auditory systems rather than similari-
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ties. The auditory analysis of brief signals associated with the dolphin sonar will be the
main focus of our discussion.

METHODS

Most of data presented here were obtained in behavioural experiments with the Black
Sea Bottlenose Dolphin (Tursiops truncatus ponticus) that for many years was subject of
our studies. We also compared some properties of spatial hearing in the Black Sea
Bottlenose Dolphin and the Northern fur seal (Callorhinus ursinus LINNAEUS, 1758).

Experiments were conducted in a 28 x 13 x 4 m concrete pool. A two-response
forced-choice procedure was usually used. A vertical net partition between two transdu-
cers set the minimum distance of 5 m, from which a dolphin made its choice. The trans-
ducers were placed at 1 m depth and 3 m apart. Prior to stimuli presentation, a dolphin
positioned itself at the far (away from the transducers) end of the partition. The dolphin
was required to approach a transducer transmitting a standard (reinforced) stimulus on any
particular trial. Comparison stimuli were presented to a dolphin simultaneously at repeti-
tion rate of 2 to 5 stimuli per second. The choice of the transducer to transmit a standard
signal for a given trial was randomized.

Spherical transducers of 1.2 cm in diameter were used to transmit high frequency
stimuli. The transducers transmitting response had maximum at 110-130 kHz and dropped
by 12 dB per octave toward lower frequencies. Whenever possible the Black Sea
Bottlenose Dolphin hearing at high frequencies was compared with the hearing at low fre-
quencies. Magnetostrictive cylindrical transducers 5 cm in diameter and 20 cm in length
were used to transmit the signals at frequencies 2 to 50 kHz. Calibrations were made using
a B&K model 8103 hydrophone.

Threshold measurements were made using the method of constant stimuli. Signals
were presented in 10-trials blocks with the same signal parameters repeated in every next
trial. 2 to 3-dB decrement in a signal level, a signal-to-noise ratio or difference in a spe-
cific signal parameter between a standard and test signal, depending on experimental task,
was used to move between the 10-trials blocks. The dolphins performed 250 to 400 trials
per session. Threshold measurements were completed when over at least 3 consecutive
sessions threshold values were within 3 dB of each other. The threshold values from those
sessions were averaged for a threshold estimate at a 75% correct response level.

More detailed description of experimental procedure will be given wherever needed
further in the text. Computer simulation was used to illustrate stimuli waveforms and fre-
quency spectra.

AUDITORY TIME RESOLUTION

Temporal masking

Auditory temporal masking can be viewed as a special case of the auditory temporal
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resolution between two clicks of unequal intensity (BABKOFF & SUTTON 1968). Forward
masking of a click-signal by a click-masker is frequently referred to as the basic proof of
a Bottlenose Dolphin’s time resolution of around 0.3 ms (VELMIN & DUBROVSKIY 1976).
Although the amount of masking changed gradually with the signal delay change from 0.5
ms down to less than 0.1 ms, VELMIN & DUBROVSKIY (1967) chose around 0.3 ms thre-
shold delay to be an estimate of the dolphin’s time resolution. The 0.3-ms threshold was
clearly not the best estimate of time resolution because it corresponded to a very low sig-
nal-to-masker ratio of around –36 dB.

Because the stimuli in VELMIN & DUBROVSKIY (1976) experiments differed both in
time waveforms and in frequency spectra, the experimental results were somewhat
ambiguous. In order to eliminate frequency cues, in experiments with the Black Sea
Bottlenose Dolphins we replaced a click-masker with a noise burst (insertions in Fig. 1).
Temporal masking of a noise-signal by a noise-masker was also investigated (ZASLAVSKIY

1997b, 2003b). We found that a 0.035-ms backward noise masker with sensation level of
38 dB did not interfere with the click detection as long as the masker delay was longer
than around 0.05 ms (Fig. 1). Forward masking with the 38-dB noise masker almost va-
nished for the click delay longer than 0.1 ms. A 20-dB noise masker interfered with the
click detection only when it was delayed by less than 0.02 ms or led the click by less than
0.04 ms. Temporal masking of a 0.025-ms noise-signal was found to be approximately the
same as that of the click-signal (Fig. 1, SL 38 dB, 0.025-ms noise-signal).

The temporal masking functions (Fig. 1) represent a temporal window within which
a signal and masker interfere with each other. At a 3-dB level the width of the window is
between 0.02 and 0.03 ms. Even at a -20 dB level, the window is smaller than 0.1 ms. The
Bottlenose Dolphin auditory time resolution derived from the temporal masking experi-
ments is almost two orders of magnitude higher than the 1.5-ms time resolution found for
approximately the same signal-to-masker ratio in humans (WIEGREBE & KRUMBHOLZ

1999).

Interval discrimination

Auditory time resolution of the Black Sea Bottlenose Dolphin was initially deter-
mined in double click discrimination experiment (VELMIN & DUBROVSKIY 1967). Inability
of the dolphins to discriminate the double clicks at interclick intervals longer than around
0.3 ms led the authors to believe that two clicks separated by less than 0.3 ms merged for
the dolphins into a single auditory image and discrimination was based on the difference
in the double click frequency spectra. DUBROVSKIY (1990, 2004) ruled out a possibility of
the double click discrimination in the time domain for the reason that AIRAPETJANTS &
CONSTANTINOV (1974) failed to teach a Bottlenose Dolphin to discriminate intervals 0.1
and 1.1 ms between noise pulses.

However, as early as 1977 it was already known that a Bottlenose Dolphin was able
to discriminate intervals between noise pulses almost as accurate as intervals between cor-
related clicks (ZASLAVSKIY & RYABOV 1977, 1991, ZASLAVSKIY et al. 1979). In our expe-
riments Bottlenose Dolphin discriminated between pairs of noise pulse as well as between
single pulses with different durations (Fig. 2). Although there is some regular difference
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in ripple separation of the noise pairs energy spectra correlated with interpulse interval for
any specific pair of noise pulses, they are typically distorted by randomness of noise (Fig.
2A). Besides, contrary to the constant frequency spectra of correlated double clicks, the
frequency spectra of the pair of noise pulses change randomly for every next stimulus pre-
sentation.

We found (ZASLAVSKIY 1997b, 2003b) that the Black Sea Bottlenose Dolphins were
able to discriminate intervals between noise pulses with random frequency spectra almost
as precise as intervals between correlated clicks with constant frequency spectra (Fig. 3).
The dolphins were also able to discriminate durations of single noise pulses (ZASLAVSKIY

1997b). Periodic ripples in energy spectrum of a single noise pulse (Fig. 2B) which could,
at least theoretically, identify a shorter or longer pulse is much less pronounce than that in
frequency spectrum of a pair of short noise pulses. Bottlenose dolphin auditory time accu-
racy seems to be slightly higher for intervals between abrupt onsets of noise pulses than
between an abrupt onset and a diffuse offset of a single noise pulse. Nevertheless, at
around 20% difference in the pulse durations, the dolphins were able to discriminate noise
pulses as short as 0.03 ms (Fig. 3).

To eliminate any chances for a dolphin to use frequency cues, the double clicks with
identical energy spectra but different interclick intervals were used (ZASLAVSKIY 1997a,
2003b). At the electrical side of transducers each of the time reverse stimuli consisted of
three electrical 0.001-ms square pulses (Fig. 4A). Because the interval between two smal-
ler (negative and positive) square pulses was very short, at the acoustical side of transdu-
cers the triples were transformed into double clicks with different interclick intervals but
identical energy spectra (Fig. 4B). For the amplitude ratio between square pulses given in
Fig. 4A, the first and second clicks also had practically the same energy and frequency
spectra within the dolphin’s hearing range. The difference in the interclick intervals was
due to an additional negative wave (indicated by the arrow in Fig. 4B) created by the ne-
gative square pulse in the triplets. For a set interval between smaller pulses, an increase in
the triplet duration decreases relative difference in the interclick intervals.

The dolphin’s discrimination of the triplets was investigated as a function of the
triplet duration. For intervals between the two smaller pulses of 0.003, 0.004 and 0.005
ms, the threshold (longest) duration of the triplets was found to be around 0.03, 0.04 and
0.05 ms, respectively. The relative threshold difference in interclick intervals correspon-
ding to the threshold triplet duration was around 0.1 ms (Fig. 3), which is close to that
found for the pairs of noise pulses.

The capability to discriminate the noise stimuli with random frequency spectra as
well as the double clicks with identical energy spectra (Fig. 3) suggests that the Bottlenose
Dolphin’s auditory time resolution is as high as 0.02-0.03 ms.

Temporal order discrimination

RONKEN (1970) found that humans could distinguish a small click followed by a large
click from the time reversed couple of the same clicks. The smallest interclick interval of
around 2 ms at which humans were able to discriminate between the double clicks is
believed to represent the time resolution of the humans’ auditory system.
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A Bottlenose Dolphin was also capable of discriminating a small click followed by a
large click from a time reversed pair of the same clicks (Fig. 5A). However, contrary to
humans, there was no threshold interclick interval for the Bottlenose Dolphin that could
be associated with the auditory time resolution (DUBROVSKIY 1990, ZASLAVSKIY 2001a,
2003b). For a small-to-large click ratio of 6 dB the threshold interval was as short as 0.004
ms (Fig. 6, double clicks, 40-140 kHz).

JOHNSON et al. (1988) suggested that the Atlantic Bottlenose Dolphin used short-time
frequency analysis to discriminate a direct double click from a time-reversed double click
(Fig. 5A). However, the Black Sea Bottlenose Dolphin in our experiments (ZASLAVSKIY

2001a) readily discriminated the double clicks when most of the dolphin’s hearing range
was masked by bandpass (10-100 kHz) noise (Fig. 7A). To discriminate the double clicks
the dolphin had to analyze the double clicks frequency spectra above around 110 kHz. The
frequency range from 110 kHz to the upper frequency of a Bottlenose Dolphin hearing
range of around 135 kHz is narrow enough to be associated with a single auditory filter.
It is of course impossible to discriminate the double click frequency spectra using a single
auditory filter. We found that the dolphin used the auditory filter centered at one of
troughs in the energy spectra of the double clicks and apparently discriminated the time
domain waveforms of the auditory filter reactions to a direct and reversed double clicks
(ZASLAVSKIY 2001a, 2003b). A trough in the energy spectrum of a double click is asso-
ciated with rapid (and opposite in a direct and reversed double click) change in the phase
spectrum, which causes significant difference in the filter reaction (Fig. 7B).

The Bottlenose Dolphin was also able to discriminate the pairs of noise pulses with
reverse order of a small and larger pulse (Fig. 5B) at interpulse intervals as small as 0.02
ms (Fig. 6, pairs of 0.025-ms noise pulses, 40-140 kHz). Threshold interval for the pairs
of noise pulses was naturally bigger than that for the double clicks because the noise pairs
with inherent random envelope fluctuation are obviously more difficult to discriminate
than the double clicks with constant waveforms. Ability to discriminate the noise signals
with random frequency spectra almost as well as the double clicks with identical energy
spectra is a further proof of the time domain analysis in the dolphin auditory system. A
Bottlenose Dolphin was found able to discriminate many other signals with identical ener-
gy spectra (ZASLAVSKIY 2001b, 2003b). As long as there were differences in the stimuli
time waveforms, the dolphins appeared to be unconcerned with the frequency spectra dif-
ferences.

The auditory time resolution of the Bottlenose Dolphin is high enough to discriminate
temporal order of a small and a large noise pulse (Fig. 5B) at intervals between noise pul-
ses as small as 0.02 ms. However, to discriminate the double clicks (Fig. 5A) with
interclick intervals shorter than the click durations, the dolphin seems to need time accu-
racy even higher than can be described by the auditory time resolution of 0.02-0.03 ms.
Even for the low frequency double clicks (Fig. 6, double clicks, 8-20 kHz) the threshold
interclick interval was as small as around 0.03-0.04 ms (ZASLAVSKIY & POLYAKOV 1991),
which is almost two order of magnitude shorter than the threshold interclick interval found
for humans (RONKEN 1970). As far as the time domain analysis is concerned the dolphin
auditory system is essentially superior to the auditory system of humans.
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AUDITORY INTEGRATION TIME

Auditory temporal summation

The phenomenon of auditory temporal summation associated with energy integration
of a signal is well known in humans (ZWISLOCKI 1960). The human auditory sensitivity to
a tone pulse increases at a rate of 3 dB per doubling of the pulse duration up to about 300
ms. JOHNSON (1968), found that the Atlantic Bottlenose Dolphin integrated the acoustic
energy in essentially the same way as humans. Contrary to the Atlantic Bottlenose
Dolphin, auditory integration time in the Black Sea Bottlenose Dolphin was found to be
much shorter than that in humans (ZASLAVSKIY 2004a). As a tone pulse duration increased
from 0.02 to about 1 ms, the absolute threshold decreased by more than 20 dB at a rate of
3–4 dB per doubling of the pulse duration (Fig. 8). Further increase in the pulse duration
from 1 to 100 ms yielded the threshold decrease of less than 6 dB. The longest pulse dura-
tion of about 1 ms associated with energy integration of a tone represents the dolphin’s
auditory integration time. The temporal summation was pronounced at frequency as high
as 135 kHz but almost diminished at higher frequencies.

Differences in the experimental procedures used with the Atlantic and the Black Sea
Bottlenose Dolphins can be a reason for a considerable difference in the auditory integra-
tion time estimates. Temporal summation experiments with the Black Sea Bottlenose
Dolphin were conducted using a periodic tone pulse with repetition rate from 2 to 5 pul-
ses per sec whereas the Atlantic Bottlenose Dolphin thresholds (JOHNSON 1968) were mea-
sured for a single tone pulse. Obviously, the dolphin had to be very attentive in order to
pick up a single pulse, especially a short one. The dolphin had no chance to try again, as
it always could for a periodic pulse even at a long repetition time. It might be that if instead
of a single pulse a periodic pulse has been used, the Atlantic Bottlenose Dolphin would
have shown much shorter auditory integration time.

When a periodic double click was used for both the Atlantic and Black Sea
Bottlenose Dolphins, the differences in auditory temporal summation proved to be within
individual differences between animals (Fig. 9). For the click separation less than 0.3 ms
the Black Sea Bottlenose Dolphin’s absolute threshold for the double click was about 4
dB lower than the threshold for a single click (Fig. 9, double click; ZANIN et al. 1977). A
slightly stronger than energy integration was also observed for the pair of the 0.06-ms tone
pulses separated by less than 0.3 ms (Fig. 9, pairs of 100 kHz, 0.06-ms tone pulses).
Approximately the same auditory integration time for a double click was found in the
Atlantic Bottlenose Dolphin (Fig. 9, double click, Atlantic Bottlenose Dolphin; AU et al.
1988).

The experimental results obtained for the Black Sea Bottlenose Dolphins do not sup-
port a common notion of Bottlenose Dolphins having two very different integration times
for a tone-like signals and brief signals (AU 1993). The Black Sea Bottlenose Dolphin’s
integration time for a tone pulse is approximately twice as long as that for a broadband
click, which can be attributed to the tone pulse detection with narrowband auditory filters.
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The absence of the auditory temporal summation at simultaneous masking of a

signal with a noise pulse

Even the Bottlenose Dolphin auditory integration time around 0.5 ms (Fig. 9) appears
to be at variance with the auditory time resolution of 0.02-0.03 ms. The dolphin’s ability
to discriminate brief stimuli with random or identical energy spectra required integration
time to be at least as short as the auditory time resolution. Auditory integration time is
usually assessed by measuring an absolute and masked threshold for a tone pulse as a
function of the tone pulse duration. If a dolphin is able to increase the auditory integration
time as the tone pulse duration increases (JOHNSON 1991), the standard method may not
produce the shortest integration time.

In order to make a dolphin use the shortest auditory integration time, a masked thre-
shold for a click was measured as a function of the noise masker duration (ZASLAVSKIY

2003a, 2004c). The click and the noise pulse started simultaneously (Fig. 10, insertion) so
that auditory integration beyond the click should decrease signal-to-noise ratio. Otherwise,
if the dolphin was able to use auditory integration time as short as the click duration, the
threshold signal-to-noise ratio should be independent of the masker duration. In some 
trials stimulus amplitudes were independently and randomly varied by 3 to 10 dB in order
to eliminate intensity cue.

The threshold signal-to-noise ratio was found to be independent of the noise masker
duration (Fig. 10). In the absence of energy and energy spectra differences between the
stimuli, the dolphins appeared to detect the click at the onset of the noise masker using
auditory integration time shorter than 0.03 ms.

The dolphins also used very short auditory integration time when detecting a tone
pulse at the onset of a masking noise pulse (Fig. 11, insertion). The threshold signal-to-
noise ratio for the 100-kHz tone pulse masked with a 10-ms or 55-ms masking noise pulse
was found to be independent of the tone pulse duration (Fig. 11, 10-ms and 55-ms noise
masker). At the same time for the tone pulse masked with continuous noise, the threshold
signal-to-noise ratio dropped by 3-4 dB per doubling of the pulse duration up to about 2
ms (Fig. 11, continuous noise). The auditory integration time shorter than 0.03 ms proved
to be advantageous for detection of the short tone pulses situated at the onset of a masking
noise pulse. 2-ms auditory integration of a 0.03-ms tone pulse in continuous noise pushed
the threshold signal-to-noise ratio up to 61 dB (Fig. 11, continuous noise) compared to 49
dB for the 0.03-ms tone pulse masked with a noise pulse. The dolphins used auditory inte-
gration time shorter than 0.02-0.03 ms when exact position of a signal (at the onset of
noise masker) was known.

FREQUENCY ANALYSIS OF BRIEF SIGNALS

As long as highlights in target echoes are separated by less than 0.3 ms, dolphins are
believed to discriminate the targets in frequency domain (JOHNSON et al. 1988,
DUBROVSKIY 1990, SUPIN et al. 2001). However, whenever a dolphin was required to dis-
criminate stimuli with different frequency spectra, their time waveforms were different as
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well.
To eliminate time domain cue for a dolphin we used double clicks with equal

interclick intervals but different frequency spectra (ZASLAVSKIY et al. 1991, ZASLAVSKIY

1997a, 2003a,). One double click was composed of two identical clicks but in the other
the second click was phase shifted by 180° relative to the first one (Fig. 12). At equal
interclick intervals, the amplitude spectra of the pairs are rippled with the same period
however peaks of one spectrum correspond to troughs of the other. It is clear that the fre-
quency spectra differences could only be generated if the first and the second clicks inter-
fere with each other in the dolphin’s auditory filters. The dolphin was expected to dis-
criminate the double clicks until the longest interclick interval reciprocal to the auditory
frequency resolution. For interclick intervals longer than the threshold one, the double
click should disintegrate for the dolphin into two separate and indistinguishable acoustic
events.

The largest interclick interval at which the dolphins were able to discriminate the
double clicks with equal interclick intervals (Fig. 12) was found to be 0.1-0.11 ms (Fig.
13). The smallest ripple separation in the energy spectrum of the double click of around
10 kHz corresponding to the threshold interval appears to represent the frequency resolu-
tion of the dolphin auditory system for the double click.

The 0.1-ms interclick interval beyond which the double click appears to disintegrate
for the dolphin into two separate acoustic events is much shorter than the 0.3-ms interclick
interval previously derived from the dolphin’s discrimination of double clicks with differ-
ent intervals (DUBROVSKIY 1990). Because the disintegration apparently occurs in audito-
ry filters, the 0.1-ms threshold interval represents the time resolution of the filters.

The 0.02-0.03-ms auditory time resolution derived from temporal masking and inter-
val discrimination experiments (Fig. 1 and 3) obviously required auditory filters to be as
wide as 30-50 kHz. It appears that Bottlenose Dolphins are capable of adjusting the band-
width of the auditory filters to a significant extent.

It should be noticed that as long as the first and second clicks interfere in the audito-
ry filters producing different energy spectra, the waveforms of a filter reaction to the com-
parison double clicks are also different. The dolphin was able to discriminate the double
clicks when most of the hearing frequency range was masked by bandpass noise from 10
to 100 kHz (Fig. 12B). Unmasked frequency range from around 110 to 135 kHz is narrow
enough to be associated with a single auditory filter. The bandpass (117-133 kHz) filter
reactions to the first and second click separated by 0.08 ms interfere with each other 
generating differences in waveforms (Fig. 12B). Obviously, amplitude difference between
the first and second highlights in the filter response to the double clicks is only generated
if interclick intervals are shorter than around 0.1 ms. For interclick intervals longer than
0.1 ms the filter responses to the double clicks are almost identical because the reactions
to the first and second click no longer interfere with each other. Some data indicate that at
interclick intervals shorter than 0.1 ms a Bottlenose Dolphin is able to process double
clicks with different energy spectra both in time and in frequency domain (ZASLAVSKIY

2004d).
Surprisingly, a threshold interval between the low frequency (8-20 kHz) double
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clicks (Fig. 13, 8-20 kHz) turned out to be even slightly shorter than the 0.1-ms threshold
intervals between the high frequency double clicks (ZASLAVSKIY et al. 1991, ZASLAVSKIY

1997a). For two human subjects with normal hearing, the threshold interval between the
low frequency clicks in air was found to be as long as 0.5 ms (Fig. 13, human subjects, 
8-20 kHz, air). Frequency analysis of the same double clicks in the auditory system of
humans proved to be much better than in the dolphins’ auditory system.

SPATIAL HEARING

Precedence effect

The auditory phenomenon in humans called “precedence effect” is known to account
for listeners’ ability to function in reverberant spaces (BLAUERT 1997). We investigated
the precedence effect in the Black Sea Bottlenose Dolphin and a Northern Fur Seal
(Callorhinus ursinus LINNAEUS, 1758) (ZASLAVSKIY 2001c). Three transducers were se-
parated by net partitions as shown in insertion in Fig. 14. The lateral transducers were seen
from the animals’ position under 60°. First, the animals were trained to approach the trans-
ducer transmitting a single pulse randomly chosen by an experimenter. Next, two pulses
were transmitted though the lateral transducers with some delay relative to each other. The
animals’ approach to any transducer including a middle silent transducer was rewarded so
that they would not be trained to a certain response. The animals’ performance was inves-
tigated as a function of the delay between sounds and delayed-to-primary sound intensi-
ties ratio. Broadband clicks and 1.5-ms tone pulses were used in experiments with the
Northern Fur Seal. The frequency of the tone pulses was 10 kHz. In experiments with the
dolphin 0.1-ms and 3- ms tone pulses with frequencies 100 kHz and 10 kHz respectively
were used. The sensation level of the signals was 40–46 dB.

When two sounds with equal intensities were transmitted simultaneously via the la-
teral transducers, the seal approached the middle silent transducer. The seal apparently
perceived the two sounds as a single auditory image in direction between the transducers.
For delays between a primary (the lead) and delayed (the lag) sound from about 1 to 25
ms, the seal approached the leading transducer in 90% of trials. The two sounds coming
from the lateral transducers were perceived by the seal as the fused image located in the
direction of the lead. As long as the lag was 0 to 10 dB louder than the lead, the seal still
approached the leading transducer (Fig. 14). The image was still fused and located in
direction of the lead. For the lag-to-lead intensities ratio between about 10 dB and 20 dB
the auditory image shifted for the seal towards the middle silent transducer.

Approximately the same lag-to-lead intensities ratio was needed to compensate the
delay for the seal listening in air and make her approach the middle silent transducer when
the sounds were transmitted via lateral transducers. Thus, the Northern Fur Seal’s audito-
ry system is characterized in air and water by the same binaural phenomenon known for
humans.

In the same experimental conditions the dolphin never approached the middle silent
transducer when the sounds were transmitted via lateral transducers neither at 10 kHz, nor
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at 100 kHz. For a zero delay and equal sound intensities, the dolphin randomly approached
one of the lateral transducer. For the delay longer than 0.25-0.3 ms the dolphin in a short
time learned to approach the lead transducer. By increasing of the intensity of the leg it
was easy to make the dolphin approach the leg transducer. The threshold intensity ratio
was found to be around 1.8 dB at any delay. We could not find, as we easily did with the
seal, the combination of a delay and lag-to-lead intensity ratio at which the dolphin would
approach a silent middle transducer. The precedence effect appears to be absent in the
Bottlenose Dolphin auditory system.

Sound propagation via a dolphin’s body

Because mammalian soft tissue is transparent to sound, it is difficult to identify a
route of sound from water to the inner ear. Those who worked with dolphins might
observe that they could hear underwater sounds while keeping its head out of water. We
examined a Bottlenose Dolphin’s hearing sensitivity to sounds entering the body posterior
the ears (ZASLAVSKIY 2004b). The dolphin was trained to listen to underwater sounds
while touching the paddle suspended above water (Fig. 15, insertion).

The dolphin’s audiogram for different elevations of his head above water (the above-
water thresholds) were compared with the audiogram determined for the dolphin com-
pletely submerged underwater (the under-water thresholds). A transducer was located at
1-m depth and 3 m from the dolphin. A go/no-go response paradigm was used. For signal-
present trials, a correct go-response consisted of the dolphin approaching the transducer.
For signal-absent trials, the dolphin was required to remain at the start position for 10 sec.
A tone was presented to the dolphin for 3 seconds. The above-water threshold was also
determined for a broadband click with peak frequency at 110–130 kHz. The click repeti-
tion rate was 5 clicks per sec.

The low frequency above-water thresholds were found to be almost the same as the
under-water thresholds, even when the meatal areas were about 10 cm above water (Fig.
15, 0.4 m). Low frequency sounds appeared to propagate without considerable losses via
the dolphin’s body to the inner ear. In fact, the losses were small even when the dolphin
listened to the sounds keeping his head 0.8 m above water. The above-water thresholds
were somewhat higher than that for the 0.25 and 0.4-m head elevation perhaps because it
was obviously difficult for the dolphin to listen to weak sounds while trying to keep its
position so high above water.

At frequencies above 20-30 kHz the above-water thresholds were substantially 
higher than the under-water thresholds. Because at the 0.25-m head elevation the meatals
still were about 0.05 m underwater, considerable increase in the above-water thresholds
suggests that high frequency sounds do not enter the dolphin’s ear via the meatal areas.
The above-water threshold for a broadband click was found to be about 20 and 30 dB
higher (for the head elevation of 0.25 and 0.40 m, respectively) than the click under-water
threshold.

A low frequency sound propagating via the dolphin’s body is likely to interfere with
the same sound entering the dolphin’s meatus directly from water. The interference, 
however, does not seem to impair the dolphin’s ability to localize low frequency sounds
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as precise as high frequency sounds (RENAUD & POPPER 1975).

Target discrimination at a small angular separation

A Bottlenose Dolphin was found to be able to discriminate the targets separated in
azimuth by just 0.2°-0.5° using a relatively wide (around 10° at a 3-dB level) the sonar
transmit beam (ZASLAVSKIY 2005). Analysis of the dolphin’s sonar transmission recorded
simultaneously with five hydrophones positioned in different directions in horizontal
plane behind the targets (Fig. 16) revealed that the dolphin rotated the transmit beam to
about 10° to the left and to the right from both targets keeping them on the right or the left
edge of the beam. The dolphin apparently perceived two targets as a single target with the
echo parameters correlated with the transmit beam orientation. The steeper the edges of
the beam, the bigger the differences in the combined echo could be achieved by the dol-
phin as a result of the beam rotation (ZASLAVSKIY 2005).

At a large azimuth separation between the targets the dolphin normally kept its verti-
cal position (Fig. 16A) whereas at azimuth separation smaller than 3°-4°, the dolphin
would turn on its side by almost 90° (Fig. 16B). The dolphin placed the targets into sag-
gital plane where there are no interaural differences in time and intensity and binaural
effects are not present. On the other hand, when targets were presented in the vertical
plane at different elevations the dolphin never turned on its side so that the targets were
again kept in the saggital plane. The edges of saggital sections of the transmit beam appear
to be slightly steeper than that of the horizontal sections which might be a reason for the
dolphin to place targets in the saggital plane. The Black Sea Bottlenose Dolphin’s audito-
ry system performed as a directional receiver rather then the omnidirectional one charac-
terized by the binaural phenomena known for humans.

CONCLUSIONS

As far as analysis of brief signals is concerned, there are significant differences
between the auditory system of humans and dolphins. Auditory time resolution of 0.02-
0.03 ms in Bottlenose Dolphins is about two orders of magnitude higher than in humans.
The Bottlenose Dolphin’s auditory system appears to be the time domain analyzer rather
than the frequency domain analyzer known for humans. There are differences between
dolphins and humans in auditory analysis of tone-like signals as well. The Bottlenose
Dolphin’s auditory integration time for a tone pulse of 0.5 to 2 ms is about two orders of
magnitude shorter than that in humans. The precedence effect well known for the binau-
ral system of humans is absent in Bottlenose Dolphins even at low frequencies. The spa-
tial hearing in Bottlenose Dolphins appears to utilize directional reception and transmis-
sion and performs similar to a monaural rather than the binaural system of humans.
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Figure 1: Masked thresholds for a click-signal and 0.025-ms noise-signal as a function of
the 0.035-ms noise masker delay. Positive delays are for forward masking; negative delays
are for backward masking. The masker sensation level (SL) is shown in the legend. 0 dB
correspond to the absolute threshold for a click.

Figure 2: Waveforms and energy spectra of the pairs of noise pulses (A) and single noise
pulses (B) at the acoustical side of transducers.

67

Gennadi L. Zaslavskiy: Differences between the auditory system of humans and Bottlenose Dolphins

3 IBAC knjiga  10:01:2007  17:12  Page 67



Figure 3: Threshold relative difference in interpulse intervals and in pulse durations as a
function of the standard (shorter) interpulse interval and standard pulse duration.

Figure 4: Mirror image triplets with identical energy spectra at the electrical side (A) and
the acoustical side of the transducers (B).
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Figure 5: The double clicks with identical interclick intervals and identical energy spec-
tra (A) and pairs of noise pulses (B) at the acoustical side of the transducers.

Figure 6: Discrimination of the time reversed double clicks and noise double pulses (Fig.
5) as a function of interclick and interpulse intervals. Black Sea Bottlenose Dolphin
(Tursiops truncatus ponticus) TM78-90.
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Figure 7: STFT-spectrograms generated for the mirror image double clicks using a 0.3-ms
analysis window and time increment of 0.002 ms (A). Interclick interval was 0.02 ms,
amplitude difference between clicks was 6 dB (B). Reactions of the bandpass filter (115-
135 kHz, 3-order) to the double clicks. Signal-to-noise ratio was 6 dB above the threshold.

Figure 8: The Black Sea Bottlenose Dolphin (Tursiops truncatus ponticus) absolute thre-
shold for a tone as a function of the tone pulse duration. 0 dB corresponds to absolute thre-
shold for a 100-kHz continuous tone. Frequencies of tone pulses are shown in the legend.
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Figure 9: The Black Sea Bottlenose Dolphin’s (Tursiops truncatus ponticus) absolute
thresholds for a double click and masked threshold for a pair of 100-kHz tone pulses as a
function of the interval between the clicks or between the pulses. The tone pulse duration
was 0.06 ms. 0 dB corresponds to the absolute threshold for a single click and the masked
threshold for a single tone pulse.

Figure 10: Threshold signal-to-noise ratio as a function of the noise masker duration.
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Figure 11: Threshold ratio of a 100-kHz tone pulse intensity to the noise spectrum level as
a function of the pulse duration. The tone pulse was delayed by 0.01 ms relative to the onset
of a masking 10-ms or 55-ms noise pulse. Comparison stimuli are shown in insertion.

Figure 12: Double clicks with identical interclick intervals but different frequency spec-
tra (A). (B-top frames) – reactions of the bandpass filter (117-133 kHz, 3-order) to the
double clicks masked with continuous broadband noise below 100 kHz and above 137
kHz as shown in the bottom frame. Interclick interval was 0.08 ms.
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Figure 13: Discrimination of the double clicks with different frequency spectra (Fig. 12)
as a function of the interclick interval.

Figure 14: Percentage of the Black Sea Bottlenose Dolphin (Tursiops truncatus ponticus)
and Northern Fur Seal (Callorhinus ursinus) approach to the silent middle transducer as a
function of the lag-to-lead sound intensities ratio. The lag was delayed by 3 ms.
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Figure 15: The Black Sea Bottlenose Dolphin’s (Tursiops truncatus ponticus) absolute
auditory thresholds for different elevations of the dolphin’s head above water. Dolphin
TA82-83.

Figure 16: Four echolocation clicks of the Black Sea Bottlenose Dolphin (Tursiops trun-
catus ponticus) recorded simultaneously in 5 directions in the horizontal plane synchro-
nously with the dolphin position in the horizontal and vertical planes. Azimuth target 
separation was 10° (A) and 1.5° (B).
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