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Abstract. Tone-tone masking was used to determine au-
ditory brain-stem response tuning curves in dolphins
(Tursiops truncatus) in a simultaneous-masking par-
adigm. The Q,, of the curves was as large as 16-19 in the
frequency range 64-128 kHz. In the range 45-16 kHz,
Q.o decreased proportionally to the frequency with the
bandwidth of the curves being constant, about 3.5-4 kHz
at the 10-dB level. Tuning curves below 45 kHz are sup-
posed to reflect broad spectral bandwidth of the probe’s
effective part which is no longer than 0.5 ms, irrespective
of actual probe duration. Tuning curves above 64 kHz
are supposed to reflect the real frequency tuning of the
dolphin’s auditory system.
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Introduction

The auditory system of cetaceans, particularly dolphins,
is of special interest since they are capable of underwater
hearing and are adapted for echolocation. The great bulk
of information on auditory perception of cetaceans has
been obtained in behavioural conditioning studies (Pop-
per 1980; Fobes and Smock 1981; Watkins and Wartzok
1985) as well as in electrophysiological experiments
(Bullock et al. 1968; Ridgway et al. 1981; Popov et al.
1986; Popov and Supin 1990a, b). However, many
properties of the cetacean auditory system, in particular
its frequency tuning, remain unknown.

Attempts have been made to estimate the frequency
tuning in dolphins by measurement of the critical ratio
and critical bands (Johnson 1968; Johnson et al. 1989;
Au and Moore 1990) and by tone-tone masking (Johnson
1971) using behavioural methods. However, the com-

Abbreviations: ABR, auditory brain stem response; AP, action
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plexity of the behavioural method limited accessible
data.

An effective way to study frequency selectivity of
hearing is the evoked potentials method in conjunction
with tone-tone masking. Tuning curves were obtained in
humans and some experimental animals using evoked
potentials such as cochlear APs (Dallos and Cheatham
1976; Eggermont 1977; Harris 1978; Abbas and Gorga
1981; Harrison et al. 1981; Gorga and Abbas 1981) and
ABRs (Mitchel and Fowler 1980; Salvi et al. 1982; Gor-
ga et al. 1983; Brown and Abbas 1987). ‘

In a preceding study we obtained tuning curves in
dolphins using rather slow evoked potentials of cortical
origin (Supin and Popov 1986, 1990). However, other
investigators used mainly cochlear AP or ABR for this
purpose. The difference in approaches made it difficult
to compare the data obtained in that study with corre-
sponding data on other animals and humans.

ABR can be recorded easily in dolphins from the head
surface, without any surgical procedure and anaesthesia.
Using ABR, it was possible to assess a number of the
dolphin’s hearing characteristics (Ridgway et al. 1981;
Popov and Supin 1985a, b, 1987, 1990a, b). In this study
ABR was used to obtain frequency-tuning curves in
dolphins.

In deciding on a masking paradigm to obtain tuning
curves, the following reasoning was used:

1) Tuning curves can be defined as the masker levels
required to render a probe response either just detectable
(near-complete masking criterion) or partially suppress-
ed (partial masking criteria). There is some difficulty in
judging the masker level required for near-complete
masking due to recording noise comparable with a just-
detectable response; therefore, some data were obtained
using partial masking criteria (response amplitude reduc-
tion of 25-75%, in many cases 50%). In some studies a
just-detectable masking effect was used (Pantev and Pan-
tev 1982; Pantev et al. 1985; Salt and Garcia 1990).
However, using the near-complete masking criterion re-
sults in sharper tuning curves than partial masking (Ab-
bas and Gorga 1981; Gorga and Abbas 1981) and just-
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detectable masking (Salt and Garcia 1990). This indicates
a better measure of hearing tuning abilities with the use
of the near-complete masking criterion. This criterion is
also preferable for comparing results with psychophysi-
cal and behavioural data. For these reasons we chose the
near-complete masking criterion in the present study.

2) Either simultaneous or forward masking paradigm
can be used to obtain tuning curves. However, it was
difficult for us to use forward masking because of very
short recovery time of the dolphin’s ABR. When con-
ditioning (masking) and probe stimuli are equal, com-
plete suppression of the probe ABR lasts for about
0.2 ms, and 50% recovery requires about 0.7 ms (Popov
and Supin 1985b, 1990a, b.) Presenting the probe so soon
after the masker requires an abrupt fall of the masker
which leads to broadening of its spectrum. Therefore, in
the present study the simultaneous masking paradigm
was used.

Even in the simultaneous masking paradigm the
masker could either be presented continuously or appear
shortly before the probe to minimize adaptation effects.
However, frequent stimulus presentation during evoked
potential collection makes it unreasonable to present the
masker intermittently because the total time of the mask-
er action would be prolonged enough and broadening of
the masker spectrum would appear at each onset and
offset; therefore, we used continuous maskers. As to the
difference between action of continuous and intermittent
maskers, we did not analyse this effect in detail in the first
stage of our study.

Materials and methods

Experiments were carried out during the 1991 and 1992 summer
seasons at the Utrish Sea Station of the Russian Academy of
Sciences (Black Sea coast).

Subjects. The experimental subjects were two bottlenosed dolphins,
Tursiops truncatus, females, 225 and 230 cm body length. The ani-
mals were caught 2-3 months before the study and were adapted
to the holding conditions and to the experimental procedure.

Experimental conditions. During the experiments, a dolphin was
placed in a bath (4 x 0.6 x 0.6 m) filled with sea water. The animal
was supported by a stretcher so that the dorsal part of its body was
above the water surface. Since no surgical procedures were used, the
animal was neither anaesthetized nor curarized. After several ex-
periments the animal became used to the bath and did not attempt
to escape from the stretcher, thus allowing ABR recording. Each
experiment lasted for 3—4 h, after which the animal was placed back
into the pool where it was kept.

ABR recording. The recording of ABR was performed using needle-
shaped electrodes (diameter 0.3 mm) inserted 3—5 mm into the skin.
Since the dolphin’s skin is relatively insensitive to small injuries, no
pain responses to the procedures were observed. There was no
reason to use local anaesthesia since the electrode insertion was less
traumatic than intracutaneous anaesthetic injection. The active
electrode was placed in the dorsal part of the head, the reference one
in the back near the dorsal fin, both electrodes above the water
surface. The recorded signals were amplified (104 x) and were
bandpass filtered between 100 and 10* Hz. One thousand responses
were averaged to provide satisfactory evaluation of response pa-
rameters.
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Fig. 1A, B. Probe stimulus characteristics. A Waveform of a cosine-
enveloped tone burst. The thin lines show the envelope contours, the
dotted line shows the effective signal level during the burst. 7 dura-
tion of the burst; L signal level designation (as maximal effective
level). B Spectra of electrical cosine-enveloped bursts of 16, 32, 64,
and 128 kHz central frequency (upper part) and their acoustical
reproductions monitored by a hydrophone near the animal’s head
(lower part) ; all bursts of 0.5 ms duration

Stimulation. Probe stimuli were 16-128 kHz tone bursts with a
cosine-wave envelope, i.e. the envelope was one period of a function
1-cos(?) (Fig. 1A). This form of signal provides a narrower spectral
band (Fig. 1B) than triangular or rectangular signals of the same
duration. Duration of the signals is indicated below as a period of
its enveloping cosine function and their intensity is indicated as
maximal effective sound pressure (Fig. 1A). Stimuli were presented
at a rate of 25 -5~ 1.

Masking signals were continuous tones of various frequency and
level. Probe and masker were not coherent.

Probe and masker were mixed and emitted through a piezo-
ceramic transducer of 3 or 6 cm in diameter. The transducer was
immersed in water at a depth of 30 cm, 1 m in front of the animal’s
head. To increase regularity of the acoustic field, the bath walls and
free water surface in front of the animal were covered with sound
absorbing material (rubber). Acoustic properties of the transducers
and the bath provided satisfactory reproduction of the stimulus
spectra, as comparison of the two parts of Fig. 1B shows.

Intensity and frequency spectra of signals were monitored
through a probe hydrophone with a band pass of 150 kHz, located
near the animal’s head. The relative level for sound intensity indica-
tion in decibels was taken to be 1 mPa because it is a reliable level,
near auditory thresholds of aquatic mammals.

Results
ABR characteristics and masking manifestations

Figure 2 exemplifies ABR evoked by a probe without a
masker and in the presence of various maskers. ABR
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consisted of a series of peaks occurring mainly within the
first 5-6 ms following acoustic stimulation.

A probe stimulus of a moderate intensity (40-50 dB
re. 1 mPa) evoked a response of about 3 pV amplitude
when measured between the largest positive and negative
peaks (Fig. 2A). The same stimulus in a masker back-
ground evoked a smaller response. As the masker level
increased, the ABR diminished until it disappeared in the
noise.

The masking was the most effective when the probe
and masker frequencies were equal (90 kHz in Fig. 2B).
In this case the complete masking required the masker
level of about 10 dB above the probe level (60 dB re.
1 mPa). When the masker and probe frequencies were
different the masking was less effective: in Fig. 2C the
masker frequency was 80 kHz while that of the probe was
90 kHz, and the masking required masker levels
25-30 dB higher than in the preceding case. In particular,
the near-complete masking required the masker level of
85 dB (35 dB above the probe level).
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Fig. 2A-D. ABR waveform and suppression by maskers. A Un-
masked ABR evoked by a probe stimulus of 90 kHz frequency,
0.5 ms duration, 50 dB re. 1 mPa level. The double-headed arrow
shows the response amplitude measurement used in this paper.
B Responses to the same probe in the background of the 90-kHz
masker. C The same with the 80-kHz masker. Masker levels (dB re.
1mPa) are shown near the curves. D Normalized response
amplitude as a function of masker level with masker frequency as
the parameter
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Figure 2D plots response amplitude versus masker
level at two of the masker frequencies. The amplitude
dependence on masker intensity is steep. The masker
level required for near-complete masking (response am-
plitude of 5-7%, i.e. 0.15-0.2 uV) can be identified with
an accuracy of 2-3 dB (we used a step of 2.5dB). The
figure shows a shift between the plots reflecting frequency
dependence of masking. The shift was 27-30dB at a
response amplitude of less than 30%.

A response of 0.15-0.2 uV amplitude (5-7% of the
unmasked response) was considered as just-detectable,
and this masking criterion was used to generate tuning
curves.

Tuning curves in various frequency ranges
For obtaining a tuning curve, the probe frequency and

intensity were fixed and masker frequencies and inten-
sities were varied. For each masker frequency, the level
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Fig. 3A, B. Tuning curves obtained at various probe frequencies.
Probe frequencies (for curves from left to right) are 16, 22, 32, 45,
64, 90, and 128 kHz. Probe duration is 0.5 ms, the square symbols
represent probe frequency and level (40 dB above the ABR thresh-
olds). A Data are presented using standard logarithmic frequency
scale; the value of Q¢ for each tuning curve is shown in paren-
theses. B The same data presented using linear frequency scale; the
value of B, (bandwidth 10 dB above the tip) for each tuning curve
is shown in parentheses



652

required for near-complete masking of the probe re-
sponse was determined with a 2.5-dB step. This
procedure was repeated at each frequency of the masker
to yield a complete tuning curve.

A family of ABR tuning curves obtained for one
animal is shown in Fig. 3. These tuning curves possess the
same features as the well-known curves in other mam-
mals. There is a relatively sharp tip segment, an elon-
gated low-frequency tail, and steep rise at high frequ-
encies. All the curves peaked at or near the probe fre-
quency. At this frequency the near-complete masking
required a masker level of 2.5-7.5 dB above the probe
level.

The curves demonstrated graduation of tuning de-
pending on frequency. Tuning was sharper at higher
frequencies and less sharp at lower frequencies. When
presented in the standard logarithmic frequency scale
(Fig. 3A), tuning was little dependent on frequency in the
high frequency range 64—128 kHz. The Q,, values (the
centre frequency divided by the bandwidth at a level
10 dB above the tip of the curve) are a convenient mea-
sure of the sharpness of tuning. For curves with probe
frequencies of 64-128 kHz the Q,, values were virtually
constant at 17.3-18.2. At lower frequencies Q,, dimin-
ished and was as low as 4.7 at the 16 kHz probe fre-
quency. In this case the tuning was so broad that the tip
and tail segments could not be separated.

Using the linear frequency scale (Fig. 3B) shows that
the tip segments of the tuning curves are of virtually
constant width in the low-frequency range of 1645 kHz.
Bandwidth 10 dB above the tip may be a convenient
measure of the curves’ width; hereafter designated as
B,,. The B, values were 3.2-3.5 kHz for curves obtained
with probe frequencies 1645 kHz. From this it imme-
diately follows that Q,, is proportional to frequency. At
higher frequencies (64-128 kHz) B,, enlarged propor-
tionally to the frequency, which resulted in constant Q,,.

The other animal studied gave similar results. The Q,,
values were 16.0-19.1 within the range 64-128 kHz, and
the B, values were 3.5-3.8 within the range 1645 kHz.

Both B,, and Q,, dependencies on the probe fre-
quency for both of the animals are plotted in Fig. 4. The
plots demonstrate a virtually constant value of B,, in the
low-frequency range (1645 kHz) and a virtually con-
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Fig. 4. Dependence of Q,, (left ordinate scale) and B,, (right
ordinate scale) on probe frequency (data for the two animals)
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stant value of Q,, in the high-frequency range
(64-128 kHz). The mean Q,, value (£ SD) over both of
the animals and over frequencies of 64-128 kHz was
17.5+1.1; the mean B,, value over frequencies of
1645 kHz was 3.5+ 0.2 kHz.

Dependence of tuning curves on masking criterion

The data presented above were obtained using the near-
complete masking criterion. A special investigation was
carried out to test the dependence of tuning curves on
masking degree. For this purpose, the masker level was
varied in a 5-dB step from minimal masking (10-20%
decrement of the probe ABR) to near-complete masking
(85-95% decrement). Masker levels required to obtain a
specified response decrement were calculated by inter-
polation between the nearest higher and lower levels.
Using these data, tuning curves for various response
amplitude were obtained (Fig. 5). These tuning curves
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Fig. SA, B. Tuning curves obtained using various values of response
decrement. Masking criterion is indicated near each curve (on the
left) as the response decrement, %, and as the remainder response
amplitude, pV. The value of Q,, for each curve is shown in paren-
theses (on the right). The square symbol represents the probe fre-
quency (90 kHz) and level. A The probe level is 60 dB re. 1 mPa (the
response threshold is 0 dB), the unmasked response amplitude is
5 pV. B The probe level is 20 dB re. 1 mPa, the unmasked response
amplitude is 1.6 pV
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were dependent on the masking criterion. Apart from the
self-evident shift of the curves (the deeper masking, the
higher masker level was required), their tuning sharpness
depended on the criterion as well.

When a high-level probe was used, which evoked a
large response, the tuning depended significantly on the
masking criterion (Fig. 5A). The tuning was most sharp
for the near-complete masking (Q,=14.3 for the 95%
response decrement) and became broader with diminish-
ing masking criterion (Q,,=5.5 for the 50% response
decrement).

Another dependence was observed when a low-level
probe was used which evoked a low-amplitude response.
In this case curve characteristics were little dependent on
the masking criterion (Fig. 5B). All the curves demon-
strated sharp tuning without systematical dependence of
Q,, on the response decrement criterion.

However, there is no distinct difference between re-
sults obtained with high- and low-level probes if the
masking criterion is expressed as remainder absolute
response amplitude (in pV) instead of amplitude decre-
ment percentage. Independently of the decrement per-
centage, the curves demonstrate sharp tuning when the
criterial response amplitude is low (less than 1 pV in our
recording conditions). It was observed both in conditions
of deep masking of a high-level probe and in deep or light
masking of a low-level probe. The tuning became
broader when the response amplitude became higher, in
conditions of light masking of a high-level probe.

Influence of probe level on tuning curves

When the near-complete masking criterion was chosen,
shape and bandwidth of tuning curves were little depen-
dent on the probe level (Fig. 6). The curves obtained at
probe levels of 20-60 dB had a similar tuning degree
corresponding to a Q,q of 15-17.3. Only the curve ob-
tained at the 80 dB probe level was broader with a Q,,
of 10.8.

Thus, probe levels up to 60 dB are preferable for
revealing frequency tuning. However, low probe levels
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Fig. 6. Tuning curves at various probe levels, 20-80 dB (indicated
near the curves in dB re. 1 mPa; the response threshold is 0 dB).
Probe duration is 0.5 ms. The values of Q,, are shown in paren-
theses (on the right). The square symbols represent the probe fre-
quency (90 kHz) and levels
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(20-30 dB) evoked ABR of low amplitude which made
it difficult to measure their amplitude precisely enough.
Therefore, in the present study the probe levels of
40-50 dB re. 1 mPa were the most used.

Influence of probe duration on tuning curves

Influence of probe duration on tuning curves was studied

"in the duration range 0.125-1 ms. Cosine-enveloped

stimuli longer than 1 ms evoked ABR of low amplitude
which made it difficult to measure the degree of their
masking.

A family of tuning curves obtained with probes of
various durations is presented in Fig. 7. The figure shows
that there was a region of probe duration (0.5-1 ms in the
presented example) in which the curve shape and width
were constant (their Q,, was 17.3-17.4). At the 0.25 ms
probe the curve was less sharp (Q,o=12.5), and it be-
came significantly broader when the probe duration was
as short as 0.125 ms (Q,,=3.5).

Curve bandwidth dependency on probe duration was
measured at various probe frequencies, from 32 to
128 kHz. For this purpose only the tip segments of the
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curves, which are necessary to measure their bandwidth
10 dB above the tip, were obtained for every probe fre-
quency and duration.

Figure 8 plots the curve bandwidth (B, ) as a function
of the probe duration at various probe frequencies. The
common feature of all the plots is that they consist of two
segments: the horizontal one (bandwidth was constant)
and the inclined one (bandwidth increased with shorten-
ing probe duration). Position of the inflection point was
dependent on the probe frequency: the higher the fre-
quency the less the critical probe duration at the inflec-
tion point. It was 0.25 ms for the 128 kHz probe fre-
quency, 0.35ms for 90 kHz, and 0.5ms for 64 and
32 kHz. At all probe frequencies, duration enlargement
from 0.5 to 1 ms did not influence the curve bandwidth.
Thus, at all probe frequencies, the 0.5 ms probe duration
was long enough to avoid broadening of the curves. This
probe duration was the most used in this study.

Discussion

A remarkable feature of the tuning curves obtained in
this study is their sharpness. The Q,, values were as large
as 16-19 (mean 17.5) in the high-frequency range. For
comparison, in the majority of studies in terrestrial mam-
mals and humans, the maximal obtained Q,, values were
4-6 for both cochlear AP and ABR tuning curves (Dallos
and Cheatham 1976; Mitchell and Folwer 1980; Har-
rison et al. 1981), and in rare cases values greater than
10 were reported (Brown and Abbas 1987).

The tuning curves reported here are sharper than in
a preceding study based on recording of cortical-evoked
potentials in dolphins (Supin and Popov 1986, 1990). In
that study the tuning curves had the mean slope of the
low-frequency branch 55 dB per octave, and of the high-
frequency branch 97 dB per octave. It is easy to compute
that these slope values correspond to a Q,, of 5.2, i.c.
several times less than in the present study. Perhaps the
auditory cortex realizes some more complex functions
than simple frequency analysis, and therefore cortical
responses do not manifest the frequency tuning in full
measure. ABR manifests the activity of the auditory
periphery and may better reflect its frequency selectivity.

As to tuning curves obtained in a dolphin by the
behavioural method (Johnson 1971), it is difficult to
estimate their sharpness because of a characteristic dip
in sensitivity when the masker and the probe were of the
same frequency. This well-known effect is assigned to
beats arising when the tonal probe and masker are
superimposed. Tuning curves obtained by the evoked
potential method never displayed such effect, apparently
because of the broader spectra of short probes. The same
was observed in dolphins in the present study.

Behavioural measurements of the dolphin’s frequency
tuning carried out with the use of the so-called comb-
filtered noise as the test stimulus gave the frequency
tuning at the — 3 dB level (Q;) of about 40 (Supin et al.
1992), and our recent measurements gave the value of
about 50 (unpublished observation). Taking into account
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that for the standard resonance curve Q;=3 Q,,, these
data correspond to a Q,, of about 17. This value is close
to that found in the present study.

The question arises whether the difference between
frequency tuning in dolphins and terrestrial mammals
reflects peculiarities of the dolphin’s auditory system or
a difference in methods. In the present study we used the
near-complete masking of evoked potentials instead of
the 50% masking criterion as applied in many other
studies. Masking criterion can influence the tuning curve
sharpness to some extent (Abbas and Gorga 1981; Gorga
and Abbas 1981). However, our results show that this
influence is insignificant when a low-level probe, about
20 dB above the ABR threshold, is used. It is this range
of the probe level (10-20 dB above the response thresh-
old) that was used in the majority of studies (Dallos and
Cheatham 1976; Eggermont 1977; Abbas and Gorga
1981; Gorga and Abbas 1981; Harrison et al. 1981).
Using such low-level probe, Dallos and Cheatham (1976)
observed little influence of masking criterion on the curve
sharpness. Thus, it is unlikely that tuning sharpness in
terrestrial mammals was underestimated due to inade-
quate masking criteria. Therefore, we suppose that shar-
per frequency tuning in dolphins, as compared with ter-
restrial mammals, reflects peculiarities of their auditory
system.

Moreover, we cannot exclude underestimation of fre-
quency tuning in dolphins due to the use of the simul-
taneous masking paradigm in our experiments. Simul-
taneous masking may result in broader tuning curves
than forward masking because of complex interaction
between simultaneously presented probe and masker, in
particular, two-tone inhibition. Thus, frequency tuning
in dolphins may be even sharper than our data show.

It is remarkable that very sharp tuning was observed
only in a high-frequency range, above 64 kHz. On lower-
ing the probe frequency the curves became broader, and
below 20 kHz (i.e. the same frequency range which was
tested in terrestrial mammals) we found the same tuning
degree as in terrestrial mammals with Q, , values of about
4-5. These data would provide a basis for determining
the relationship between frequency range and frequency
tuning in the auditory system, if it were not for the
possibility of underestimation of frequency tuning in the
low-frequency range.

Indeed, the main difficulty associated with using the
evoked potentials in frequency-tuning measurements
arises from the fact that these responses are evoked by
transient acoustic stimuli, e.g. a short sound burst, or
sound onset, or offset, or quick change. Transient stimuli
feature broader frequency spectra than long duration,
slowly rising and falling stimuli. This limits their use as
probes for measuring the frequency selectivity. The pro-
blem is that we do not know exactly which part of a
stimulus is actually effective in eliciting the evoked re-
sponse. Hence, we do not know how broad the effective
spectrum of the stimulus actually is. Even with a slowly
rising and falling stimulus, only the initial part may be
effective enough to evoke the response, and the spectrum
of this initial part is broader than the spectrum of the
whole burst, as the scheme in Fig. 9 shows.
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When the effective stimulus duration is constant, its
absolute frequency bandwidth (kHz) is also constant,
and its relative bandwidth is inversely proportional to the
central frequency (see spectra of 0.5-ms tone bursts in
Fig. 1 as an example). Correspondingly, its Q;, value is
proportional to the central frequency. It is just this type
of dependence that was observed for tuning curves in the
range 16-45 kHz. This suggests that tuning curves in this
frequency range may reflect the spectrum of the probe (or
an effective part of the probe) rather than real tuning of
the auditory system. If so, the bandwidth of the probe
part eliciting the dolphin’s ABR is close to a B, of about
3.5kHz (see Fig. 4).

Within the high-frequency range (64-128 kHz), the
tuning curves were broader than the supposed probe
spectrum (their B;, was more than 3.5-4 kHz). Hence,
we consider these curves as reflecting the real frequency
tuning of the dolphin’s auditory system. This interpreta-
tion is supported by data on the influence of the probe
duration on the tuning curves (Fig. 8). The curvre band-
width was constant as long as the probe duration ex-
ceeded a critical value. It is reasonable to suppose that
in this duration range the probe spectrum is narrower
than the auditory tuning and thus does not influence the
tuning curve. When the probe duration becomes shorter
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than the critical value, the probe spectrum becomes
broader than the auditory tuning, thus tuning curves
reflect the probe spectrum and become broader with
shortening of the probe. The lower the probe frequency,
the longer the probe’s critical duration (from 0.25 ms at
128 kHz to 0.5 ms at 64 kHz) because the tuning curve
bandwidth (kHz) becomes narrower (see Fig. 3B). How-
ever, in none of the cases was the probe’s critical duration
longer than 0.5 ms (both at the 64 and 32 kHz probe
frequencies). This suggests that irrespective of the actual
probe duration, the effective duration which elicits the
ABR in dolphins is no longer than 0.5 ms.

This conclusion is in good agreement with data on
temporal summation of the dolphin’s ABR. The summa-
tion time was about 0.5 ms at the near-threshold stimulus
intensity and decreased at higher intensities (Popov and
Supin 1990a). A near-completely masked response can be
considered as a near-threshold one when the threshold is
elevated by the masker. Correspondingly, the effective
probe duration dictated by the summation time is about
0.5ms in these conditions. A partially masked high-
amplitude response can be considered as the supra-
threshold response. Its summation time is shorter and the
spectrum of the effective part of the stimulus is broader,
which results in broadening of the tuning curves in such
conditions (see Fig. 6).

It is easy to compute the B,, value for the 0.5-ms
cosine-enveloped stimulus: it is equal to 5.0 kHz. This
value is rather close to the bandwidth of the tuning
curves in the low-frequency range (about 3.5 kHz). Thus,
it is possible that our tuning curves underestimate the
auditory tuning at frequencies below 64 kHz because of
the broad spectrum of the probe’s effective part.

The decrease of tuning with decreasing frequency,
similar to that seen in our study, was found in most
preceding studies based on the evoked potential techni-
que. However, we have not found any detailed discussion
as to thow the probe’s effective duration and spectrum
may influence the tuning curve bandwidth. However,
tuning decrease with decreasing frequency was found not
only with the use of evoked potentials, but in psycho-
physical and single-unit studies which do not require
short transient stimuli (Evans 1974; Zwicker 1974; Fay
1992). It suggests that a tuning decrease on lowering the
frequency does exist in the auditory system. However,
this decrease is not as steep in proportion to the fre-
quency (i.e. with constant bandwidth).

References

Abbas PJ, Gorga MP (1981) AP responses in forward-masking
paradigms and their relationship to responses of auditory-nerve
fibers. J Acoust Soc Am 69:492-499

AuWWL, Moore PWB (1990) Critical ratio and critical band width
for the Atlantic bottlenose dolphin. J Acoust Soc Am
88:1635-1638

Brown CJ, Abbas PJ (1987) Comparison of AP and ABR tuning
curves in guinea pig. Hearing Res 25:193-204

Bullock TH, Grinnell AD, Ikezono E, Kameda K, Katsuki J,
Nomota M, Sato O, Suga N, Yanagisawa K (1968) Electrophys-
iological studies of central auditory mechanisms in cetaceans. Z
Vergl Physiol 59:117-156



656

Dallos P, Cheatham MA (1976) Compound action potential (AP)
tuning curves. J Acoust Soc Am 59:591-597

Dallos P, Cheatham MA (1977) Analog of two-tone suppression in
whole nerve responses. J Acoust Soc Am 62:1048-1051

Eggermont JJ (1977) Compound action potential tuning curves in
normal and pathological human ears. J Acoust Soc Am
62:1247-1251

Evans EF (1974) Auditory frequency selectivity and the cochlear
nerve. In: Zwicker E, Terhardt E (eds) Facts and models in
hearing. Springer, New York, pp 118-129

Fay RR (1992) Structure and function in sound discrimination
among vertebrates. In: Webster DB, Fay RR, Popper AN (eds)
The evolutionary biology of hearing. Springer, New York,
pp 229-263

Fobes JL, Smock CC (1981) Sensory capacities of marine mam-
mals. Psychol Bull 89:288-307

Gorga MP, Abbas PJ (1981) Forward-masked AP tuning curves in
normal and acoustically traumatized ears. J Acoust Soc Am
70:1322-1330

Gorga MP, McGee J, Walsh EJ, Javel E, Farley GR (1983) ABR
measurement in the cat using a forward-masking paradigm.
J Acoust Soc Am 73:255-261

Harris DM (1978) Action potential suppression, tuning curves and
thresholds: comparison with single fiber data. Hearing Res
1:133-154

Harrison RV, Aran J-M, Erre J-P (1981) AP tuning curves from
normal and pathological human and guinea pig cochleas.
J Acoust Soc Am 69:1374-1385

Johnson CS (1968) Masked tonal thresholds in the bottlenosed
porpoise. J Acoust Soc Am 44:965-967

Johnson CS (1971) Auditory masking of one pure tone by another
in the bottlenosed porpoise. J Acoust Soc Am 49:1317-1318

Johnson CS, McManus MW, Skaar D (1989) Masked tonal hearing
thresholds in the beluga whale. J Acoust Soc Am 85:2651-2654

Mitchell C, Fowler C (1980) Tuning curves of cochlear and brain-
stem responses in the guinea pig. J Acoust Soc Am 68:896-900

Pantev C, Pantev M (1982) Derived brainstem responses by means
of pure tone masking. Scand Audiol 11:15-22

Pantev C, Lagidze S, Pantev M, Kevanishvili Z (1985) Frequency-
specific contributions to the auditory brain stem response de-
rived by means of pure-tone masking. Audiology 24:275-287

Popov VV, Supin AYa (1985a) Determination of characteristics of
the dolphin hearing with the brain stem evoked potentials (in
Russian). Dokl Akad Nauk SSSR (Proc Acad Sci USSR)
283:496-499

A.Y. Supin et al.: Frequency tuning in dolphins

Popov VV, Supin AYa (1985b) Recovery cycles of brain stem
evoked potentials to paired acoustic stimuli in dolphins (in
Russ.). Dokl Akad Nauk SSSR (Proc Acad Sci USSR)
283:740-743

Popov VV, Supin AYa (1987) Hearing characteristics of the white
whale, Delphinapterus leucas (in Russian). Dokl Akad Nauk
SSSR (Proc Acad Sci USSR) 294:1255-1258

Popov VV, Supin AYa (1990a) Auditory brain stem responses in
characterization of dolphin hearing. J Comp Physiol A
166:385-393

Popov VV, Supin AYa (1990b) Electrophysiological studies of
hearing in some cetaceans and a manatee. In: Thomas JA,
Kastelein RA (eds) Sensory abilities of cetaceans: laboratory
and field evidence. Plenum Press, New York, pp 405415

Popov VV, Ladygina TF, Supin AYa (1986) Evoked potentials of
the auditory cortex of the porpoise, Phocoena phocoena. J Comp
Physiol A 158:705-711

Popper AN (1980) Behavioral measures of odontocete hearing. In:
Busnel RG, Fish JF (eds) Animal sonar systems. Plenum Press,
New York London, pp 469481

Ridgway SH, Bullock TN, Carder DA, Seeley RL, Woods D,
Galambos R (1981) Auditory brainstem response in dolphin.
Proc Natl Acad Sci USA 78:1943-1947

Salt AN, Garcia P (1990) Cochlear action potential tuning curves
recorded with a derived response technique. J Acoust Soc Am
88:1392-1402

Salvi RJ, Ahroon WA, Perry JW, Gunnarson AD, Henderson D
(1982) Comparison of psychophysical and evoked potential
tuning curves in the chinchilla. Am J Otolaryngol 3:408—416

Supin AYa, Popov VV (1986) Tonal masking curves in bottlenosed
dolphins (in Russian). Dokl Acad Nauk SSSR (Proc Acad Sci
USSR) 289:242-246

Supin AYa, Popov VV (1990) Frequency-selectivity of the auditory
system in the bottlenose dolphin, Tursiops truncatus. In: Tho-
mas JA, Kastelein RA (eds) Sensory abilities of cetaceans.
Plenum Press, New York, pp 385-393

Supin AYa, Pletenko MG, Tarakanov MB (1992) Frequency re-
solving power of the dolphin’s hearing (in Russian). Dokl Akad
Nauk (Proc Acad Sci USSR) 323:794-797

Watkins WA, Wartzok D (1985) Sensory biophysics of marine
mammals. Mar Mammal Sci 1:219-260

Zwicker E (1974) On a psychoacoustical equivalent of tuning
curves. In: Zwicker E, Terhardt E (eds) Facts and models in
hearing. Springer, New-York, pp 132-141



