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The neural representation of the dolphin broadband biosonar click was investigated by measuring
auditory brainstem responses (ABRs) to “self-heard” clicks masked with noise bursts having vari-
ous high-pass cutoff frequencies. Narrowband ABRs were obtained by sequentially subtracting
responses obtained with noise having lower high-pass cutoff frequencies from those obtained with
noise having higher cutoff frequencies. For comparison to the biosonar data, ABRs were also mea-
sured in a passive listening experiment, where external clicks and masking noise were presented to
the dolphins and narrowband ABRs were again derived using the subtractive high-pass noise tech-
nique. The results showed little change in the peak latencies of the ABR to the self-heard click
from 28 to 113 kHz; i.e., the high-frequency neural responses to the self-heard click were delayed
relative to those of an external, spectrally “pink” click. The neural representation of the self-heard
click is thus highly synchronous across the echolocation frequencies and does not strongly resemble
that of a frequency modulated downsweep (i.e., decreasing-frequency chirp). Longer ABR latencies
at higher frequencies are hypothesized to arise from spectral differences between self-heard clicks
and external clicks, forward masking from previously emitted biosonar clicks, or neural inhibition

accompanying the emission of clicks. [http://dx.doi.org/10.1121/1.4983191]

[AMS]

I. INTRODUCTION

Bottlenose dolphins (Tursiops truncatus) possess a high-
frequency, broadband biosonar systems that allows them to
orient, navigate, and forage underwater (Au, 1993; Au and
Simmons, 2007). In many situations, target detection and
classification abilities of these animals exceed those of
human-made sonars, leading to interest in how the animals
are able to achieve superior performance and how their bio-
sonar system might be replicated in hardware/software
(Nachtigall, 1980; Au, 1993; Au and Martin, 2012).

The biosonar systems of dolphins and microchiropteran
bats are believed to work along similar basic principles: a
replica of the emitted sound pulse is compared to returning
echoes, with large-scale echo delay differences revealing
overall target range, and fine-scale echo delay differences
revealing target shape (Simmons and Gaudette, 2012;
Simmons et al., 2014). Knowledge of the emitted click—i.e.,
the animal’s internal, neural representation of the click—is
thus critical for biosonar tasks, especially those involving
echo ranging or range discrimination (Masters and Jacobs,
1989) [but not necessarily for target detection only (Mghl,
1986; Masters and Jacobs, 1989; Finneran er al., 2013b)].
Biosonar clicks produced by dolphins are sufficiently intense
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to be heard by the echolocating animal and provide the
required click replica (e.g., Supin et al., 2003); however, the
temporal and spectral properties of the neural representation
of the click would likely not match those of the acoustic
click measured in the farfield. Differences in sound propaga-
tion pathways should result in marked differences in the
acoustic properties of an animal’s own biosonar click arriv-
ing at the inner ear (the “self-heard” click) compared to
those of the same click recorded in the farfield along the
principal beam axis. Temporal dispersion within the cochlea
would also be expected to affect the neural representation of
the click—high frequencies initially excite the basal region
and the traveling wave subsequently progresses towards
lower-frequency, more apical regions. The result is a
frequency-dependent delay in the activation of sensory cells
tuned to frequencies present in the click, which could effec-
tively make the neural representation of an impulsive click
similar to that of a frequency-modulated (FM) downsweep.
The extent to which the neural representations of short-
duration, impulsive clicks in dolphins have characteristics of
FM downsweeps has implications for assessing whether the
neural processes used by dolphins have converged on solu-
tions similar to those seen in FM bats (Simmons and
Gaudette, 2012). This is not to suggest that the neural repre-
sentations of dolphin clicks and those of actual bat FM calls
would be temporally similar (see Burkard and Moss, 1994),
but rather that cochlear dispersion should delay lower
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frequency responses and give FM downsweep-like features
to neural responses to impulsive clicks. The main question
involves the extent to which the neural representation of the
self-heard click differs from the impulsive nature of the far-
field acoustic click in dolphins.

The present paper describes experiments designed to
examine the neural representation of the bottlenose dol-
phin’s self-heard biosonar click. Two experiments were
conducted: a biosonar experiment and a passive listening
experiment. In the biosonar experiment, auditory brainstem
responses (ABRs) to the self-heard biosonar click were
measured in two dolphins during an echolocation task (e.g.,
see Supin et al., 2003). To isolate individual regions of the
cochlea and obtain cochlear place-specific ABRs, masking
noise was presented to the dolphins during the echolocation
task, and the subtractive high-pass noise (HPN) technique
(Teas et al., 1962; Don and Eggermont, 1978; Finneran
et al., 2016b) was used to derive narrowband ABRs from
ABRs to the broadband biosonar clicks. In this method,
ABRs are measured in the presence of a broadband stimu-
lus (e.g., the self-heard click) and high-pass masking noise,
with the noise high-pass cutoff frequency adjusted to cover
the frequency range of interest. Averaged ABRs measured
in noise having a specific cutoff frequency are then sequen-
tially subtracted from those measured in noise with a higher
cutoff frequency to derive narrowband ABRs. The biosonar
data consist of the peak amplitudes and latencies of the
derived, narrowband ABRs to the self-heard click and pro-
vide an estimate of the neural representation of the click
available to the dolphin.

The passive listening experiment was conducted to pro-
vide a basis to evaluate the click-evoked, narrowband ABRs
measured during the biosonar task. In the passive listening
experiment, ABRs were measured in response to external
clicks presented to the dolphins along with masking noise
having the same high-pass cutoff frequencies as in the bioso-
nar experiment (see Finneran et al., 2016b). Narrowband
ABRs were then derived from the broadband ABRs using the
subtractive HPN technique. Comparison between the passive
listening data and biosonar data provided an estimate of the
extent to which the neural representation of the self-heard bio-
sonar click differs from that of a calibrated external click.

This paper first presents the biosonar experiment, fol-
lowed by the passive listening experiment, and concludes
with a general discussion comparing the biosonar and pas-
sive listening data.

Il. BIOSONAR TASK
A. Introduction

The goal of the biosonar task was to obtain frequency-
specific contributions to the ABR in response to the dol-
phins’ own emitted biosonar clicks. The various peaks of the
narrowband ABRs—obtained using the HPN technique—
represent the magnitude, synchronization, and latency of
neural activation within each frequency band at the level of
the auditory nerve and brainstem; i.e., the neural representa-
tion of the self-heard click.
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B. Methods
1. Subjects and test environment

Subjects consisted of two bottlenose dolphins: SAY
(female, 36y, ~220kg, 2.8 m), and TRO (male, 24y, ~180kg,
2.5m). The upper-cutoff frequency, defined as the frequency at
which psychophysical thresholds reached a sound pressure
level (SPL) of 100dB re 1 uPa, was ~140kHz for both SAY
and TRO, indicating full hearing bandwidth for both dolphins.
All tests were conducted within floating, netted enclosures at
the U.S. Navy Marine Mammal Program facility in San Diego
Bay, CA. Primary ambient noise sources at the test site were
snapping shrimp, other dolphins, and small vessels. The mean
ambient noise pressure spectral density level over a frequency
band defined by the center frequency * one-half the root mean
square (rms) bandwidth of SAY and TRO’s echolocation clicks
was 61 dB re 1 uPa’/Hz (SD = 3.5 dB).

2. Task description

Biosonar data were collected over 17 sessions for SAY
and 25 sessions for TRO. Each session consisted of 120 to
220 individual trials and lasted ~90—150 min. During each
trial, a dolphin positioned itself on an underwater
“biteplate,” oriented so the dolphin faced the enclosure con-
taining the biosonar target and recording hydrophone [Fig.
1(a)]. The biteplate depth was 80 cm and it was supported by
vertical posts spaced 1.8m apart [Fig. 1(b)]. The biosonar
target [Fig. 1(c)] consisted of two hollow metal cones, joined
at their apices and located 7.2 m in front of the dolphin when
on the biteplate, at a depth estimated to match the principal
biosonar transmission beam axis. Target strengths measured
for target sides A and B were approximately —24 and
—22 dB, respectively. During all trials, the dolphins wore sil-
icon suction cups over their eyes (“eyecups”) to prevent
visual inspection of the target.

The biosonar task required the dolphin to echolocate
towards the target and produce a conditioned acoustic
response (SAY: whistle, TRO: burst pulse) when the target
was rotated 90° from aspect A to aspect B (a change trial).
On 80% of the trials, the target was rotated after a random
interval of 5 to 10s; on the remainder of the trials (control
trials), the target orientation remained constant for the 7- to
12-s trial duration. If the dolphin responded during a 2-s
response interval after a target rotation (a hif), or withheld
the response for an entire trial in which the target did not
rotate (a correct rejection), it was rewarded with one fish.
The dolphin was recalled to the surface with no fish reward
for responding during a control trial or before target rotation
on a change trial (both considered false alarms), or for fail-
ing to respond during a response interval following target
rotation (a miss). If the dolphin did not echolocate during a
trial, stopped echolocating before the target was rotated, left
the biteplate, or was visually observed to be echolocating on
another object, it was recalled and the trial data were dis-
carded. Data collection concluded after at least 2000
“epochs” of EEG data were obtained for each HPN condition
(see below).
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3. Click and ambient noise recording

Clicks emitted by the dolphin were recorded using a pie-
zoelectric hydrophone (1089D, International Transducer
Corp, Santa Barbara, CA) positioned between the dolphin
and target, 6.8 m from the dolphin at the target depth (the
“click hydrophone”). The click hydrophone signal [Fig.
2(a)] was amplified and filtered (12-20dB gain, 5-200 kHz
bandwidth: VP-1000, Reson Inc., Slangerup, Denmark and
3C module, Krohn-Hite Corporation, Brockton, MA) before
being digitized with a PXIe-6368 multifunction data acquisi-
tion device (National Instruments, Austin, TX) at a rate of
2MHz and 16-bit resolution and stored to hard disk.
Ambient noise was monitored using an additional hydro-
phone (TC4032, Reson Inc., Slangerup, Denmark) whose
signal was high-pass filtered (100 Hz, VP-1000) then digi-
tized by the same PXIe-6368.

4. Masking noise generation

To prevent the dolphins from changing their biosonar
click emissions as the masking noise high-pass cutoff fre-
quency changed, noise was presented infrequently in short
bursts (20 ms, including 2-ms linear rise/fall times) that tem-
porally overlapped emitted clicks, and with cutoff frequen-
cies randomized within and across trials; i.e., during any
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FIG. 1. (Color online) (a) Testing was
conducted in a floating, netted enclo-
sure in San Diego Bay, with the dol-
phin positioned on a “biteplate”
apparatus facing a physical target and
recording hydrophone. (b) Schematic
of dolphin positioned on biteplate
while wearing “eyecups” to prevent
visual inspection of target, and surface
electrodes embedded in suction cups
for ABR measurement. (c) The bioso-
nar target was constructed from two
hollow cones joined at their apices.
The dolphin was conditioned to report
a change in target orientation from
aspect “A” to aspect “B.”
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trial, there was a 5% chance that the next click emitted by
the dolphin would be accompanied by a noise burst with a
randomized high-pass cutoff frequency. The time at which
the next click would be emitted was estimated by passing the
signal from the 1089D hydrophone into an NI eval-RIO 02
device (National Instruments, Austin, TX) containing a field
programmable gate array (FPGA) [Fig. 2(a)]. Custom soft-
ware executing on the FPGA was used to estimate the instan-
taneous inter-click interval (ICI) and the time at which the
next click would be emitted by the dolphin (under the
assumption that inter-click intervals do not change substan-
tially from one click to the next within a click train). For 5%
of the clicks, the FPGA system sent a digital pulse (at the
estimated time of the next click emission) to trigger a second
PXIe-6368 which was used to generate the analog noise
burst. To prevent noise bursts from producing a time-locked
ABR that would interfere with analysis of the click-evoked
ABR, the exact noise start times were randomized (jittered)
by * 2.5ms (chosen to be well above the dominant period in
the dolphin click-evoked ABR).

Noise bursts were digitally generated using a reverse
fast Fourier transform (FFT) approach, then compensated for
the underwater sound projector transmitting voltage response
and any effects of multipath sound propagation. Frequency
compensation was accomplished by first measuring the
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FIG. 2. (a) In the biosonar task, ABRs to the dolphin’s self-heard clicks were measured. At the same time, the dolphin’s emitted biosonar clicks were used to
trigger instances of masking noise bursts to mask a small proportion of the self-heard clicks. (b) In the passive listening task, ABRs were measured to external,

spectrally pink clicks while HPN was simultaneously presented to the dolphin.

transfer function relating the transducer excitation voltage to
the sound pressure at the listening position. To minimize the
influence of large amplitude changes over small frequency
intervals, the transfer function was smoothed over 1/10-
octave intervals. A new, frequency-compensated excitation
voltage was then calculated from the inverse FFT of the
product of the excitation voltage FFT, the desired spectral
amplitudes, and the inverse of the measured transfer func-
tion. Frequency compensation was performed to obtain spec-
tra that were “pink”—the pressure spectral density levels
decreased by 3 dB/octave, so that the SPLs were flat (=3 dB)
across 1/3-octave bands over the frequency range of 10
kHz—160kHz (Fig. 3). Noise low-pass cutoff frequencies
were fixed at 160 kHz but high-pass frequencies varied
between 10, 14, 20, 28, 40, 56, 80, and 113 kHz.

Digital noise bursts were converted to analog with a
500-kHz update rate and 16-bit resolution, attenuated (PAS,
Tucker-Davis Technologies, Alachua, FL), then input to two
amplifiers (7600M, Krohn-Hite Corporation, Brockton,
MA), each driving a separate piezoelectric sound projector
(5446, International Transducer Corp, Santa Barbara, CA)
[Fig. 2(a)]. The sound projectors were positioned to the left
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and right of the biteplate, approximately 50cm in front of
the dolphin’s lower jaws. Along with the noise burst, a
“noise code” signal, used later in data analysis, was gener-
ated and sent to the first PXIe-6368 for recording. The noise
code was an analog signal with a temporal envelope match-
ing that of the noise burst and an amplitude scaled according
to the noise high-pass cutoff frequency. Noise was calibrated
before and after each session, without a dolphin present,
using a second ITC 1089D hydrophone placed at the listen-
ing position [Fig. 2(a)].

5. ABR measurements

ABRs were measured using surface electrodes embed-
ded in suction cups and attached to each dolphin’s head and
dorsal surface. A small amount of conductive paste was
applied to the electrodes prior to attachment. A biopotential
amplifier (ICP511, Grass Technologies, West Warwick, RI)
filtered (0.3—3 kHz) and amplified (94 dB) the potential dif-
ference between an electrode located on the midline, approx-
imately 18 cm posterior to the caudal edge of the blowhole,
and one placed near the right external auditory meatus.

Finneran et al.
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FIG. 3. Derived, narrowband ABRs to the dolphin’s self-heard biosonar
click were obtained by masking 5% of the emitted clicks with a 20-ms noise
burst with high-pass cutoff varied randomly from 10 to 113kHz in 1/2-
octave steps. (a) Representative example of the noise burst envelope. (b)
Pressure spectral densities of representative noise bursts. The text legends
indicate the high-pass cutoff frequency. Noise was equalized as spectrally
pink, with a slope of —3 dB per octave within the passband.

A third (common) electrode was placed in the seawater near
the dolphin. The differential electrode voltage, representing
the instantaneous electroencephalogram (EEG), was digi-
tized using the PXIe-6368 [Fig. 2(a)].

6. Analysis

Within each trial, biosonar click arrival times at the
1089D receiving hydrophone were determined and used to
estimate the time of click emission, based on the distance of
6.8 m between the blowhole and hydrophone and a nominal
sound speed of 1500 m/s. Individual 50-ms time epochs,
beginning 10 ms before click emission, were then identified.
Time values were later corrected for the estimated travel
time between click emission and reception at the ears; i.e.,
ABR latencies are relative to the estimated arrival time of
the click at the tympanoperiotic complexes. Latency correc-
tions (i.e., estimated travel time between the click generator
and ear) were 150 us for SAY and 120 us for TRO, based on
a 1500 m/s sound speed and individual morphometrics.

For each time epoch, the instantaneous EEG signal was
extracted, decimated to a 40-kHz sampling rate, and saved
as a separate file (an EEG waveform “clip”) that was coded
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with the corresponding HPN cutoff frequency. During EEG
clip extraction, time intervals containing a whistle or burst
pulse response, epochs corresponding to clicks with ICI
< the two-way travel time between dolphin and target, and
epochs occurring after target rotation were excluded. ABRs
were obtained by grouping EEG clips by HPN cutoff fre-
quency, low-pass filtering the clips at 3kHz using a zero-
phase implementation of a sixth-order Butterworth filter, and
synchronously averaging. For visualizing the ABR wave-
forms, two separate averages were computed, each contain-
ing half the total available epochs.

Narrowband ABRs were obtained by sequentially sub-
tracting ABR records obtained with HPN cutoff frequencies
separated by half-octave or octave intervals (see Finneran
et al., 2016b), with the unmasked condition data being used
for the high-pass frequency of 160 kHz. The main analysis
was based on derived-band ABRs calculated using octave
intervals to improve the signal-to-noise ratio following
response subtraction (Herdman et al., 2002). Derived-band
ABRs based on half-octave intervals were also computed to
compare the sum of the derived-band ABRs to the unmasked
ABR. The derived-band center frequency was defined as the
geometric mean of the two high-pass cutoff frequencies;
e.g., the ABR obtained with 10-kHz HPN was subtracted
from that obtained with 20-kHz HPN to obtain the narrow-
band ABR centered at 14.1 kHz. Peak amplitudes and laten-
cies were measured from the derived-band ABRs, based on
the local amplitude minimum or maximum within a specified
time interval near the visually identified peaks P1, N2, P4,
and N5 (see Popov and Supin, 1990). On those occasions
when peak splitting of P1 or N2 occurred, the waves were
defined using the closest peak to the P1-N2 zero crossing.
Amplitudes for P1 and P4 are reported as the peak-peak
(p-p) amplitude relative to the successive trough (i.e., P1
amplitude is defined here as the p-p amplitude of P1-N2).

Latencies of P1, P4, and N5 were fit with a power func-
tion based on models used to fit human ABR latencies and
estimate cochlear traveling wave delays (e.g., Don and
Eggermont, 1978; Eggermont, 1979; Elberling et al., 2007):

©(f) =0 +kf %, ()

where 7 (f) is the latency (in ms), f is frequency (in kHz), and
To, k, and d are fitting parameters. The parameter 7, repre-
sents any frequency-independent delays, e.g., synaptic
delays and central conduction time. To eliminate the depen-
dency between k and d, d was set equal to 1 (Finneran et al.,
2016b). Best-fit values for & were compared using the extra
sum-of-squares F test with a«=0.05 (Graphpad Software,
2014); if no significant differences were found, the data were
re-fit using a shared value for k.

Although the ABRs were the primary data of interest,
click parameters were also calculated for each subject to
ensure that clicks did not systematically change with HPN
cutoff frequency. Individual clicks occurring within the time
period from the trial start to the time of the echo change
(change trial) or trial end (control trial) were analyzed.
Within this time interval, the p-p source level, center fre-
quency, rms bandwidth, and ICI (Au, 1993) were calculated
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for each click. Source levels were estimated assuming spher-
ical spreading loss [i.e., by adding 20 log;((6.8) to the sound
pressure level (SPL) measured at 6.8 m]. The dolphins’ per-
formance metrics in the echolocation task were also quanti-
fied, using the hit rates (the number of hits divided by the
number of change trials) and the false alarm rates (the num-
ber of false alarms divided by the number of control trials).

C. Results

The dolphins SAY and TRO participated in a total of
2016 and 3594 trials, respectively. Hit rates were >99% and
false alarm rates were 1% for both dolphins, indicating a rel-
atively easy biosonar task. Biosonar clicks recorded on the
principal beam axis in the acoustic farfield had mean p-p
source levels of 205dB re 1 yuPa at 1 m (SD =3 dB) for SAY
and 208-209dB re 1 yPa at 1 m (SD =3 dB) for TRO across
the HPN cutoff frequencies (i.e., there was little difference

10 (Q)
1/3-oct
. dBre 1 pPa
g 140
% spectral density
__g 120 } dBre 1 uPa?/Hz e0eee,
=
: \
©
time (us;
|_._|_._lu ‘
0 50 100
80 1 1 1 1 1
5 10 20 40 80 160
frequency (kHz)
160 | (b) 1/3-oct
dBre 1 yPa
@ 140
;; spectral density
'g dBre 1 uPa’/Hz 4 qeee
=120 |
Qo
§
100 f ~\{va—‘ "\
time (us)
0 50 100
80 1 1 1
5 10 20 40 80 160
frequency (kHz)
(c)
120 1/3-oct
dBre 1 pPa
)
100
[} spectral density
_S dB re 1 yPa%/Hz
s L e
- - /\‘N
©
60 F LJ time (us)
0 i 100 ; 200 : ; i
5 10 20 40 80 160

frequency (kHz)

FIG. 4. Representative examples of mean instantaneous sound pressure of
biosonar clicks for (a) SAY and (b) TRO recorded in the farfield. (c)
Representative example of spectrally pink click stimulus used in the passive
listening tasks. The peSPL for this example was ~145dB re 1 yPa.
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in click source level across the HPN frequencies). Mean cen-
ter frequencies were 91-92 and 92-93 kHz (SD =7 kHz) and
rms bandwidths were 34 and 35 kHz (SD =4kHz), for SAY
and TRO, respectively, regardless of HPN frequency.
Median ICIs were 38-39 ms (interquartile range = 10—12 ms)
and 64—65 ms (interquartile range =21-22 ms) for SAY and
TRO, respectively. For both dolphins, click spectral density
levels were relatively flat (£3dB) from ~40 to 120kHz,
while 1/3-octave SPLs increased with frequency from ~10
to 100 kHz [Figs. 4(a) and 4(b)]. This indicates that the far-
field biosonar clicks contained relatively more high-
frequency energy, at least up to 120kHz, compared to a
spectrally pink click.

Between 2197 and 2567 individual EEG epochs were
obtained for each HPN frequency condition (Table I).
Because of the low proportion (5%) of masked clicks, the
number of unmasked epochs was much higher (>3 x 10°);
however, preliminary analyses showed negligible differ-
ences in the averaged ABRs once the number of epochs
exceeded ~16000, therefore only 16384 epochs—distrib-
uted evenly across all available epochs—were analyzed for
the unmasked condition for each subject. Broadband ABRs
obtained after averaging the EEG epochs (Fig. 5, left
panels) and narrowband ABRs obtained after subtraction
(Fig. 5, right panels) matched the basic morphology
expected for Tursiops (Popov and Supin, 1990), although
“peak-splitting” of the waves P1 and N2 occurred for sev-
eral frequency bands. At the lowest-frequency HPN condi-
tion (10 kHz), low-amplitude ABRs were still clearly
visible for both SAY and TRO, indicating under-masking
of the self-heard click (i.e., the noise levels were not high
enough to completely mask the click). For both SAY and
TRO, the sum of the 1/2-octave derived-band ABRs (Fig.
5, lower panels) closely matched the unmasked ABR, con-
firming that—despite the under-masking—the unmasked
ABR can be represented by the linear sum of the individual
derived-band ABRs, that the masking noise was effective
in limiting the spread of activation to higher-frequency
regions, and that significant over-masking (apical spread of
masking) did not occur.

Derived-band amplitudes for P1 (Fig. 6, left) showed lit-
tle variation with frequency from 14 to 32 kHz and only
small increases above 32 to 64kHz. P4 amplitudes were

TABLE 1. Number of EEG epochs from which the ABR for each subject
and HPN condition was obtained during the biosonar task. For the unmasked
condition, a subset of 16384 epochs, distributed evenly across all available
epochs, was analyzed.

HPN Cutoff (kHz) SAY TRO
10 2497 2271
14 2502 2297
20 2528 2197
28 2461 2301
40 2567 2321
56 2442 2342
80 2339 2298
113 2478 2329
Unmasked 16384 (382377) 16384 (383 449)
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FIG. 5. ABRs measured during the biosonar task with the dolphins (a) SAY and (b) TRO. For each dolphin, the top left panel shows the averaged ABRs mea-
sured in the presence of masking noise bursts with a low-pass cutoff frequency of 160 kHz and various high-pass cutoffs (specified with each trace). The
unmasked condition was used in place of a 160-kHz HPN condition. For each noise condition, two averaged ABRs are shown, each based on one-half the total
number of epochs obtained for each condition (Table I). Narrowband ABRs (top right panels) were derived by sequentially subtracting the ABRs obtained
with noise having cutoff frequencies separated by one octave; i.e., the derived-band ABR from 56 to 113 kHz was obtained by subtracting the ABR obtained
with 56-kHz HPN from the ABR obtained with 113 kHz. Symbols in the derived, narrowband ABRs indicate the specific peaks used for latency and amplitude
measures. Vertical, dashed lines indicate the peak latencies for P1, P4, and N5 for the 80—-160 kHz band. The bottom panel compares the unmasked ABR with

the sum of the derived, narrowband ABRs based on a 1/2-octave bands (so there is no overlap between bands).

relatively flat below 64 kHz, but increased sharply from 64
to 113 kHz. Derived-band latencies (Fig. 6, right) showed lit-
tle systematic change with frequency, especially P4 and N5
latencies at frequencies above 14 kHz. When fitting Eq. (1)
to the latency data, there were no significant differences
between the best-fit values of k across subjects or ABR peaks
[F(5,30)=1.35, p=0.269], therefore the latencies were fit
using a shared value of k=1.24 (SE = 0.318). The resulting
goodness of fit (R?) for P1, P4, and N5 for each subject were
sometimes poor [0.547, 0.438, and 0.199, respectively, for
SAY and —0.0539, —0.247, and 0.530, respectively, for
TRO], reflecting the lack of a significant trend of latency
decreasing with increasing frequency as predicted by Eq.
(1). Best-fit values of 7 for P1, P4, and N5 were 1.50, 3.36,
and 3.80 (SE=0.0179), respectively, for SAY and 1.39,
3.25, and 3.70 (SE=0.0179), respectively, for TRO. When
the latencies for SAY and TRO were averaged (see Fig. 13),
fits were generally better: R =0.446, 0.359, and 0.521 for
P1, P4, and NS5, respectively. Best-fit values of 7y for the
mean latencies of P1, P4, and N5 were 1.48, 3.34, and 3.78
(SE=0.0179), respectively.
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D. Discussion

The subtractive HPN method was used to separate the
broadband ABR evoked by a dolphin’s self-heard click into
octave-bands with center frequencies from 14 to 113 kHz.
However, interpretation of the derived-band ABR ampli-
tudes and latencies is somewhat complicated by (1) under-
masking of the self-heard click by the noise bursts and (2)
lack of knowledge of the spectral pattern of the actual acous-
tic stimulus received by the ear from the self-heard click
(e.g., what filtering occurred due to anatomical structures
between the click source and the ear). To address these
issues, a series of passive listening, subtractive high-pass
masking noise experiments were conducted with the same
two dolphins.

lll. PASSIVE LISTENING TASK
A. Introduction

The goals of the passive listening experiments were to
collect baseline, derived-band ABR data for a click stimulus
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FIG. 6. (Left panels) Narrowband ABR peak amplitudes and (right panel)
latencies obtained during biosonar testing with the dolphins SAY and TRO.
P1 amplitudes (left) showed little variation with frequency from 14 to 32
kHz and only small increases above 32 to 64kHz. P4 amplitudes were
relatively flat below 64kHz, but increased sharply from 64 to 113 kHz.
Derived-band latencies (right) showed little systematic change with
frequency, especially P4 and N5 latencies at frequencies above 14 kHz. The
solid lines in the right panel indicate the best fits of Eq. (1) to the latency
data. In the right panel, symbols plotted at the abscissa position labeled
“unmask” indicate the peak latencies of the unmasked ABRs.

with known frequency content, evaluate the effects of the
under-masking condition observed in the biosonar task, and
obtain functions relating narrowband ABR amplitudes and
latencies to a variety of stimulus SPLs. Two experiments
were conducted: the first experiment focused on the effects
of under-masking, while the second focused on the effects of
click level.

B. Methods

Experimental methods were similar to those used previ-
ously to obtain dolphin derived-band ABRs to frequency-
compensated click stimuli (Finneran et al., 2016b). The
dolphin subjects and test site were the same as those in the
biosonar experiment described above.

1. Stimuli

Click stimuli consisted of ~5-us rectangular pulses
that were digitally compensated to obtain spectrally pink
conditions from 10 to 160 kHz [see above, Fig. 4(c)], then
converted to analog at 1MHz (PCle-6361, National
Instruments, Austin, TX). Click stimuli were presented at
intervals of ~28 ms, with the polarity alternated on succes-
sive presentations. Analog clicks were band-pass filtered
from 0.2 to 200kHz (8-pole Butterworth, 3C module,
Krohn-Hite Corporation, Brockton, MA) and attenuated if
necessary (0—70 dB, custom) [Fig. 2(b)]. Three-second digi-
tal noise sequences, with low-pass frequencies of 160 kHz
and high-pass frequencies varying from 10 to 113 kHz in
1/2-octave intervals (i.e., matched to the biosonar task),
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were digitally generated using an inverse-FFT method, then
compensated to obtain pink conditions as described above.
Noise sequences were converted to analog at 500kHz
(USB-6251, National Instruments, Austin, TX) and attenu-
ated (PAS, Tucker-Davis Technologies, Alachua, FL). The
3-s noise samples were looped (i.e., continuously gener-
ated) during ABR measurements with no temporal correla-
tion between the noise sample onset and the click stimulus
onset. Both the click and noise signals were input to a sin-
gle amplifier (7600M, Krohn-Hite Corporation, Brockton,
MA) used to drive a piezoelectric transducer (ITC 5446,
International Transducer Corp, Santa Barbara, CA). The
transducer was located at a depth of 0.7 m, approximately
1m in front of a biteplate upon which the subject was
positioned.

In the first passive listening experiment (effects of under-
masking), click levels were chosen to produce high-
amplitude, broadband ABRs that were not saturated (i.e.,
ABR amplitudes were near the upper end of the linear portion
of the input—output function). The resulting click peak-
equivalent SPLs (peSPLs; Burkard, 1984) were 140 and
150dB re 1 pyPa for SAY and TRO, respectively. Two noise
conditions were used: the noise level in the fully masked con-
dition was set just high enough so the 10-kHz HPN
completely masked the click ABR, while the noise level in
the under-masked condition was lowered to approximate the
ABR amplitudes measured in the biosonar task with the 10-
kHz HPN. The resulting 1/3-octave noise SPLs were 125 and
118dB re 1 puPa for SAY, and 130 and 123dB re 1 yPa for
TRO, in the fully and under-masked conditions, respectively.

In the second passive listening experiment (effects of
click level), noise levels were fixed at those used for the
under-masked condition (118 and 123dB re 1 puPa for SAY
and TRO, respectively) while click peSPLs varied (depend-
ing on the HPN cutoff frequency) from 110 to 140 dB re
1 pPa for SAY and 110 to 150dB re 1 pPa for TRO. The sec-
ond experiment included conditions in which click and noise
levels matched those from the under-masked condition from
the first experiment, resulting in a replicate set of data for
each subject.

2. ABR measurements and analysis

ABRs were measured as in the biosonar experiment,
using the same electrode montage, with the instantaneous
EEG digitized at 100kHz with 16-bit resolution using the
PCle-6361 (National Instruments, Austin, TX). EEG data
were collected in 27-ms epochs that were temporally aligned
with the onset of each click and streamed to disk for later
analysis. A total of 1024 epochs of EEG data were collected
in each measurement. The ABR from a single measurement
was obtained from the EEG by first low-pass filtering at
3kHz using a zero-phase implementation of a sixth-order
Butterworth filter, then synchronously averaging the 1024
epochs using a weighted averaging technique (Hoke et al.,
1984; Elberling and Wahlgreen, 1985). Measurements were
repeated within and across sessions (days) so that four ABRs
were obtained for each experimental condition. The four
individual ABRs (each based on 1024 epochs) were then
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coherently averaged, yielding an ABR for each experimental
condition based on 4096 EEG epochs. ABRs were analyzed
as described above. To account for electronic delays
incurred during stimulus generation and acoustic propaga-
tion time, latency values were corrected by subtracting the
time of arrival measured for the compensated acoustic click
peak instantaneous sound pressure; i.e., ABR latencies were
based on the estimated time of arrival of the click at the ear.
ABR peak latencies as functions of stimulus peSPL (i.e.,
latency-intensity functions) were fit with linear equations.
Best-fit values for the regression slope were compared using
the extra sum-of-squares F test with «=0.05 (Graphpad
Software, 2014); if no significant differences were found,
the data were re-fit using a shared slope.
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C. Results

ABRs measured in the presence of HPN (Fig. 7) were
similar for the fully and under-masked conditions, with the
typical morphology seen in dolphins. Derived-band ABRs
were also similar for the fully and under-masked conditions
and there were no substantial differences between the
summed derived-band ABRs and the unmasked ABR for
each subject and condition (Fig. 8).

Derived-band amplitudes (Fig. 9, left panels) generally
increased with frequency up to 80 kHz, then decreased from
80 to 113kHz. Amplitude values and frequency-dependent
patterns were similar between the fully and under-masked
conditions for both SAY and TRO. Derived-band latencies
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FIG. 7. ABRs measured during the pas-
sive listening task for the dolphins (a)
SAY and (b) TRO showing the effects
of under-masking. For each subject, the
two left panels show four ABR meas-
urements, each based on 1024 epochs,
measured in the presence of HPN with
various cutoff frequencies (denoted by
text legends), for the fully and under-
masked conditions. Narrowband ABRs
(right panels) were derived by sequen-
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tially subtracting the ABRs obtained
with noise having cutoff frequencies
separated by one octave. Solid lines and
dashed lines represent the narrowband
ABRs from the under-masked and fully
masked conditions, respectively. Filled
and open circles indicate the specific
values for the ABR peak amplitudes
and latencies extracted for analysis, for
the under-masked and fully masked
conditions, respectively. The narrow-
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FIG. 8. Comparison of unmasked ABRs with the sums of the derived, nar-
rowband ABRs, based on 1/2-octave bands, obtained during the passive lis-
tening task. The similarity between the ABR waveforms in each case
confirms that the unmasked ABR can be represented by the linear sum of
the individual derived-band ABRs, i.e., that the masking noise was effective
in limiting the spread of activation to higher-frequency cochlear regions,
and that significant over-masking (apical spread of masking) did not occur.

(Fig. 9, right panels) for the fully and under-masked condi-
tions decreased with increasing frequency and had similar
magnitudes. When fitting Eq. (1) to the latency data for each
subject, there were no significant differences between the
best-fit values of k for P1, P4, or N5 between noise conditions
[F(5,51)=1.81, p=0.127 for SAY and F(5,51)=2.10,
p=0.0807 for TRO], therefore curve-fitting was performed
using a shared value of k for each subject [k=4.52 *0.196
for SAY and 5.12 = 0.255 for TRO]. The resulting fits were
generally good (0.798 < R*<0.931). For SAY, there were no
significant differences between the best-fit values of 1 for the
fully and under-masked conditions [Pl: 7p=1.32ms,
F(1,19)=2.30, p=0.146; P4: 1o=3.14ms, F(1,19)=0.276,
p=0.605; N5: 19=3.57Tms, F(1,19)=0.585, p =0.454]. For
TRO, there were no significant differences between the best-
fit values of 15 for Pl [t9=1.23ms, F(1,19)=0.855,
p=0.367]; however, best-fit values of 1, were different
for P4 [fully masked: 3.13ms, under-masked: 3.09ms,
F(1,19)=4.70, p=0.0431] and N5 [fully masked: 3.54 ms,
under-masked: 3.50ms, F(1,19)=5.91, p=0.0251]. For
comparison to the biosonar data (see Fig. 13), Eq. (1) was
also fit to the latencies from just the under-masked condition.
In this case, there were no significant differences between
best-fit values of k across ABR peaks [F(2,78)=2.54,
p=0.0857], so a shared value of k =4.55 was used. The best-
fit values of 7y were 1.28, 3.12, and 3.54 ms and the R? values
were 0.726, 0.855, and 0.839 for P1, P4, and NS, respectively.

Derived, narrowband ABR peak-peak amplitudes as
functions of stimulus level (Fig. 10) showed that P1 and P4
amplitudes tended to increase with stimulus level up to
~130 to 140dB re 1 pPa but plateaued at higher levels, indi-
cating saturation of the narrowband ABRs. SPLs at which
saturation occurred were frequency-dependent, with the
highest frequency band (113 kHz) exhibiting saturation at
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lower SPLs than the 80-kHz band and the largest dynamic
range from 56 to 80 kHz in both subjects.

Changes in ABR peak latencies for P1, P4, and N5 were
generally linear with stimulus peSPL (Fig. 11). For SAY,
goodness of fit was highly variable (mean R”=0.474,
SD =0.857), depending on frequency and ABR peak. Single
values of the slope were found to be adequate for fits to SAY’s
P1, P4, and N5 latencies across derived-band center frequen-
cies [P1: slope=—8 us/dB, F(4, 12)=1.25, p=0.343; P4:
slope=—7us/dB, F(4, 14)=1.71, p=0.204; N5: slope
=—Sus/dB, F(4, 14)=2.88, p=0.0624]. Linear fits to
TRO’s latency data were generally good (mean R*=0.843,
SD =0.154). Single values of the slope were adequate for
fits to P1 and P4 [Pl: slope=—6us/dB, F(4, 19)=1.07,
p=0.399; P4: slope = —6 us/dB, F(4, 20)=2.12, p=0.116],
but not N5 [slopes varied from —5 to —12us/dB, F(4,
20)=4.24, p=0.0121]. For the N5 latencies for TRO, four of
the five slopes were between —5 and —8 us/dB, while the
best-fit slope at 28 kHz was steeper (—12 us/dB).

D. Discussion

One of the main goals of the passive listening experi-
ments was to assess the effects of under-masking of the broad-
band click that occurred during the biosonar experiments.
Results from the first passive listening experiment suggest
that the effects of under-masking would be minimal: No sys-
tematic differences were seen in the narrowband ABR ampli-
tudes between the fully and under-masked conditions, and no
significant effects of under-masking were seen on the latency
function [Eq. (1)] fitting parameter k for each subject. The
only systematic difference between the fully and under-
masked conditions was the value of 1 for the P4 and N5 peak
latencies in TRO. For these cases, the under-masked condition
resulted in a latency shift of —40 us relative to the fully
masked condition; i.e., latency functions for the under-
masked condition were parallel to those for the fully masked
condition, but shifted by 40 us. Since the present study is pri-
marily concerned with how the latency functions change with
frequency, these systematic, frequency-independent latency
shifts do not affect the main conclusions. The lack of signifi-
cant effects of under-masking (relative to the fully masked
condition) in the derived, narrowband ABRs obtained with
pink clicks and noise matches the findings of Parker and
Thornton (1978), who stated that “Common elements of the
waveforms (due to under-masking) are cancelled in the sub-
traction operation and therefore play no part in contributing to
the derived waveform”; however, similar comparisons have
not been made when the spectrum of the click differs substan-
tially from that of the noise.

The second goal of the passive listening experiments was
to generate functions showing the manner in which the nar-
rowband ABR amplitudes and latencies varied with click SPL.
The results showed that saturation of the narrowband ABR P1
and P4 amplitudes occurred at peSPLs >130dB re 1 pPa, but
the specific saturation levels were frequency-dependent. This
means that narrowband ABR amplitudes measured at a single,
but relatively high, stimulus SPL may exhibit complex fre-
quency patterns (e.g., Fig. 9), since saturation may occur in
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some frequency bands but not others. Slopes of the latency
functions (Fig. 11) were between —5 and —8 us/dB for all but
one of the experimental conditions and did not show effects of
the amplitude saturation; i.e., the latency slopes did not change
when the SPL increased above the amplitude saturation point.
Taken together, the amplitude and latency functions (Figs. 10
and 11) indicate that changes in the stimulus level within a sin-
gle frequency band would be expected to change the resulting
narrowband ABR peak latency, but may not change the ampli-
tude if the SPLs are already within the saturation region. These
general findings are similar to those reported for waves I and
IIT in humans, where derived, narrowband ABR amplitudes
exhibited dynamic ranges of 20 to 30dB followed by
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saturation, but latencies continued to decrease at stimulus lev-
els above those causing saturation (Eggermont and Don,
1980). These findings also suggest that timing-based neural
computations in dolphin hearing (and biosonar) are likely to be
more robust than amplitude-based computations.

IV. GENERAL DISCUSSION
A. Comparison of biosonar and passive listening data

Figures 12 and 13 compare the ABR waveforms and
mean narrowband ABR amplitudes and latencies for SAY
and TRO during the biosonar task and the passive listening
task (under-masked condition). The most striking differences
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FIG. 10. Narrowband ABR amplitudes for (a) SAY and (b) TRO measured during the second passive listening task. The same data are shown as functions of

derived-band center frequency (upper panels) and stimulus peSPL (lower panels).

occur in the latencies: biosonar latencies are close to the pas-
sive listening data at the lowest frequencies, but at higher
frequencies (>28 kHz) the biosonar latencies are longer and
change much less with increasing frequency. Therefore, the
neural representation of the self-heard biosonar click of
the dolphin is highly synchronous and does not strongly
resemble that of an FM downsweep. As each ABR wave

corresponds to a different site of neural activity (e.g., Pl
associated with auditory nerve, P4 with the inferior collicu-
lus), the synchrony at different levels of the auditory system
argues for synchronization occurring at the level of cochlear
innervation with delays equally propagating through the
ascending auditory pathway (i.e., the latency vs frequency
curves in Fig. 13 are parallel).
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B. Methodological considerations
1. Temporal effects of masking

When comparing the biosonar and passive listening
data (Figs. 12 and 13), some consideration must be given to
the differences in masking signals used for the two experi-
ments. While the passive listening experiments used contin-
uous masking noise, the biosonar experiments used pulsed
maskers, presented infrequently, to prevent the dolphins
from changing click emissions with HPN condition. Human
psychophysical threshold measurements have demonstrated
elevated masked thresholds when signals are presented
shortly after the onset of pulsed maskers, a phenomenon
called “overshoot” or the “temporal effect” (Elliott, 1965;
Zwicker, 1965; Viemeister and Plack, 1993). Threshold
elevations up to ~10dB have been reported, and are larger
for shorter signals and broadband maskers (Fastl and
Zwicker, 2007). A pulsed masker also likely elicits a syn-
chronized onset response (e.g., ABR); therefore, the time
between the onset of the noise burst and the biosonar click
may have affected the self-heard click ABR (though in the
present study, the 2-ms rise/fall time of the noise burst
would have reduced this to some extent). If temporal
effects of masking such as overshoot are observed in the
ABR, and if this leads to greater latency effects on the
higher-frequency regions of the cochlea, then jittering of
the masking noise relative to the onset of the biosonar click
may have changed the latency of the derived band ABR
enough to obscure or reduce the systematic decrease in
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time (ms)

latency with increasing derived-band frequency in the bio-
sonar experiment.

To assess the likelihood that the pulsed masker signifi-
cantly influenced the latency shift observed between the
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FIG. 13. Comparison of narrowband ABR peak amplitudes and latencies for
the biosonar and passive listening (under-masked) tasks. Data for SAY and
TRO are averaged. Latencies are similar at the lowest frequencies; however,
the biosonar latencies show little change with frequency above 28 kHz, indi-
cating that the dolphin’s self-heard click is not represented neurally as an
FM downsweep, but retains its impulsive nature.
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passive listening and biosonar data, a limited amount of
additional passive listening data were collected with SAY
and TRO, using spectrally pink clicks and noise bursts, with
the noise temporal envelope and jitter matching that used in
the biosonar experiment. The high-pass cutoff of each noise
burst was randomly varied on a click-by-click basis within
each trial. Click and noise levels matched those used in the
first passive listening experiment. ABRs were analyzed as in
the biosonar experiment to derive narrowband ABRs from
the broadband ABRs measured in the presence of HPN
bursts. The results were similar to those of the first passive
listening experiment: the sums of the derived, narrowband
ABR waveforms matched the unmasked ABR waveforms,
and the shapes of the latency functions [i.e., the best-fit value
of k in Eq. (1)] for the under-masked and fully masked con-
ditions were similar. The best fits of Eq. (1) to the latency vs
derived-band frequency data were flatter (i.e., smaller value
of k) than those obtained with continuous noise maskers;
however, both the continuous and pulsed masker data
showed larger changes in latency at high frequencies com-
pared to the biosonar data (Fig. 14). Therefore, although the
pulsed masker may have elevated the masking effect of the
noise relative to the continuous noise condition, the latency
patterns of the derived, narrowband ABRs did not appear to
be fundamentally affected.

To eliminate any complications from the use of pulsed
maskers, the biosonar experiment would need to be replicated

—CO~— Passive hearing (continuous)
--/X - Passive hearing (burst)
4.0 —@— Biosonar

3.8+

36

34

3.2F

latency (ms)

3.0,

ALY

1.6

14}

12— —
8 16 32 64 128
octave band center frequency (kHz)

FIG. 14. To assess whether the pulsed masker influenced the latency shift
between the passive listening and biosonar data, a limited amount of passive
listening data were collected using noise burst maskers with temporal enve-
lopes and jitter matching that used in the biosonar experiment. Both sets of
passive listening data showed greater latency change with frequency com-
pared to the biosonar data, indicating that the latency patterns of the derived,
narrowband ABRs did not appear to be fundamentally affected by the use of
pulsed masking noise.
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with continuous noise maskers. This would likely require
conditioning dolphins to utilize clicks with similar spectra
and level regardless of the noise cutoff frequency. Previous
work has demonstrated that dolphin click emission can be
shaped to some extent via operant conditioning (Moore and
Pawloski, 1990). This could perhaps be facilitated using a
phantom echo system that only produced echoes if clicks met
some pre-defined criteria.

2. Potential effects of under-masking

Masking noise levels achieved in the present study were
insufficient to completely mask the self-heard click, thus
some small amount (5-10dB) of under-masking existed.
Under-masking of the pink click in the passive listening
experiment suggested that under-masking of the self-heard
click was not the cause of the minimal latency shift with
increasing frequency observed in the present study; however,
the comparison with the biosonar data is not perfect since
the biosonar click and pink noise have different spectra,
while the passive listening experiments used clicks and noise
with identical spectra. This potential issue could be
addressed in future studies examining the effects of under-
masking when the click stimuli and masking noise have sub-
stantially different spectra (e.g., pink noise and a “dolphin-
like” click).

C. Potential causes of latency shifts

The latencies of the narrowband ABRs to the self-heard
clicks were larger than those to the external, spectrally pink
clicks at higher frequencies, despite the farfield biosonar
click possessing relatively more high-frequency energy (at
least up to 120kHz) compared to the pink click. Three
potential mechanisms are hypothesized to account for these
latency differences: (1) spectral differences between self-
heard acoustic clicks and external, spectrally pink clicks, (2)
forward-masking from previously emitted biosonar clicks,
and (3) neural inhibition accompanying the emission of bio-
sonar clicks.

The lack of significant latency changes with increasing
frequency in the self-heard click ABR compared to that
observed with the spectrally pink click may indicate that the
spectral amplitudes of the self-heard click decreased with
increasing frequencys; i.e., the self-heard acoustic click was
effectively low-pass filtered compared to the spectrally pink
click. It is feasible that the collective effect of sound propa-
gation through anatomical structures (bone, soft tissues and
airspaces) between the source of the echolocation click (the
phonic lips) and the auditory bulla, combined with the lower
frequency content of off-axis dolphin clicks (Finneran et al.,
2014), could result in a net attenuation of higher-frequency
components.

If the present results are due to reduced high-frequency
energy in the self-heard clicks, the extent of low-pass filter-
ing required to obtain the observed latency shifts can be esti-
mated using the latency-intensity functions measured during
the passive listening task (Fig. 11). Within each frequency
band, the latency differences between the biosonar and pas-
sive listening data ranged from ~50-90us at 28kHz to
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~150-200 us at 113kHz, with the smallest differences
occurring with P1 and the largest with N5. Assuming a 7-us/
dB latency-amplitude relationship (e.g., Fig. 11), these laten-
cies represent within-band amplitude differences of 7 to
29dB between the self-heard click and a spectrally pink
click. Therefore, the latency patterns for the biosonar clicks
could be explained by low-pass filtering of the self-heard
click, with the amount of attenuation (relative to the pink
click) ranging from ~7dB for the 28-kHz band to ~29dB
for the 113-kHz band. Although the amplitude relationships
between the narrowband ABRs from the passive listening
and biosonar tasks (Fig. 13, left panels) do not show strong
evidence of a low-pass filtering effect, saturation of the ABR
within each frequency band may be responsible. Figure 9
shows that narrowband ABR amplitudes often showed little
change once peSPLs of the spectrally pink click exceeded
~130dB re 1 yPa. Given the spectral and level differences
between the farfield biosonar clicks and the clicks used for
the passive listening experiments (Fig. 4), it is possible that
the self-heard click possesses sufficient amplitude to saturate
the ABR within many frequency bands. As the slope of the
latency functions remain unchanged within the region of sat-
uration, a range of self-heard click peSPLs could result in
equal peak-peak amplitudes but different latencies.

It is also possible that forward masking from the previ-
ously emitted click affected the narrowband ABRs at higher
frequencies more than those at lower frequencies. Finneran
et al. (2013a) reported that effects of forward masking from
dolphin echolocation clicks could persist for at least
100 ms; similarly, forward masking can affect wave V
latency of the human ABR for a time period of up 100 ms
(see, e.g., Burkard and Hecox, 1987). Also, Finneran et al.
(2016a) showed that dolphin auditory steady-state responses
(ASSRs) to externally presented tones at ~50—100kHz
were not only reduced in amplitude after biosonar click
emission, but that a residual amplitude reduction could
occur when the ASSRs did not completely recover before
emission of the next click. Residual suppression was
observed with biosonar click p-p source levels from 204 to
209dB re 1pPa at 1m and ICIs from ~40 to 100ms
(Finneran et al., 2016a), similar to those from the present
study (mean p-p source levels across HPN frequency were
205 and 208-209dB re 1 uPa at 1m for SAY and TRO,
respectively, and median ICIs were 38—39 ms and 64—65 ms
for SAY and TRO, respectively). Therefore, it is possible
that higher-frequency neural responses to the self-heard
clicks were suppressed to some extent by residual masking
from the previous click, contributing to increased latencies
for the higher-frequency neural responses.

It is also possible that there is some form of neural inhi-
bition that reduces neural responses when biosonar pulses
are emitted. In bats and humans (and likely other terrestrial
animals), the acoustic reflex is elicited prior to vocalization
(Henson, 1965; Borg and Zakrisson, 1975). It is not known
if there is a functional acoustic reflex in dolphins; however,
it is not unreasonable to suppose an alternative mechanism
(e.g., neural inhibition) that reduces neural responses from
emitted biosonar pulses (see Suga and Shimozawa, 1974).
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D. Implications for biosonar

One of the main goals of this study was to test the hypoth-
esis that frequency-dependent dispersion of the impulsive bio-
sonar click within the dolphin cochlea results in a neural
representation with similar characteristics to that of an FM
downsweep. This prediction was partially based on the FM
nature of the biosonar chirps of some echolocating bats as
they relate to models of the neural systems underlying target
ranging and shape perception (Simmons, 2012; Simmons and
Gaudette, 2012; Simmons et al., 2014). Saillant et al. (1993)
have described a plausible model [the spectrogram correlation
and transformation (SCAT) receiver| in which target range
perception is based upon neural delay lines and coincidence
detectors that compute the time difference between the occur-
rences of specific frequencies in the bat’s outgoing chirp and
in returning echoes. As the FM nature (i.e., rate of modulation)
of both the outgoing vocalization and the incoming echo are
not affected during transmission, this computation can be done
on a within-frequency basis as the delay between frequency-
specific components of the vocalizations and echoes are con-
stant across the entire FM sweep. In contrast, determinations
of target shape based on echo highlights within an integration
window (i.e., within approximately 200-300 us) are poten-
tially computed on an across frequency basis using neural
delay lines and coincidence detectors (Simmons and Gaudette,
2012).

While this model is plausible based on behavioral and
physiological data for FM bats, it is difficult to determine if
a similar processing mode exists in bottlenose dolphins.
Based on the present data, within-frequency comparisons at
a neural level between dolphins’ outgoing clicks and incom-
ing echoes would be confounded by the neural representa-
tion of the click appearing impulsive, while incoming echoes
would be subject to some degree of frequency distortion due
to cochlear dispersion (and amplitude-latency trading): At
high frequencies relevant to biosonar (i.e., =28 kHz), the
self-heard click latencies are delayed relative to the external
click by 100-200 us; therefore, within-frequency delay com-
parisons would result in range errors of approximately
15-30 cm (assuming a sound speed of 1500 m/s). Similarly,
transformation of echo spectral nulls into time delays using
across-frequency delay lines and coincidence detectors
would also seem to be problematic, given the observed
latency differences between the neural representation of the
self-heard clicks and external clicks (i.e., echoes). However,
we cannot rule out the possibility that delay lines and coinci-
dence detectors in the dolphin already compensate for the
dispersion in delays at higher frequencies—the functional
neural architecture of the dolphin at the single unit level is
unknown. Furthermore, it must be kept in mind that the
ABRs measured in the present study represent summed
activity from multiple generator sites, and thus may not rep-
resent unit level activity. However, peak latency changes
with frequency for P1, P4, and N5 were essentially parallel,
suggesting that the primary latency effects observed in the
present study are the result of processes occurring within or
before the cochlea and thus would be expected to affect low-
level neural activity in a similar fashion.
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In summary, dolphins and bats share a number of behav-
ioral and physiological similarities with regards to biosonar,
but there might be differences at the level of neural process-
ing that preclude the direct application of some models
developed for FM bats to biosonar processing in dolphins.
Due to the scarcity of neurophysiological data in dolphins
relative to bats (primarily at the level of implanted electrodes
and single unit recordings), it is difficult to speculate on the
precise nature of these differences. ABRs have been mea-
sured in an FM bat (the big brown bat, Eptesicus fuscus) to
external clicks and FM downsweeps (Burkard and Moss,
1994); however, ABRs to self-heard pulses have not been
measured. For this reason, the degree to which the neural
representations of self-heard pulses and external pulses
match cannot be assessed and direct comparisons with the
present study cannot be made.

E. Frequency-specific characteristics of the dolphin
ABR

The ABR of the bottlenose dolphin (and other odonto-
cete cetaceans) has been used to study auditory performance
in both passive hearing and echolocation tasks. Studies typi-
cally rely on the amplitude of ABR peaks (or p-p amplitude
of the entire ABR) as a metric of auditory response strength
for a particular stimulus. It could be assumed that increasing
ABR peak amplitudes for increasing stimulus SPLs result
from monotonic (if not linear) increases in peak amplitudes
across all stimulated cochlear frequency bands. Based on the
data in this study, this does not appear to be the case; passive
listening data show dynamic range within relatively narrow
cochlear regions is small (20-30 dB). Increases in unmasked
narrowband ABR amplitudes over larger ranges of stimulus
SPL are more likely due to the spread of activation along the
basilar membrane, primarily arising from an upward (i.e.,
basal) spread of activation as signal SPL increases.
Understanding how summation across frequency bands con-
tributes to the amplitude of unmasked broadband ABR
amplitudes (e.g., click-evoked ABRSs) is further complicated
by the fact that the level at which saturation of narrowband
ABRs occurs is frequency dependent.

The complexities of resolving cochlear place-specific
contributions to ABR amplitudes produced in response to
broadband signals also means that estimates of the dolphin’s
perception of self-heard clicks based on comparison of
broadband ABRs to external and self-heard clicks are prob-
lematic; i.e., equal broadband ABR amplitudes for self-heard
and externally presented clicks may only indicate similar
received levels if the two acoustic stimuli are temporally and
spectrally identical at the inner ear. In other cases, the com-
plex interaction between frequency-dependent saturation and
basilar spread of activation makes equal broadband ABR
amplitudes difficult to interpret. Caution should therefore be
exercised in conclusions based upon broadband ABRs in
response to signals with different spectra.

F. Dolphin manipulation of biosonar emissions

A final note is in order regarding the difficulty experi-
enced in this study attempting to acoustically mask the
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dolphins’ self-heard biosonar pulses. Preliminary data
revealed that if masking noise with a fixed high-pass cutoff
frequency was continuously presented during trials, the dol-
phins would adjust click SPLs and bandwidth depending on
the noise characteristics. Furthermore, when preliminary ses-
sions used short-duration noise bursts with a fixed timing
relationship to the emitted click, the dolphins manipulated
ICIs to temporally place their clicks either before or after the
noise bursts, sometimes resulting in ICIs much longer than
would typically be expected for the short target range
employed. It was only by estimating the instantaneous ICI
on a click-by-click basis that noise bursts could be produced
that temporally overlapped the biosonar clicks. These anec-
dotes reinforce long-reported observations that dolphins
have exceptional control over many aspects of the timing,
amplitude, and spectral content of their click emissions.

V. CONCLUSIONS

(1) High-frequency neural responses (i.e., ABR peaks) in
response to the bottlenose dolphin’s self-heard click are
delayed such that latency differences across the fre-
quency range ~28 to 160 kHz are small. The neural rep-
resentation of the self-heard click is therefore highly
synchronous and does not strongly resemble that of an
FM downsweep.

(2) The lack of systematic decrease in self-heard click-
evoked ABR latencies could be caused by several fac-
tors, including: (a) attenuation of higher frequencies in
the self-heard click due to sound transmission within the
tissues of the head (i.e., self-heard biosonar clicks may
have less high-frequency content compared to clicks
recorded on the main beam axis in the farfield); (b) for-
ward masking of the biosonar clicks by previously emit-
ted clicks, resulting in frequency-dependent changes in
ABR latency; (c) some form of active inhibition prior to
the onset of the biosonar click that influences (inhibits)
the neural response to self-heard clicks at higher-
frequencies.

(3) Peaks in the narrowband ABRs in dolphins show a lim-
ited dynamic range of ~20 to 30 dB. This means that for
stimuli more than 20 to 30 dB above threshold, the ABR
amplitude increase observed with increasing stimulus
SPL occurs via the broadening of activation across fre-
quency bands at the cochlear level, rather than an
increase in neural activity associated with the same
cochlear place.
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