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Blainville’s beaked whales (Mesoplodon densirostris) use broadband, ultrasonic echolocation
signals with a —10 dB bandwidth from 26 to 51 kHz to search for, localize, and approach prey that
generally consist of mid-water and deep-water fishes and squid. Although it is well known that the
spectral characteristics of broadband echoes from marine organisms vary as a function of size,
shape, orientation, and anatomical group, there is little evidence as to whether or not free-ranging
toothed whales use spectral cues in discriminating between prey and nonprey. In order to study the
prey-classification process, a stereo acoustic tag was deployed on a Blainville’s beaked whale so that
emitted clicks and the corresponding echoes from targets in the water could be recorded. A
comparison of echoes from targets apparently selected by the whale and those from a sample of
scatterers that were not selected suggests that spectral features of the echoes, target strengths, or
both may have been used by the whale to discriminate between echoes. Specifically, the whale
appears to favor targets with one or more nulls in the echo spectra and to seek prey with higher
target strengths at deeper depths. © 2008 Acoustical Society of America. [DOIL: 10.1121/1.2828210]

PACS number(s): 43.80.Lb, 43.30.Sf, 43.30.Pc, 43.80.Ev [WWA]

I. INTRODUCTION

Toothed whales emit broadband, ultrasonic signals to
navigate and locate prey (Au, 1993). Although these uses of
sound have proven difficult to study in the wild, considerable
progress has been made with various species of dolphins in
captivity. It has been shown that trained dolphins can dis-
criminate between targets with subtle differences in size,
shape, and material composition using information contained
in the broadband echoes (Nachtigall, 1980). Identifying the
specific features of acoustic signals that dolphins use to dis-
criminate between targets is the subject of ongoing research.
Findings thus far have led to the speculation that dolphins
use spectral information to discriminate between artificial
objects (Vel’min and Dubrovskiy, 1976; Dubrovskiy, 1989;
Au and Pawloski, 1989; Fuzessery et al., 2004).

In independent studies, research on acoustic scattering
from individual marine organisms has shown that different
anatomical groups of animals can be classified by the fre-
quency spectra of their backscattered signals (Martin ef al.,
1996; Stanton er al., 1998; Martin Traykovski et al., 1998).
One goal of this research has been to develop acoustic clas-
sification schemes based on the frequency spectra of the scat-
tered signals. Constructive and destructive interference of the
sound wave, scattered by anatomical features such as tissue
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interfaces, gas inclusions, and bone, create a frequency-
dependent interference pattern. This pattern is specific to the
size, shape, orientation, material properties (i.e. sound speed
and density), and internal morphology of the scatterer (re-
view by Simmonds and Maclennan, 2005). Studies of broad-
band acoustic scattering from individual zooplankton (e.g.,
Stanton et al., 1998) and fish (e.g., Reeder et al., 2004) have
shown that structure in the spectra of high frequency, acous-
tic backscattering is, indeed, due to anatomical features and
is highly affected by orientation. In addition, active broad-
band acoustic systems have been used in efforts to achieve
reliable species recognition based on the spectral signature of
backscatter from both individual fish (Au and Benoit-Bird,
2003) and aggregations of fish (Simmonds er al., 1996; Za-
kharia et al., 1996).

These findings, combined with the evidence for spectral
selection in captive dolphins, suggests that it is possible that
free-ranging toothed whales use spectral features of broad-
band, acoustic backscattering to aid in the classification of
prey. A few studies have shown prey selection by toothed
whales in the wild (MacLeod et al., 2006; Whitehead et al.,
2003), but the basis for such selection is not known. Observ-
ing acoustically based prey selection in free-ranging toothed
whales poses a significant challenge: while sounds emitted
by echolocating whales can be recorded with surface-
deployed hydrophones, the lower amplitude echoes, scat-
tered by prey, are considerably more difficult to measure.
Recently, this problem has been overcome, for some species
of beaked whales, by using acoustic recording tags (DTAGs)
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affixed directly to echolocating whales (Johnson and Tyack,
2003; Zimmer et al., 2005; Madsen et al., 2005; Johnson et
al., 2006). Using these devices, both the whale’s emitted
signals and echoes from scatterers in the water column are
recorded, providing a detailed view of the echolocation pro-
cess in the wild.

In one such study, Madsen et al., (2005) reported data
from a DTAG attached to a Mesoplodon densirostris. This
species of beaked whale uses broadband signals, or clicks, to
search for and localize prey consisting of mesopelagic fishes
and squid (Johnson et al., 2004; Pauly ef al., 1998). Numer-
ous echoes from scatterers in the water column were re-
corded including some that were associated with series of
rapid clicks, called buzzes, emitted by the whale. These dis-
tinctive sounds, also observed in other toothed whales and
bats, have been associated with prey capture attempts (Mad-
sen et al., 2002; Miller et al., 2004; Griffin, 1958; Johnson et
al., 2006). Although the whale ensonified a large number of
scatterers on each dive, it selected only a small percentage of
them for capture. This suggests that the animal is actively
selecting certain types of prey (Madsen et al., 2005); how-
ever, the criteria for such selection were not examined in that
study.

In this paper a data set from a related study (Johnson et
al., 2006) is examined in order to compare the acoustic scat-
tering signatures of the targets selected by the whale with
those not selected. Both the spectral characteristics and rela-
tive target strengths of individually resolved echoes are ex-
amined. Significant differences were observed with respect
to spectral content of selected and nonselected targets. More-
over, differences in the echoes from prey selected from two
different depth strata suggest that at least two distinct prey
types may be targeted by the whale. Finally, the results are
qualitatively compared with previous laboratory and model-
ing studies of broadband scattering from marine organisms to
provide context for echo-to-echo variation.

Il. MATERIALS AND METHODS
A. Signals emitted by the Blainville’s beaked whale

M. densirostris emit two different signals associated
with different phases of echolocation-based foraging
(Johnson er al., 2004, 2006). Distinctive frequency modu-
lated (FM) clicks are produced at inter-click intervals (ICIs)
of approximately 0.4 s while the whale searches and ap-
proaches prey. When the whale closes on a selected prey, it
emits a rapid series of unmodulated clicks called a buzz.
These clicks can be readily distinguished from the slower
FM clicks by a lower output level and an ICI well below
0.1 s (Madsen et al., 2005). The FM clicks are relatively
long with a duration of about 270 us (Fig. 1(a)). The fre-
quency spectrum of these clicks is within 10 dB of the maxi-
mum level between approximately 26 and 51 kHz with very
little energy at lower frequencies (Johnson er al., 2006).
When observed close to the acoustic axis, FM clicks appear
to have a consistently broad and relatively featureless spec-
trum, i.e., free of peaks and nulls (Fig. 1(b)), while off-axis
clicks, generally, have more complex spectra (Johnson et al.,
2006). Although the beamwidth of the M. densirostris FM
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FIG. 1. Echolocation signal (FM click) of M. densirostris, observed during
this study. The whale recorded was a conspecific foraging with the whale
discussed in this study. (a) Time series (arbitrary vertical scale), (b) fre-
quency spectrum.

clicks is not known, Zimmer et al. (2005) has estimated the
—3 dB beam width of another larger beaked whale with simi-
lar click characteristics, Ziphius cavirostris, at about 6°.

Although echoes from scatterers ensonified by FM
clicks are frequently detectable in tag acoustic recordings,
significantly fewer echoes are observed during buzzes. This
is likely due to the lower output level of buzz clicks (Madsen
et al., 2005; Johnson et al., 2006). For this reason, only
echoes from targets ensonified by FM clicks are considered
in the spectral and target strength analyses presented in this
paper. Buzzes are used as an indication that the whale has
selected a prey item and is approaching to capture it (Madsen
et al., 2005).

B. Data acquisition
1. Instrumentation

Data reported here were collected with a miniature
acoustic and orientation recording tag, the DTAG (Johnson
and Tyack, 2003). The tag attaches to the surface of a whale
with four suction cups and automatically releases after a pro-
grammed period of time. The DTAG contains two hydro-
phones spaced 2.5 cm apart which are sampled synchro-
nously at a rate of 192 kHz per channel. The hydrophones
were calibrated in a pressure test facility to a depth of 500 m.
The overall frequency response is flat within 3 dB between
0.5 and 67 kHz with the upper cutoff resulting from an anti-
alias filter in the tag. The tag also samples a three-axis ac-
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celerometer and a three-axis magnetometer at 50 Hz for
measuring orientation, and a pressure sensor for extracting
depth.

2. Field measurements

An adult M. densirostris, tagged in October of 2004 near
the Canary Islands, provided 9.5 h of acoustic data. The po-
sition of the tag during the dives was determined using photo
documentation of the whale when surfacing between dives.
The tag was initially placed on the right side of the whale but
slid to a dorsal position approximately 1 m posterior of the
blowhole after about 1 h. This position minimized shading of
the hydrophones by the whale’s body providing favorable
conditions to record echoes from scatterers ensonified by the
whale. The tag remained near the dorsal ridge for the follow-
ing three foraging dives. It is the data recorded during these
dives that are examined in this study.

C. Analysis methods

Use of the whale’s biosonar as a sound source and the
animal’s body as the platform for the receiver introduces
several complexities in studying acoustic backscattering.
First, it is not possible to make far-field measurements of the
sounds emitted by the whale on which the tag is mounted.
This means that the level and spectrum of the outgoing sig-
nal are not precisely known. In order to estimate the fre-
quency response of scatterers, we restrict the analysis to the
frequency range over which echolocation signals, recorded
from other conspecifics, have been observed to be essentially
featureless (Johnson et al., 2006). Furthermore, to estimate
the relative target strengths of scatterers we use the near field
recording of the whale’s emitted signal as a proxy for output
level and compensate for click to click variation in the am-
plitude of the emitted signal. A second complexity is that the
position of the scatterer with respect to the whale’s sonar
beam can have a significant influence on spectral content. In
order to reduce uncertainties associated with this effect, only
echoes with echo-to-noise ratio (ENR) above 15 dB are cho-
sen. Since scatterers located near the axis of the sonar beam
will tend to produce the highest echo levels, selecting high
ENR echoes ensures that a preponderance of the echoes ex-
amined are nearly on axis.

The approach taken here is to identify series of echoes
associated with FM clicks, that appear to represent individual
targets. Several parameters are computed for each echo (e.g.,
the number of nulls in the echo spectrum and the relative
target strength) in the series. The parameters of the echoes in
each series of echoes, or echo train, are compiled into a
single statistic which can then be compared across trains.
The objective is to determine if there are consistent differ-
ences in the parameters of echoes from targets apparently
selected by the whale as compared to those not selected.
Variation in the echo parameters will also be related to the
depth and the overall density of acoustic scatterers in the
environment.
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FIG. 2. Two representative examples of echograms displaying scattered FM
clicks of a foraging beaked whale which are used to identify echo trains: (a)
low density of scatterers, (b) high density of scatterers. Click number is
shown on the vertical axis and the horizontal axis shows time since last
emitted click. Echo strength is indicated by color with red corresponding to
higher sound pressure and blue corresponding to lower sound pressure. Plot
(a) shows a single echo train as the whale approaches a target. The horizon-
tal black line represents a period of greater than 1 s between outgoing clicks
that meet a preset threshold level which, in this case, indicates the whale’s
switch to the lower amplitude buzz.

1. Identification of buzzes, echoes and echo trains

This analysis was restricted to the section of the tag
recording made during the three foraging dives in which the
tag was dorsally located. A supervised, click detection algo-
rithm was used to identify FM clicks and buzzes (Johnson er
al., 2006). Echograms were then constructed from the se-
quences of FM clicks produced by the tagged whale (see Fig.
2) by aligning the envelopes of 25 ms sections of the tag
recording starting at each click (Johnson, 2004). The dura-
tion of the sections restricts the maximum two-way travel
time (TWTT) of echoes to 25 ms corresponding to a maxi-
mum range from source to scatterer of 19 m. This TWTT
limit ensures adequate echo-to-noise ratio, ENR, for later
processing. Echo trains from a single scatterer were readily
identifiable in the echograms as series of echoes with consis-
tent, slowly varying TWTT (Fig. 2(a)).

Segments of the tag sound recording with a duration of
400 us, centered on each echo from an individual target,
were extracted for analysis. This window size was selected to
accommodate the increased duration of echoes of FM clicks
caused by scattering from a finite-sized object. Another
400 us segment was taken 600 us prior to each echo as a
contemporary sample of the noise levels. The signal and
noise segments were filtered with a 12-pole (six low-pass
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and six high-pass) Butterworth bandpass filter with cutoff
frequencies of 20 and 70 kHz to reduce out-of-band noise.
The echo level, EL, and the noise level, NL, were estimated
as 101log;o(.) of the signal power in each echo and noise
segment, respectively. The ENR was then estimated from the
difference EL—NL. The magnitude of the spectrum of each
echo was estimated by calculating a 512-bin fast Fourier
transform (FFT).

2. Whale-selected and nonselected targets

Echo trains were grouped according to whether they oc-
curred in the proximity of a buzz, indicating that the whale
tried to capture the target, or not. Echo trains that terminated
within 5 s of a buzz were considered to represent a whale-
selected target (Madsen er al., 2005). If multiple echo trains
were detectable prior to a buzz, indicating multiple scatter-
ers, the echogram was expanded in the vicinity of the buzz to
look for echoes associated with low-level buzz clicks. If an
echo train associated with the buzz was detected, then the
echo train immediately prior to the buzz that most closely
matched the TWTT of the echoes associated with the buzz
was chosen as the whale-selected target. However, if no echo
was visible from the buzz clicks, or two echo trains were
very close together in time prior to the buzz, that sequence
was not considered in the analysis. An echo observed during
the buzz, though, was not a criterion for a whale-selected
target if there was only one echo train leading up to the buzz.
Echo trains occurring more than 5 s prior to a buzz were
considered to represent targets not selected by the whale. A
subset of these echo trains was randomly chosen for com-
parison using the same maximum TWTT criteria as for
whale-selected echo trains.

3. Spectral classification

Acoustic scattering spectra of marine organisms are
characterized by interference patterns specific to the size,
shape, material properties, and orientation of the organism.
This information should be contained in the echoes recorded
by the DTAG; however, the echo spectrum will also be in-
fluenced by the spectrum of the sound source and any inter-
fering noise. While the effects of noise can be minimized by
selecting echoes with a high ENR, the spectrum of the sound
source will depend on the unknown angle of the scatterer to
the axis of the outgoing sonar click. Given the broad, smooth
spectrum of on-axis FM clicks, targets close to the acoustic
axis should give rise to echoes with spectral features associ-
ated only with the scattering characteristics of the target. In
contrast, off-axis targets will produce echoes with features
due to both the target and off-axis distortion.

Assuming M. densirostris have a beam pattern similar to
Z. cavirostris and delphinids, the output energy of the FM
clicks will decrease rapidly with increasing off-axis angle
outside of the main beam (Zimmer et al., 2005). Thus, by
placing a minimum ENR criterion on echoes chosen for
analysis a set can be obtained with a preponderance of ech-
oes from on-axis targets.

Given the limited ENR of echoes available in this study,
three robust parameters were chosen to characterize the echo
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FIG. 3. Example of automated structure analysis results. Plus signs indicate
nulls and horizontal dashed lines indicate mean relative target strength of
frequency band displayed. An example of the two criteria for a null are
illustrated in the plot (b): (1) The dip near 42 kHz does not meet the crite-
rion of being more than 1 dB lower than both adjacent peaks; (2) the dip at
47 kHz does not meet the criterion of being more than 4 dB lower than the
average of the two adjacent peaks.

spectra: (1) number of nulls, (2) frequency of the first null,
and (3) frequency interval between the first two nulls (Fig.
3). Nulls were defined as any dip in the spectral magnitude
with greater than 4 dB difference between the local mini-
mum and the average of the two adjacent maxima. To avoid
detecting small ripples in the spectrum, possibly due to
noise, nulls were rejected if either adjacent peak was less
than 1 dB above the null. The frequency band between 27
and 50 kHz was selected for analysis. This range falls within
the —10 dB end points of the FM click signal and is also
within the range of frequencies over which on-axis FM
clicks appear to be largely featureless (Fig. 1(b)). To verify
that on-axis clicks from M. densirostris are indeed feature-
less in this band, we counted the number of spectral nulls in
a set of 144 likely on-axis clicks from a conspecific mea-
sured by Johnson er al. (2006). According to the definition
given above, only six (<5%) of these clicks had one or
more nulls supporting the notion that on-axis FM clicks are
essentially featureless.

A Monte Carlo simulation, using 1000 trials, was per-
formed by combining an on-axis M. densirostris click with
artificial, band-limited (20—70 kHz) noise to determine the
likelihood that noise in the simulated echo signal would give
rise to spectral nulls. With an in-band ENR of 15 dB, fewer
than 2% of the trials (14 of 1000) resulted in a spectral null
of at least 4 dB in depth in the frequency range of interest
(27-50 kHz). No simulated echo had more than one spectral
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null. Thus, by selecting echoes with ENR> 15 dB, nulls in
the resulting echo spectra are most likely due to the scatter-
ing characteristics of the target, as opposed to off-axis dis-
tortion or noise.

4. Target strength estimation

Target strength, TS, can be calculated from the active
sonar equation (Urick, 1983):

TS=EL+2TL- SL, (1)

where TL and SL are the one-way transmission loss and
source level, respectively, in decibels. The TL for spherical
spreading is given by TL=20 log r+ ar, where r is the one-
way distance from the source to the scatterer and « is the
absorption loss in dB/m. Absorption can be neglected as its
effect on TL for short target distances is small (<0.5 dB) in
the frequency range considered here. All relative target
strengths presented in this study are band averaged, in which
the mean is calculated prior to logarithmic conversion.

Although EL and TL can be estimated from the tag re-
cordings, the SL of M. densirostris is not precisely known
and may vary from click to click. The location of the tag
behind the whale’s head, in the near field and off axis with
respect to the sound source, prevents measurements of SL.
However, measurements of the outgoing FM clicks by the
tag provide a proxy for changes in the power output of the
on-axis emissions from click to click (Madsen er al., 2005).
Thus, the relative 7S (i.e., the TS with respect to an unknown
source level) can be estimated by replacing SL by S, the
received level in decibels of the outgoing click as recorded
by the tag. The relative 7S, although not useful in an analysis
requiring absolute measures of target strength, can be used in
quantitative comparisons between echoes observed at a given
tag position on the same whale.

5. Statistical comparison of echo trains

A statistical comparison of echo parameters across indi-
vidual echoes is complicated by the fact that echoes within
the same echo train represent the same target, and so are not
independent samples. To overcome this problem, we use
echo trains as the unit of analysis and combine the param-
eters of echoes within the train into a summary statistic. For
each parameter (e.g., number of nulls), a set of discrete levels
or bins was selected. The proportion of the echoes in each
echo train with a parameter value falling in each bin was
calculated producing a histogram of that parameter for each
echo train. This reduces the variable length echo trains into
fixed-length vectors suitable for statistical analysis. All his-
tograms were normalized by the number of echoes in each
echo train. As an example of this technique, consider an echo
train containing four echoes with 3, 2, 0, and 3 spectral nulls
in the echoes. If the null-count parameter was represented by
bins of 0, 1, 2, ... nulls, the histogram for this train would be
[0.25 0 0.25 0.5 0...0]. As previously described, echo trains
were differentiated according to whether they occurred close
to a buzz or not (i.e., whether the whale appeared to select
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the target as a prey item or not). Thus, two sets of histograms
were generated summarizing the echoes in whale-selected
and nonselected targets.

6. Density of scatterers

In addition to the relative TS and spectral content of
echoes, the depth and density of scatterers were also esti-
mated from the data. Scatterer density was inferred from the
number of echoes visually detected in the echogram within a
25 ms window following each FM click (Fig. 2). The num-
ber of echoes per click, in the proximity of buzzes, had a
strongly bimodal distribution with either few (1-5) echoes or
many (>10) echoes being excited by each click. Only three
of the 47 buzzes analyzed occurred in an environment of
intermediate scatterer density (i.e., with between five and ten
echoes recorded for each FM click prior to the buzz). Based
on this, we define intervals in the data in which there were
more than five echoes per click as having high scatterer den-
sity and the converse for low scatterer density.

lll. RESULTS

During dives 2 through 4, the dives during which the tag
was located near the dorsal ridge, the whale dove to depths
between 600 and 1320 m. FM clicks were only observed at
depths greater than 440 m. As indicated by buzzes observed
during these dives, the whale hunted at various meso- and
bentho-pelagic depths. During dive 3 the whale hunted near
the seafloor at depths between 580 and 680 m. Foraging dur-
ing dives 2 and 4 appeared to be spread out in depth over
several hundred meters; although, in both cases the majority
of buzzes were concentrated in depth ranges of less than
200 m.

A. Echoes selected for analysis

A total of 89 buzzes were observed during the three
dives (34, 24, and 31 in dives 2, 3, and 4, respectively)
indicating prey capture attempts. Of these, 47 were preceded
by unambiguous echo trains that are assumed to correspond
to scattering from the selected prey. The remaining buzzes
were either associated with irresolvable echo trains due to a
cluttered acoustic environment or not associated with echo
trains with sufficient ENR. In dive 3, a high percentage of
buzzes could not be correlated with echo trains due to rever-
beration from the nearby seafloor. In general, when an echo
train was associated with a buzz, the first echo of the train
was discernable from background noise at a distance from
the tag to the scatterer of between 5 and 15 m. In each case
the echo train terminated shortly before the start of the buzz
at a distance of 3—5 m.

The 47 echo trains identified as corresponding to whale-
selected prey contained a total of 426 discrete echoes. Of that
total, 132 echoes, in 37 echo trains, met the minimum ENR
criterion. In order to accumulate a sufficient number of ech-
oes for comparison, 92 echo trains from scatterers not se-
lected by the whale were chosen at random. Of these, 42
trains containing 120 echoes remained after applying the
same ENR criterion. The number of echoes analyzed from
each dive is shown in Table I. Many more nonselected echo
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TABLE I. Distribution of echo trains (bold) and echoes (parenthesis) from whale-selected and nonselected
scatterers observed in three dives examined. All echoes selected for analysis (bottom half of table) had an

echo-to-noise ratio, ENR, of at least 15 dB.

Whale selected Nonselected
Total identified
Dive 2 18 (139) 36 (276)
Dive 3 9 (77) 18 (130)
Dive 4 20 (209) 38 (177)
Total 47 (425) 92 (583)
Selected for analysis
Dive 2 14 (43) 22 (67)
Dive 3 5 (18) 12 (37)
Dive 4 18 (71) 8 (16)
Total 37 (132) 42 (120)

trains were required to obtain a sample size similar to that of
the whale-selected echo trains as they generally had fewer
echoes in each train. This is likely due to the shorter length
of time that the whale maintained these nonselected scatter-
ers within its acoustic beam.

B. Echo classification
1. Spectral characteristics

The spectra of most individual echoes from prey se-
lected by the whale contained one or more nulls within the
frequency band examined (e.g., Fig. 4). Additionally, echo-
to-echo variability was observed in the spectra of some echo
trains (e.g., Figs. 4(a) and 4(b)). Echoes from whale-selected
targets had more spectral nulls than did echoes from scatter-
ers not selected by the whale (median: whale-selected: 2,
nonselected:1; Wilcoxon rank-sum p=0, n=79). Notably,
less than 12% of the echoes within whale-selected echo
trains were characterized by featureless echoes (i.e., echoes
with no nulls meeting the criteria defined above), whereas
more than 48% of the echoes within nonselected echo trains
were composed of such echoes (Fig. 5(a)).

A comparison of other spectral features between the
whale-selected and nonselected echo trains show less notable
differences. No significant differences were found in the me-
dians of the first null locations and the spacings between the
first two nulls (Figs. 5(b) and 5(c)) between whale-selected
and nonselected targets [(Wilcoxon rank-sum p=0.11, n
=64 (null location), p=0.14, n=45 (null spacing)].

2. Target strengths

Echo trains of targets selected by the whale were com-
posed of echoes with significantly higher relative target
strengths [median difference of 12 dB, Wilcoxon rank-sum:
p=0, n=79 (Fig. 5(d))] than nonselected targets. Echo trains
from whale-selected prey also showed relatively wide echo-
to-echo variation in relative target strengths. For echo trains
containing at least two echoes, 73% contained echoes that
varied by at least 3 dB and 40% contained echoes varying by
at least 6 dB. Echo trains of targets not selected by the whale
had less variability with 55% of echo trains having at least a
3 dB variation and none varying by more than 6 dB. This
difference in variability between echo trains of targets se-
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lected by the whale and those not selected may be due, in
part, to the fact that there are fewer echoes, on average, in
the echo trains of nonselected targets.

Broadband acoustic

@ signatures of whale pre
a .

14 16 30 40 50
echo # frequency (kHz)

FIG. 4. Broadband acoustic signatures of three prey selected by the whale.
Each plot is comprised of frequency spectra of a series of echoes that make
up one echo train. Only echoes meeting the ENR criterion are included,
hence not all echoes in each echo train are displayed. The echo number of
displayed echoes are indicated by the presence of a tick mark. Echo values
are interpolated across the gaps associated with echoes not chosen such as
between echoes 15 and 17 in plot (a). Plots (a) and (b) show examples of
high target strength prey observed at deep depths (below 700 m) in envi-
ronments with low scatterer density. Plot (c) shows an example of lower
target strength prey observed in shallower water (above 700 m) in environ-
ments with high scatterer density.

Jones et al.: Broadband echo classification of whale prey



Number of nulls Location of 15! null

50

(a) 40 (b)
40
30
30
20 20
10
- lud
£ 0 0 ILn J”]n-n
<
Z 0 1 2 3 4 30 40 50
» number kHz
[0]
] . .
§ Spacing of nulls Relative target strength
5 a0l © s )
N [
30 20 [
15 !
20 |
10 |
0 I] ket oLlal LI Y
0 10 20 D

10 dB
kHz

m=mm  \whale—selected prey
3 non-selected scatterers

FIG. 5. Normalized distributions of various characteristics of echoes from
whale-selected prey and randomly chosen scatterers not selected by the
whale (black and gray bars, respectively). The characteristics are: (a) num-
ber of nulls, (b) location of first null, (c) spacing between the first two nulls,
and (d) relative target strength. Each characteristic of an individual echo is
weighted by the fraction of the total number of echoes within a train that the
echo represents. Distributions are normalized by the total number of echo
trains (whale selected or nonselected). Vertical dashed line in target strength
plot (d) represents absolute target strength value of —65 dB based on an
arbitrary source level of 200 dB.

C. Comparison of echo characteristics between two
groups of prey

Scatterer density in regions where the whale hunted var-
ied widely within the three dives (Fig. 2) and two distinct
regimes can be identified. Scatterer density was low during
much of dives 2 and 4 while high scatterer density was ob-
served throughout the shallower and benthic dive 3 (Fig. 6).
The two density regimes were separated spatially in the wa-
ter column with the high density group found, generally, in
water shallower than 700 m and the lower density group
found at greater depths. A comparison was made between
these two groups in which the three outliers (i.e., scatterers in
high density environments, deeper than 700 m) were dis-
counted.

In both regimes, the targets selected by the whale were
characterized by more highly structured echoes than the
group of nonselected scatterers. In the low scatterer density
case (Fig. 7(b)) the median number of nulls for whale-
selected and nonselected targets were two and one, respec-
tively (Wilcoxon rank-sum p=0, n=52). Similarly, in the
high scatterer density case (Fig. 7(a)), the median values
were one and zero, respectively (Wilcoxon rank-sum p
=0.04, n=27); although, the result in the high density regime
is not significant if Bonferroni correction is taken into ac-
count on the division of data. As in the combined results, a
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FIG. 6. Depth distribution of prey categorized by scatterer density. Depth is
truncated above 450 m as no predation events were observed at shallower
depths.

relatively small percentage of echoes in whale-selected echo
trains were composed of featureless echoes in both the shal-
low, high density group (whale selected: 14%, versus nonse-
lected: 57%) and the deep, low density group (whale se-
lected: 11%, nonselected: 40%). Finally, a comparison
between the two environments (high and low scatterer den-
sity) of only whale-selected targets showed no significant
difference in the number of nulls.

The distribution of relative target strengths of the two
populations provided further information about these two
scattering groups. The target strength distribution of whale-
selected and nonselected echoes within each environment
(i.e., shallow, high scatterer density and deep, low scatterer
density) are overlapping (Fig. 8) with no significant differ-
ence noted in the median target strengths in the shallow, high
scatterer density case (Wilcoxon rank-sum p=0.36, n=27). A
difference of 6 dB in the medians was observed in the deep,
low scatterer density case with whale-selected targets having
higher target strengths (p=0.02, n=52). Furthermore, a com-
parison between the two environments (i.e., high and low
echo density regimes) of only the whale-selected targets re-
veals a 15 dB difference in the median target strengths with
the targets in the deep, low density regime having higher
values (p=0, n=37).

In order to explore the implication of this difference in
target strengths, a scattering model was used to estimate the
possible difference in average scatterer size. Using a simple,
finite cylinder model for randomly oriented scatterers of
length, L, target strength averaged over orientation varies as
10 log(L?) in the geometric scattering region (Stanton et al.,
1993). This first-order approximation can be used to estimate
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FIG. 7. Normalized distributions of number of nulls in frequency responses
of selected and nonselected scatterers (black and gray bars, respectively) in
(a) shallow, high density aggregations and (b) deep, low density aggrega-
tions. Weighting and normalization are identical to Fig. 5.

a ratio of the lengths of prey from the difference observed in
average target strengths. For scattering from two organisms
of the same shape and material composition, a 15 dB differ-
ence in target strengths correlates to a length factor of ap-
proximately 5.5.

IV. DISCUSSION AND CONCLUSIONS

The characteristics of echoes from targets ensonified by
broadband echolocation signals have been studied through
data obtained, in situ, by a recording device mounted on a
foraging Blainville’s beaked whale. By setting stringent cri-
teria on the echoes analyzed and, in part, due to the oppor-
tunely smooth spectrum of the whale’s emitted signal, the
spectral characteristics of backscattering by prey have been
analyzed and relative target strengths have been estimated.

Significant structure, resembling the type of interference
patterns observed when marine organisms scatter broadband
sound in laboratory experiments exist in the frequency spec-
tra of echoes measured in this study. Additionally, echo-to-
echo variability in terms of both spectral structure and rela-
tive target strengths is observed within some echo trains
selected by the whale. Although both spectral distortion of
the emitted signal, related to the prey location within the
acoustic beam, and noise can induce spectral nulls in the
received echoes, these effects have been minimized by se-
lecting only high ENR echoes. Therefore, variations in echo
characteristics within echo trains, arguably, relate to the ori-
entation of the scatterer with respect to the incident sound
beam rather than location in the beam. Other modeling stud-
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FIG. 8. Normalized distributions of relative target strengths of whale-
selected prey and nonselected scatterers (black and gray bars; respectively)
in: (a) shallow, high density aggregations, and (b) deep, low density aggre-
gations. Vertical dashed line represents absolute target strength value of
—65 dB based on an arbitrary source level of 200 dB. Weighting and nor-
malization are identical to Fig. 5.

ies and laboratory experiments of the broadband spectra of
echoes from fish and squid show a qualitatively similar vari-
ability (Reeder et al., 2004; Jones, 2006). In these studies of
scattering from individual organisms, changes in orientation
as small as 5° have been shown to dramatically change the
backscattering spectra.

Comparing all groups of echoes from scatterers selected
by the whale to other randomly chosen, nonselected scatter-
ers, we have shown that the targets preyed upon by the whale
have a higher degree of structure within their frequency re-
sponses. Conversely, the whale was much less likely to prey
upon targets characterized by featureless echoes. This result
is contrary to what would be expected if structure in the
echoes resulted primarily from the location of the scatterer
with respect to the axis of the sonar beam. There is no be-
havioral reason to suppose that whale-selected targets would
tend to be ensonified further off-axis than nonselected tar-
gets. In fact, the contrary ought to be the case as is seen in
bats (Moss and Ghose, 2003), i.e., the whale likely orients
itself so as to ensonify selected targets close to its acoustic
axis. Thus, neglecting the frequency response of the scat-
terer, one would expect to see more spectral nulls in the
nonselected targets than in those selected for capture at-
tempts. Here we see a significant trend in the opposite direc-
tion indicating that the observed spectral features are most
likely due to the frequency-dependent target strength of the
scatterer.

Given our lack of knowledge of the type, size, and ori-
entation of the ensonified scatterers, no definite statement
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can be made regarding the type or size of organisms that
might produce the structured versus featureless echoes, or
the reason for the whale preferring more structured returns. It
is even possible that the whale’s decision process is com-
pleted at a further range than that of the targets considered in
this study. It must be assumed that the whale’s range of de-
tection is greater than that of the tag-mounted hydrophones.
The combination of directivity of the whale’s aural receiving
system, as shown by Au and Moore (1984) in other toothed
whales, and poorer ENR of the hydrophone outputs due to
flow noise over the tag should provide the whale with a
significantly better ENR. Nonetheless, it is clear from this
study that there is a significant difference in the echo char-
acteristics of prey selected by the whale and those not se-
lected when within the range of our sensor. Possible expla-
nations for increased structure in the selected scatterers are
that they are a different species, different size, and/or in a
different orientation when ensonified. Stomach content data,
net samples, and acoustic scattering studies of the species
present in the areas and depths at which Blainville’s beaked
whales forage are needed to narrow down the type and size
of organism giving rise to the echoes, and to ultimately allow
the results to be interpreted at an ecological level.

Two depth-stratified regimes were identified which ex-
hibited differences in scatterer density and prey target
strength. The whale hunted prey with lower target strengths
in high density aggregations between depths of 600 and
650 m. Prey with higher target strengths were selected by the
whale at depths below 700 m in environments with low scat-
terer density. In the shallow, high scatterer density environ-
ment the target strength distributions of selected and nonse-
lected targets showed no significant difference suggesting
that the relative target strength of a scatterer is not the
whale’s sole means of discriminating between prey and non-
prey targets. In the low scatterer density environment it is
clear that the whale favored targets with a significantly
higher degree of structure in their echo spectra. Combined,
these results provide some evidence of spectral-based prey
selection, though further data will be required to determine
whether this is the whale’s primary method of discrimina-
tion.

Finally, an explanation has been proposed as to why this
large marine predator chooses to dive to significantly deeper
depths, and thus expend greater amounts of energy (Tyack et
al., 2006), to hunt less dense populations of organisms. A
significant difference in the relative target strengths for
whale-selected targets was observed between the shallow,
high density aggregation and the deep, low density aggrega-
tion. While several parameters can give rise to a difference in
target strengths (e.g., size, shape, tissue composition and gas
inclusions), we have shown that, by allowing length to domi-
nate, the higher target strengths observed at deeper depths
could be explained by a prey size some 5-6 times that of
prey hunted in shallower water. This, in turn, could give the
whale an incentive to expend the energy required to dive to
greater depths.

Little is known about the potential prey communities in
the deep ocean due to the difficulty and expense of studying
these habitats. The method presented here, using a deep-
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diving, echolocating predator as a natural source of sound
and analyzing the scattered signals, is a novel way to explore
this challenging environment. It is hoped that future studies
will provide data which can be used to further analyze these
whales’” behavior and characterize the prey field where they
hunt.
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