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Diving behavior of Cuvier’s beaked whales inferred from
three-dimensional acoustic localization and tracking using
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Echolocation pulses from Cuvier’s beaked whales are used to track the whales’ three-dimensional
diving behavior in the Catalina Basin, California. In 2016, five 2-element vertical hydrophone
arrays were suspended from the surface and drifted at ~100-m depth. Cuvier’s beaked whale pulses
were identified, and vertical detection angles were estimated from time-differences-of-arrival of
either direct-path signals received on two hydrophones or direct-path and surface-reflected signals
received on the same hydrophone. A Bayesian state-space model is developed to track the diving
behavior. The model is fit to these detection angle estimates from at least four of the drifting verti-
cal arrays. Results show that the beaked whales were producing echolocation pulses and are pre-
sumed to be foraging at a mean depth of 967 m (standard deviation = 112 m), approximately 300 m
above the bottom in this basin. Some whales spent at least some time at or near the bottom.
Average swim speed was 1.2m s™', but swim direction varied during a dive. The average net hori-
zontal speed was 0.6m s~ '. Results are similar to those obtained from previous tagging studies of
this species. These methods may allow expansion of dive studies to other whale species that are dif-

ficult to tag. https://doi.org/10.1121/1.5055216
[AMT]

I. INTRODUCTION

The detailed diving behavior of most whales is not
directly observable by humans. Diving studies are especially
challenging for deep-diving whales such as beaked whales
(family Ziphiidae), for which each foraging dive can last
more than two hours at depths of up to 3000 m (Schorr et al.,
2014). Most of what we currently know about beaked whale
diving behavior comes from tagging studies. Time-depth
recorders have been used to quantify dive times and depths,
inter-dive periods, and descent and ascent rates (Tyack et al.,
2006; Baird et al., 2008). Acoustic recording tags have
added the ability to study details related to their foraging
behavior (Johnson et al., 2004; Tyack et al., 2006). Multi-
sensor tags that also include accelerometers and magnetic
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headings allow even more detailed re-constructions of three-
dimensional (3D) diving and foraging behavior (Johnson
et al., 2008; Laplanche et al., 2015). However, tagging stud-
ies have been successfully applied to only a small subset of
the 22 species of beaked whale.

One of the better studied species is Cuvier’s beaked whale
(Ziphius  cavirostris), which have been tagged in the
Mediterranean (Johnson et al., 2004; Tyack et al., 2006),
Hawaii (Baird et al., 2008), Southern California (DeRuiter
et al., 2013; Schorr et al., 2014) and the Azores (Visser, 2017).
In general, diving behaviors were similar in different areas. To
summarize from those studies, Cuvier’s beaked whales typi-
cally conduct deep foraging dives with mean durations of
60-70min and with mean inter-deep-dive periods of
60—100 min. During a deep foraging dive, whales descend at a
rate of ~1.4-1.5m s~ to a depth of ~450 m before initiating
echolocation and foraging. Whales forage typically for
~35min at depths of 700-2000m (and as deep as 3000 m)
before returning to the surface. During their ascent, whales stop
echolocation at a depth of ~850m and continue to ascend at a
slower rate (0.6-0.7m sfl) than their descent. During inter-
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deep-dive periods, whales make several shorter (15-21 min)
dives to shallower depths and surface multiple times during rel-
atively short (~2-3 min) surfacing series. The only other exten-
sively tagged beaked whale species, Blainville’s beaked whale
(Mesoplodon densirostris), shows very similar behavior but
generally has shorter foraging dives to shallower depths (Tyack
et al., 2006; Baird et al., 2008).

Because beaked whales make regular echolocation
pulses during foraging dives (Johnson et al., 2004; Zimmer
et al., 2008), passive acoustic tracking is an alternative tool
to study their diving behavior. To date, this approach has
been largely limited to studies of sperm whales (Physeter
macrocephalus). Large-aperture arrays of bottom-mounted,
surface-suspended or towed hydrophones have been used to
determine the 3D diving behavior of vocalizing sperm
whales (Mghl et al., 2000; Thode, 2004; Nosal and Frazer,
2007; Miller and Dawson, 2009; Baggenstoss, 2011). A key
element to these studies is the localization of their echoloca-
tion pulses using time-difference-of-arrival (TDOA) of the
sounds on multiple hydrophones. At sea, cabled hydrophone
arrays are unwieldy at scales greater than a few hundred
meters, so multiple autonomous recorders are often used to cre-
ate larger aperture arrays. Maintaining recording synchrony is
problematic for autonomous recorders because digital clocks
with sufficient precision to accurately measure TDOA are not
widely available in commercial recording systems. Several
clever approaches have been developed to establish recording
synchrony and thereby accurately measure TDOA from widely
separated hydrophones. Mghl et al. (2000), McGehee (2000),
and Wahlberg et al. (2001) developed methods that used radio-
linked hydrophones to record simultaneous signals on a single
recorder. Mghl er al. (2001) and Miller and Dawson (2009)
used precise GPS timing signals recorded synchronously with
the audio recordings from each independent hydrophone to
establish a precise time reference. Thode (2004) used two
widely spaced elements in linear array and used surface reflec-
tions to effectively simulate a large spatial array. Baggenstoss
(2011) developed TDOA methods to simultaneously localize
multiple individuals. Gassmann et al. (2013) described a sys-
tem for 3D tracking of another species, killer whale (Orcinus
orca), using a series of several cabled hydrophone arrays sus-
pended from a floating platform.

In many ways, sperm whales are a model species for
localization studies. Sperm whales produce loud echoloca-
tion clicks with source levels up to 223 dB re: 1 pPa root-
mean-square (rms) @ 1m (Mghl et al., 2000), and even
though their clicks are highly directional (Mghl et al., 2000),
off-axis signals can be discerned at ranges of several kilo-
meters (Nosal and Frazer, 2007; Miller and Dawson, 2009).
Inter-click-intervals are stable and relatively long for sperm
whales, which facilitates localization of individuals within
groups. Also, their deep-diving behavior makes it difficult to
study this species from surface observations alone, which
increases the value of passive acoustic methods.

Beaked whales of the family Ziphiidae are also hard-to-
study, deep-diving whales, but aspects of their biology and
behavior limit the application of the same approaches.
Beaked whale echolocation pulses are much higher in fre-
quency (10-90 kHz, Baumann-Pickering et al., 2013) than

J. Acoust. Soc. Am. 144 (4), October 2018

those of sperm whales (0.1-20 kHz, Nosal and Frazer, 2007),
which prevents the use of off-the-shelf radio equipment to
transmit their audio signals to a central recording system.
More significantly, the echolocation pulses of the best studied
species of beaked whale (Cuvier’s beaked whale and
Blainville’s beaked whale) are highly directional and with an
estimated —3dB beam width of only 6° (Zimmer et al.,
2008). Off-axis echolocation signals of Cuvier’s beaked
whale are estimated to be detectable above ambient noise
only to a distance of ~700m (Zimmer et al., 2008). Given
that the typical foraging depths of this species is greater than
700 m, only on-axis pulses are likely to be detectable on near-
surface hydrophones. Studies with large-aperture arrays of
bottom-mounted hydrophones have shown that, due to their
narrow beam widths, on-axis pulses are seldom likely to be
received simultaneously on a sufficient number of hydro-
phones to allow localization (Ward et al., 2008).

Several approaches have been developed for 3D acoustic
tracking that do not rely on the same signal being received on a
widely distributed array of time-synchronized hydrophones.
Gassmann et al. (2015) used a nested array configuration with
two small-aperture, four-element arrays (nodes) nested within a
large-aperture array of single-channel recorders for 3D tracking
of Cuvier’s beaked whales. Each small-aperture array is used
to estimate the direction to a sound source in three dimensions,
and each hydrophone is recorded on the same instrument, so
timing synchrony was not an issue. Although Gassmann et al.
(2015) established recording synchrony of widely spaced ele-
ments by measuring and adjusting for clock drift, their nested
method also allows for localization without precise synchroni-
zation between recorders. This approach can work even when
the same signal is not received at both nodes, so long as signals
from the same whale are received by both nodes within a time
period that is short enough that animal movement is negligible.
DeAngelis et al. (2017) used bearing angles from a towed
hydrophone array, target motion analysis, and reflected angles
to localize several species of beaked whale in the Atlantic. For
sperm whales, Nosal and Frazer (2007) avoided the need for
precisely synchronized recordings in 3D tracking by utilizing
both direct-path and surface-reflected signals received on at
least four seafloor hydrophones to localize based on signals
received within a 20-s time interval. Methods such as these that
do not require the same signal to be received on widely spaced
hydrophones and do not require precise time synchronization
are ideal for passive acoustic tracking of beaked whales.

Here we present a passive acoustic approach to tracking
the 3D diving behavior of whales using a spatial array of
unsynchronized hydrophone recorders suspended under
drifting buoys. Each node of this large-aperture array is
comprised of a vertical array of two closely-spaced (10 m),
near-surface hydrophones recorded in stereo. TDOA of
echolocation pulses on the vertical arrays are used to esti-
mate detection angles. We test this nested array configura-
tion of a large aperture, unsynchronized spatial array
comprised of time-synchronized vertical arrays to study div-
ing behavior of Cuvier’s beaked whales in the Catalina
Basin, California during two weeks in July and August 2016.
Although the same echolocation pulse is seldom received on
more than two nodes, pulses are often received on 3-5 nodes
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within a relatively short time snapshot, allowing precise locali-
zation. We develop a discrete-time, state-space model to track
whales using a movement model that constrains travel speed
to biologically feasible values and a measurement model that
uses the detection angles from multiple vertical arrays.
Occasionally available surface reflections provide independent
measurements of detection angles and allow correction for
small degrees of array tilt. Aspects of diving behavior are
inferred from ten estimated 3D dive tracks.

Il. METHODS

We use detection angles measured from a drifting array
of hydrophones at ~100-m depth for both localization and
tracking of Cuvier’s beaked whales. The autonomously
recording vertical hydrophone arrays are referred to as drift-
ing acoustic spar buoy recorders (DASBRs). In this paper, we
use the term localization to refer to the estimation of a 3D
location (in planar space and depth) at a single point in time.
As we use this term, localization does not use information
from previous or subsequent locations. We use the term
tracking to refer to a time series of 3D locations that are esti-
mated in a model. Within the context of the model, estimates
of tracking locations are influenced by previous and past
locations and can be constrained to realistic values by param-
eters in the model. Detection angles to the source of a beaked
whale echolocation pulse (angular deviation from straight
down) are estimated using two methods: (A) the TDOA of a
pulse on two elements of a vertical hydrophone array and (B)
the TDOA of a pulse and its surface reflection on a single
hydrophone. Method A provides an estimate of detection
angle from the mid-point of the two elements and is subject
to error from array tilt relative to the source; this method is
only used in tracking. Method B (often referred to as a virtual
array; Cato, 1998) provides an estimate of detection angle
that is not affected by array tilt; this method is used in both
localization and tracking.

A. Localization

Localization of a beaked whale in three dimensions at a
single point in time is achieved using the TDOA between
direct-path and surface-reflected echolocation pulses
(method B) received at a minimum of three locations within
a short (2-min) time window. Downward conical bearing
angles from four points on the sea surface converge exactly
at only one point; however, angles from three locations con-
verge at two points and can sometimes provide unambiguous
localization if one of those points is implausible (deeper than
the seafloor or shallower than the foraging depths of beaked
whales). Exact convergence is not guaranteed given mea-
surement error, so we use a maximum likelihood (least-
squares) approach to find the best-fit point-of-convergence.
Latitude (Y) and longitude (X) are expressed in kilometers
using the Universal Transverse Mercator (UTM) coordinate
system. At a beaked whale’s horizontal location (X, Y), the
depth of a point on a downward-opening cone, j, can be esti-
mated from the location of its apex at the sea surface (x;, y;)
and the detection angle, ;. For f3; detection angles at j loca-
tions, predicted depths, Z; at (X, ¥) can be estimated as

2032  J. Acoust. Soc. Am. 144 (4), October 2018

Zj = R;/ tan (f)), )]

where R;, the horizontal range of (X, Y) from apex j, is esti-
mated as

Rj:\/(X—Xf)er(Y—y/')z- )

The R (R Core Team, 2013) function optim is used to find
the position (X, Y) that minimizes the sum of squared devia-
tions in the estimated individual and mean ranges (linear fit-
ting methods would work as well)

ZG”Z%y ©
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where n is the number of range estimates. We estimate the
location of beaked whales using angles estimated only from
reflected signals because the measurement of these is not
affected by array tilt. We assume that animal movement is
small within the 2-min interval used for localizations (see
Sec. IV) and ignore a trivially small correction for curvature
of the earth.

B. Tracking

Beaked whale 3D dive tracks are reconstructed using
detection angles estimated from at least four DASBRs.
Locations in time and space are modeled using a hidden-
Markov, state-space model (MacDonald and Zucchini, 1997)
in a Bayesian framework. Locations are treated as a latent
state constrained by an animal movement model that
imposes biological feasibility constraints. Detection angles
are used in a measurements model. The model is parameter-
ized with discrete time steps of one minute (A7).

Location in space is assumed to be a Markov function of
the previous location and velocity vectors. Here we use X as
longitude and Y as latitude (again in UTM meters) and Z as
depth in meters, and X', Y’, and Z' as corresponding veloci-
ties. Location at time 7 4- / can be specified as

Xt = X, + X, A, @)
Yij =Y+ YA &)
Zivy=2; +Zi <At (6)

Velocities are specified by an animal movement model that
is based on x—y (horizontal) heading (H), vertical pitch (P),
and speed through the water (S).

Xy = Sip1 - sin(Piyy) - cos (Hiyy), @)
Y;H = Sit1 - sin(Pi) - sin (Hip), ®)
Z = Sit1 - cos(Piiy). )

Heading, pitch, and speed are estimated from previous val-
ues plus normally distributed random deviations (5) with
zero means and standard deviations taken from broad uni-
form distributions.

Barlow et al.
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Hi+l :H,'+(SH; 51.1 NN(mean:O,sd:aH);

on ~ U(0.05,1.0); inradians, (10)
Piyy =P+ 0p; 0Op ~ N(mean =0,sd = op);

op ~ U(0.0,1.5); inradians, an
Sic1 =8+ 0s; 05~ N(mean =0,5d = 05);

os ~ U(0.1,0.5); inms . (12)

The state variables are estimated by minimizing the
deviations between the observed detection angles for each
DASBR and the expected detection angles given the
DASBR locations and the state variables. Expected ranges
(R;j) at each time step i to each DASBR j are estimated as
the square root of the sum of squared differences in UTM
values of easting and northing [Eq. (2)]. In the animal move-
ment model, predicted detection angles for direct-path (o; )
and reflected-path (f;;) angles were calculated from these
range estimates, animal depth estimates (Z;), and the mean
hydrophone depth of each DASBR (D; ).

aiJ:atan(RiJ/(Zj—DjJ))7 (13)

:Bij = atan (R,J/Z,) (14)

In the measurement model, predicted angles are modeled as
the sum of observed angles (0O; ;), normally distributed ran-
dom errors (¢) with zero mean, and, for direct-path angles, a
DASBR-specific correction for array tilt (7).

vij=0;;+Tj+&y; &y ~N(mean =0°;sd = 0.80°),
15)

Bij=0i;+ep; ep~N(mean=0°sd=0.10°). (16)

Array tilt does not affect angles f§ estimated from surface
reflections, so array tilt is assumed to be zero for these
angles. In this model, ¢ values represent measurement error
and T values represent bias in the direct-path angles. The
standard deviations for &, and &4 are based on a previously
measured value for direct-path and reflected angles for
DASBRs [standard deviation (sd) =0.80° and 0.10°, respec-
tively, Barlow and Griffiths, 2017]. The prior distribution for
the array tilt correction is modeled as a broad normal distri-
bution with a mean of zero and a standard deviation of 5°.

T; ~ N(mean = 0°;sd = 5.0°). (17)

The Bayesian posterior distributions of estimated loca-
tion and other variables are estimated using Markov Chain
Monte Carlo (MCMC) algorithms as implemented in
OpenBUGS software (Lunn et al., 2009). A short description
of this software, alternative methods for fitting state-space
models, and the OpenBUGS code for this model are avail-
able in the supplemental material." OpenBUGS software is
accessed using the R20penBUGS package v3.2 in R v3.4.2.
Estimated parameters include the initial states (X;, Y;, Z;,
H;, P;, S;), the sds of the normally distributed, zero-mean
terms (oy, 0p, and agg), and the DASBR-specific values of
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the deviations in heading, pitch, and speed between each
time step in the model (0, dp, and dg). Non-informative uni-
form distributions (Lunn ef al., 2012) were used for initial
speed, pitch and heading (H;, P;, S;). To improve conver-
gence, a plausible initial location (X,, Y;, Z,) was determined
by trial and error, and this initial location was specified as a
normally distributed prior with a standard deviation of 1 km
horizontally and 0.3km vertically. Speeds (S;) are con-
strained to biologically plausible values (0.25 to 3.5m s ).
Posterior probabilities were based on 200 000 iterations with
a thinning ratio of 1:100 after a burn-in of 200 000 iterations
(see Lunn et al., 2012 for an explanation of these parameters
in OpenBugs).

C. Array design

Cuvier’s beaked whales were localized and tracked
using a nested array design comprised of a large aperture
array of four to eight drifting nodes. Each node is comprised
of a two-element vertical array with hydrophones separated
by 10m and a two-channel autonomous digital recorder (see
Fig. 2 in Griffiths and Barlow, 2015). The nodes were
deployed initially in two north-south rows with ~900 m sep-
aration between rows and between nodes within each row
(Fig. 1); however, this array geometry changed during each
drift due to random effects of current and wind. Three of our
eight recorders failed to record useable data, largely due to
problems with underwater connectors, so results presented
here will be from arrays with four or five nodes.

One of the five functioning nodes (designated W-4) was
based on the design of Griffiths and Barlow (2015, 2016) for
a drifting acoustic spar buoy recorder (DASBR v1). It used a
Wildlife Acoustics SM2+Bat recorder mounted in a polyvi-
nyl chloride (PVC) spar buoy. Stereo acoustic files were
recorded continuously in 5-min WAV-format files at a
192 kHz sample rate. A Kevlar-reinforced underwater Cat-5

Ty

Santa Catalina Island.—"

Catalina
Basin

Google Earth

FIG. 1. Drifts of buoy recorders in the Catalina Basin (white lines). Eight
buoys were typically deployed in a 2 x 4 rectangular configuration separated
by ~900 m (as exemplified by black and white circle symbols) and drifted
northeast. Black and white square symbols indicate localized Cuvier’s
beaked whales (Table I). Drifts were designed to pass over two seafloor
recorders (triangles) as part of a different study.
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cable (Falmat FMXCAT50000K12) connected two hydro-
phones (at ~90m and ~100m depths) to the floating
instrument package. The hydrophones (High Tech, Inc. HTI-
96-min) had a sensitivity of —182dB re:1 V/uPa and a use-
able frequency range from 50 Hz to 140kHz. A differential
amplifier in the array added 34 dB of gain. Voltages from a
pressure transducer near the hydrophones were recorded by
the SM2-Bat recorder to measure depth. A 30-m x 8-mm
elastic cord was attached to the conducting cable to decouple
the movement of the surface buoy from the hydrophones.
The SM2+Bat signal conditioning settings were zero gain
on both channels, a 3 Hz high-pass filter on Channel O (upper
hydrophone) and a 180Hz high-pass filter on Channel 1
(lower hydrophone).

The other four functioning nodes (designated B-1 to B-
4) used Wildlife Acoustics SM3M autonomous underwater
recorders. This configuration (DASBR v2) differed from the
previous design in using submersible recorders and a nylon
line rather than a near-surface SM2+-Bat recorder and a con-
ducting cable. The record duty cycle for the SM3M recorders
included a 1-min stereo WAV file at the top of the hour at
96 kHz (for quiet ocean noise measurements), a 5-min sleep
period (to force the system clock to synchronize with the
temperature-compensated clock), and twenty-seven 2-min
WAV files at 256 kHz sampling rate. Two hydrophones (at
~105m and ~115m depths) were attached to a nylon line
and were connected to the SM3M recorder with 10-m cables.
The hydrophones (High Tech, Inc. HTI-96-min) had a sensi-
tivity of —165dB re:1 V/uPa and a useable frequency range
from 50Hz to 140kHz. A 30-m x 10mm elastic cord was
used immediately below the spar buoy to decouple the move-
ment of the surface buoy from the hydrophones. A 50-m
x 6-mm nylon line was used below the elastic cord, and the
SM3M and hydrophones were mounted to a 15-m x 10-mm
nylon line below that. The signal conditioning settings on the
SM3M were 12dB gain on both channels and a 2-Hz high-
pass filter on both channels.

The overall configuration was similar for both the
DASBR vl and v2. Two Spot satellite geo-location devices
(Gen3 and Trace models, used interchangeably) were
mounted in the above-water section of the spar buoys to
track and record GPS locations at intervals of 15-30 min.
The vertical array orientation was maintained with a 6.5kg
weight at the bottom of each array.

D. Field studies

The array of DASBRs was deployed off southern
California in the Catalina Basin from 19 July to 1 August
2016. Instruments were initially deployed from the San
Diego-based 75-ft dive boat Horizon. The array was reposi-
tioned 12 times, typically on a daily basis, to re-establish the
array geometry using the 25-ft research vessel Vibrio from
the University of Southern California’s Wrigley Marine
Science Center. The drifts (Fig. 1) were designed to pass
over two High-Frequency Acoustic Recording Packages
(HARPs) that were deployed on the seafloor as part of a sep-
arate study to compare beaked whale detections among
instruments. The midpoint of all drifts was 33.2° N and

2034  J. Acoust. Soc. Am. 144 (4), October 2018

118.6° W. Four DASBRs (W-1 to W-4) were removed for
data downloading and maintenance from 25 to 27 July. The
other four (B-1 to B-4) were removed for data downloading
and maintenance from 27 to 28 July.

E. Beaked whale identification and bearing angle
estimation

Initial processing to identify beaked whale echoloca-
tion pulses and estimate direct-path vertical bearing angles
used PAMGuard (Beta v1_15_03) open-source software?
(Gillespie et al., 2009). Echolocation signals were detected
using the PAMGuard energy-based click detector and were
automatically classified by the PAMGuard click classifier
into discrete categories based on peak frequency and the
presence of a frequency upsweep (Keating and Barlow,
2013). Direct-path, vertical bearing angles were automati-
cally estimated within PAMGuard from the TDOA of the
same echolocation pulse on the two elements of the verti-
cal hydrophone arrays which were estimated by cross-
correlation of the waveform data. The vast majority of
echolocation signals in this area were from dolphins (espe-
cially common dolphins which were seen frequently dur-
ing our field operations). Pulses that were likely to be from
Cuvier’s beaked whales were initially identified based on
having a 22-24 kHz or 34-40kHz peak frequency, at least
occasional upsweeps as determined by the PAMGuard
click classifier, and vertical bearing angles from below the
array that were relatively consistent over several minutes.
Consistent downward bearing angles were the most effec-
tive diagnostic for identifying beaked whale echolocation
pulses in the presence of larger numbers of dolphin clicks.
Characteristics of Cuvier’s beaked whale pulses in this
area have been described by Baumann-Pickering et al.
(2014). Likely Cuvier’s beaked whale detections were con-
firmed using four criteria: (1) presence of a clear upsweep
in the Wigner plot of high signal-to-noise ratio (SNR)
pulses, (2) presence of frequency peaks at 18, 22-24, and
34-40kHz, (3) presence of a frequency valley or notch at
27 kHz, and (4) inter-pulse intervals greater than 250 ms.
In some cases, context-specific information such as the
presence of surface reflections and inter-pulse intervals
were helpful in confirming species identification (Zimmer
and Pavan, 2008). Beaked whales were initially identified
by independent analyses of all five DASBRs. If a beaked
whale was confirmed on one or more DASBRs, data at that
time from the remaining DASBRs were re-examined to
determine whether a faint beaked whale may have been
missed.

Surface-reflected signals from beaked whales are the
sum of incoherent reflections off multiple wave faces, which
reduces the precision of cross-correlation methods to esti-
mate bearing angles. Therefore, the precise timing for
surface-reflected signals was estimated using the Teager-
Kaiser edge-detection approached developed by Barlow and
Griffiths (2017). Vertical bearing angles for signals with
strong surface reflections were estimated from the TDOA of
direct-path and surface-reflected signals.
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Estimated bearing angles were corrected for the
expected sound speed profile for this month and area. The
expected sound speed profile in the Catalina Basin in July at
49 discrete depths between 0 and 1200m was estimated
from temperature and salinity values in the U.S. Navy’s
Generalized Digital Environmental Model (GDEM-V, ver-
sion 3.0.1; Carnes, 2009) using the Mackenzie approxima-
tion implemented in the function wasp in the package
seewave (Sueur et al., 2008) in R. Direct-path echolocation
signals were initially processed in PAMGuard using a sound
speed of 1500m s ', and estimated direct-path bearing
angles were adjusted for the expected sound speed at 100 m
(1490m s"). The bearing angles for reflected signals were
estimated based on the mean sound speed in the top 100 m
of the water column (1498 m s~ ). Bearing angle corrections
for sound diffraction were estimated using the ray-tracing
algorithm in the MATLAB function raytrace (Val Schmidt,
University of New Hampshire, 2009) based on a beaked
whale at an assumed 1000-m depth and at apparent detection
angles from 10° to 80° from straight down. The ray-tracing
algorithm used interpolated sound speed values at 1-m depth
intervals based on a smoothing spline (from the R package
gam) fit to the above sound speed data at 49 discrete depths.
Corrections for diffraction ranged from a low of 0.04° at a
detection angle of 10° to a high of 1.19° at 80°.

lll. RESULTS

Individual DASBRs were deployed and retrieved 78
times during the two-week project. The resulting drifts were
towards the northwest and generally achieved the objective
of drifting over the two seafloor recorders (Fig. 1). Average
drift speeds were 0.76km h™' (s.d.=0.23km h™") and,
given that the drifts were opposite the direction of the pre-
vailing NW winds, were primarily driven by ocean currents.
Twenty-nine dives of Cuvier’s beaked whales were identi-
fied (see Table S1 in supplemental files).

A. Localization

On 23 occasions during eleven of the 29 detected dives,
unambiguous localizations could be calculated based on sur-
face reflections received on at least three DASBRs within a
2-min time window (Table I). Localization was not possible
for the remaining 18 dives because surface reflections were
not detected on at least three DASBRs within this time win-
dow. In some cases, two or three localizations were possible
within a single dive. The mean estimated depths for these
localizations is 977 m (sd = 171 m), and the estimated distan-
ces from the localization to the instruments range from 0.43
to 3.48 km (Table I).

TABLE I. Localizations of Cuvier’s beaked whales from detection angles estimated from surface-reflected echolocation pulses. Latitude, longitude, and depth
are estimated by finding the best convergence of bearing angles from three or more drifting instruments. The minimum and maximum distances from the esti-
mated location to the instruments are also given. Localizations from only three instruments are used only if unambiguously determined (only one solution at

plausible depths >500 m and less than the bottom depth).

# DASBRs with surface

Dive label reflections UTC Date & time Latitude Longitude Depth (m) Min. distance (km) Max. distance (km)
Al-1 4 7/22/2016 3:57 33.252 —118.618 1191 1.40 2.49
Al-2 4 7/22/2016 4:24 33.253 —118.610 952 1.42 2.54
AJ-5 3 7/22/2016 6:28 33.247 —118.640 810 0.43 1.42
AP-1 3 7/24/2016 6:16 33.270 —118.634 953 2.16 2.99
AP-1 3 7/24/2016 6:21 33.265 —118.634 854 1.60 2.39
AP-1 3 7/24/2016 6:23 33.264 —118.632 836 1.36 2.17
AR-1 3 7/24/2016 20:30 33.156 —118.556 1193 2.07 3.10
AS-1 4 7/24/2016 23:43 33.176 —118.568 734 1.88 345
AW-1 3 7/25/2016 7:54 33.204 —118.633 959 2.52 344
AW-1 3 7/25/2016 7:55 33.204 —118.634 925 2.50 341
AW-1 3 7/25/2016 8:10 33.216 —118.632 840 1.70 343
AY-1 4 7/25/2016 10:57 33.262 —118.674 1085 1.36 2.85
AY-1 4 7/25/2016 11:08 33.259 —118.674 1067 1.34 2.48
AY-1 5 7/25/2016 11:14 33.259 —118.666 1247 1.62 2.80
AY-1 4 7/25/2016 11:20 33.257 —118.678 693 1.12 2.07
BH-1 4 7/26/2016 9:19 33.226 —118.670 976 2.17 348
BH-2 4 7/26/2016 9:39 33.225 —118.663 954 1.47 2.62
BL-1 4 7/27/2016 8:11 33.255 —118.604 1169 1.22 2.53
BL-1 4 7/27/2016 8:19 33.254 —118.608 1244 0.87 2.19
BM-2 3 7/27/2016 11:11 33.275 —118.638 671 0.74 1.64
BM-3 4 7/27/2016 11:15 33.263 —118.630 1136 1.03 2.16
BS-1 4 7/29/2016 12:44 33.224 —118.653 1046 1.00 2.46
BS-1 4 7/29/2016 13:07 33.226 —118.650 933 1.26 2.56
Average 977 1.49 2.64
Standard Deviation 171 0.54 0.57
Standard Error 36 0.11 0.12
Maximum 1247 2.52 348
Minimum 671 0.43 1.42
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TABLE II. Summary statistics for each of ten dive tracks. The net distance traveled is based only on the beginning and ending position of a track, and the net
horizontal speed is estimated as the net distance divided by the duration of the track. The rms angle error is the rms difference between the observed direct
path angles and those predicted by the fitted track and includes both systematic error due to array tilt and measurement error.

Duration Mean speed Mean depth Maximum depth Net distance Net horizontal Mean absolute rms angle error
Dive (min) (msh) (m) (m) traveled (km) speed (m sh tilt correction (deg) (deg)
Al-1 11 1.18 1035 1323 0.19 0.29 222 2.52
Al-2 26 0.64 945 1085 0.79 0.51 1.80 1.92
Al-3 26 0.87 902 1040 0.38 0.24 2.39 3.30
AP-1 32 1.69 879 984 1.59 0.83 0.83 1.02
AR-1 19 1.26 1038 1222 0.96 0.84 1.09 1.37
AS-1 24 0.70 935 984 0.40 0.28 1.11 1.17
AW-1 25 1.57 865 952 1.56 1.04 1.04 1.50
BH-1 11 1.28 911 1001 0.61 0.93 2.46 3.13
BL-1 9 1.14 1240 1286 0.49 0.92 1.14 1.73
BS-1 31 1.61 916 1168 0.71 0.38 222 2.39
mean 21.4 1.19 967 1104 0.77 0.63 1.63 2.01
s.d. 8.4 0.37 112 136 0.48 0.31 0.65 0.80
B. Tracking 27min elapsed time, indicating that the whale and the

Eight of the 11 dives that had localizations were
selected for tracking (Table II). In one of those eight dives
(AI), tracks of three individuals were sufficiently distinct to
allow each to be tracked separately, for a total of ten dive
tracks (Table II). In three cases, dives were rejected from
analysis because they represented groups of animals whose
individual detection angles could not be unambiguously dis-
criminated. Other dives were rejected because they did not
have an unambiguous localization from surface reflections
or were too short (less than 9 min). The sample includes dive
segments from 9 to 32min duration with an average of
21.4 min (Table II).

Mlustrated results are provided for the longest tracked
dive (AP-1). The detection angles for the five vertical hydro-
phone arrays (Fig. 2) steadily decline from the start until
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FIG. 2. (Color online) Detection angles (relative to vertical) of beaked whale
echolocation pulses measured from the TDOA from dive “AP-1” received by
a vertical hydrophone array of each DASBR (filled symbols). Symbols and
colors correspond to the same DASBR drifts illustrated in Fig. 3. Detection
angles for reflected signals are circled and those for direct-path signals are
not circled. Detection angles are averaged over 1-min intervals and are not
available for all minutes.
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DASBR array were getting closer. This is also seen in the
estimated track [Fig. 3(A)]. At 27 min, the whale turns away
from four of the vertical arrays but continues toward the fifth
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FIG. 3. (Color online) DASBR drifts (colored lines) and estimated spatial
tracks of beaked whales (black line with error bars) during a 32-min period
of echolocation for dive AP-1 with (A) and without (B) correction for array
tilt. Localizations based on surface reflections are illustrated as black trian-
gles. Location error bars indicate two standard deviations from the Bayesian
posterior distributions. Symbols and colors at the start of each DASBR drift
correspond to symbols in Fig. 2. Coordinates are for Zone 11 of the
Universal Transverse Mercator system.
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(Figs. 2-3). The three localizations from reflected angles are
generally in good agreement (+/— 100 m) with the estimated
track locations. The estimated depth during this track varied
from 750 to 950 m. Swim speed during this dive approached
2.5m s ', and the mean speed (1.7m s~ ') was the fastest
estimated for the ten tracks (Table II).

During track AP-1, the mean estimated angular correc-
tion for array tilt was 0.83° for the five DASBRs. If array tilt
is assumed to be zero, the estimated track is shifted in space
by ~0.5 km at the beginning of the track, but this track error
becomes almost trivial when the animal is closer to the
recorders [Fig. 3(B)]. Without tilt correction, the track does
not pass as near the localizations which are based on
reflected angles [Fig. 3(B)]. Also, in this case, the initial
depth is shallower (~600 m) and swimming speeds are lower
without tilt correction.

The mean depth of all tracks is 967 m, but varies consid-
erably among individual tracks (Fig. 4). The overall mean
swim speed is 1.19m s~ ' with a range from 0.6 to 1.7m s '
among tracks (Table II). Swim directions show no obvious
patterns and, in three cases, changed markedly during a dive
(Fig. 5). The mean net horizontal speed (0.63m sfl) is
roughly half the mean swim speed. The angular corrections
for array tilt have a mean absolute value of 1.6° (Table II).
Detailed plots for all ten tracks are given in supplemental
material.

In one case (dive Al), tracks of multiple individuals
were sufficiently distinct to allow each to be tracked individ-
ually, and dives from three individuals (or tightly associated
subgroups) in this “group dive” are included separately in
the sample of ten tracked dives. Dive Al had the longest
period of echolocation (53 min) of all the identified dives.
Track AI-1 consisted of a steep dive towards the bottom and
ended at about the same time that tracks AI-2 and AI-3
began, again as descents that ended at approximately
1000-1100 m depth.

IV. DISCUSSION
A. Swimming speed

The swimming speed of Cuvier’s beaked whales during
foraging dives has not been directly measured from tagging

Depth (m)
-1000 -800 -600
1 1

-1200

-1400

Elasped Time (min)
FIG. 4. (Color online) Estimated depths for ten tracked beaked whale dives.

Labels indicate specific dives or segments of dives (Table II). Dashed black
line indicates nominal seafloor depth in the Catalina Basin.
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FIG. 5. (Color online) Track locations for ten tracked beaked whale dives
relative to their start location (at the origin: 0, 0). End locations are indicated
with filled circles. Labels at end locations indicate specific dives or segments
of dives (Table II).

studies, but rapid avoidance speeds were estimated as 2.6 and
3.1m s~ ! (DeRuiter ez al., 2013). The descent and ascent rates
for a deep dive have been measured as 1.5 and 0.7m s~
(respectively) in the Ligurian Sea (Tyack et al., 2006) and 1.4
and 0.68m s~ ! (respectively) off Hawaii (Baird et al., 2008);
however, these are based on rates of change in depth and are
not true swim speeds. From accelerometers within their tags,
Tyack et al. (2006) estimate a mean decent angle of 72° and
an ascent angle of 35° during deep dives. Based on these, the
expected swim speeds would be 1.5-1.6m s~ ' on descent and
~12m s~ ! on ascent. The Gassmann et al. (2015) tracking
study estimated horizontal movement speeds ranging from 1 to
3m s '. The swim speeds estimated in our dive tracking
study (mean = 1.18 m s~ 1) are consistent with those from
these previous studies of foraging behavior and are much
less than speeds that have been measured during avoidance
behavior. However, our estimates of swim speeds are based
on net movements in l-min time intervals and do not
include the potential of course changes within that interval
which would result in a slight underestimate of true foraging
speeds.

B. Foraging times

Because Cuvier’s beaked whales typically produce
echolocation pulses only during deep dives (Tyack et al.,
2006), the duration of a period of regular pulses can be used
to infer the duration of a foraging bout. In this study, it is
clear that echolocation pulses cannot always be received by
all hydrophones, even at relatively close range. For dive AP-
1 (Fig. 2), echolocation pulses were received more consis-
tently after 10 min from the start, when the animal turned
towards the drifting array of hydrophones. Pulse reception
became intermittent again when the animal turned away
from some hydrophones at 29 min. Because reception of
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echolocation pulses varies with animal orientation and range,
we cannot precisely estimate foraging times with our data.

The expected duration of the foraging portion of a deep
dive can be estimated from previous tagging studies.
Acoustic tagging studies have shown that regular echoloca-
tion pulses start at an average depth of 457 m on descent and
ends at a depth of 856 m on ascent. Based on mean descent
and ascent rates of 1.45 and 0.69m s~ ' (averaged from the
studies cited above), echolocation pulses would begin
approximately 5.3 min after the start of a deep dive and
would end approximately 20.7 min before the end of the
dive. If the same pattern holds elsewhere, foraging times
would be approximately 26 min less than deep dive times.
From tagging studies, the mean duration of deep dives has
been estimated as S8 min (sd = 11 min) in the Ligurian Sea
(Tyack et al., 2006), 68 min (sd =9 min) off Hawaii (Baird
et al., 2008), and 67 min (sd =6.9) off southern California
(Schorr et al., 2014). Based on these total dive times, the
expected time foraging would be 32, 42, and 41 min (respec-
tively). Warren et al. (2017) directly measured the duration
of echolocation bouts in California (35.1 min, sd =9.1) and
the Ligurian Sea (35.2 min, sd =5.7). Most of the echoloca-
tion periods on dives in this study (17 of 29) were shorter
than 20 min and likely represent fragments of dives when the
animal’s range and orientation allowed detection of their
echolocation signals. However, 8 of these 29 identified dives
had echolocation periods longer than 30 min and represent a
substantial portion of the expected foraging time during a
deep dive.

C. Dive depths

The mean value of maximum depth per dive for the ten
tracks in our study (1104m) is similar to the mean for
Cuvier’s beaked whale dives from tagging studies in the
Ligurian Sea (1070 m, Tyack et al., 2006), but is not as deep
as measured for tagged whales off Hawaii (1392 m, Baird
et al., 2008) and elsewhere off southern California (1401 m,
Schorr et al., 2014). Beaked whale dives in the Catalina
Basin are constrained by the depth of that basin (~1250 m),
which explains some of this difference. Although some ani-
mals in this study were foraging on or near the bottom during
at least a portion of their dive (dives Al-1, AR-1, and BL-1,
Fig. 4), the majority of echolocation signals were not near
the seafloor. Dives AI-1 and BL-1 appear to go below the
nominal seafloor depth (Fig. 4); however, the confidence
limits of these estimated depths include the estimated sea-
floor depth.

In our study, the mean depth of foraging is 967 m
[sd =112 m, standard error (s.e.)=35.4m]. In a study area
only ~100km south and in similar water depths, the
Gassmann et al. (2015) study found a mean foraging depth
of 104Ilm (sd=140.3m, s.e.=42.3m, Gassmann, 2018).
Mean foraging depth has not been reported for tagged ani-
mals, but Baird et al. (2008) reports that the mean depth
when deeper than 800m in Hawaii is 1282 m. DeAngelis
et al. (2017) found an average depth for Cuvier’s beaked
whales detected with towed arrays off the U.S. Atlantic coast
to be 1158 m (sd =287 m). Acoustic tags in the Ligurian Sea
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(Tyack et al., 2006) and tracking studies using bottom-
mounted hydrophones in Southern California (Gassmann
et al., 2015) show that Cuvier’s beaked whales start echolo-
cation at a depth of ~500m during their descent. None of
the localizations or tracks in our study were above 600 m
and only two localizations were above 700 m. Although this
may indicate that echolocation starts at deeper depths in our
study area, this is likely an artifact of animal orientation.
The declination angle during descent has been estimated as
72° (Tyack et al., 2006), hence the main axis of their echolo-
cation signals will be facing away from our hydrophones at
100-m depth. Near-surface hydrophones may simply be less
likely to detect beaked whales during the descent phase of
their deep dives.

D. Foraging strategies

Few of the individuals in this study appear to concen-
trate their foraging on or near the seafloor. Clearly, the sea-
floor at 1250m is within the foraging depth range of
Cuvier’s beaked whales; however, it appears to be used only
occasionally by a few individuals. Similarly, in Gassmann
et al. (2015), their Fig. 6(a) also showed that a Cuvier’s
beaked whale in southern California spent most of its time
foraging ~300—-400 m above the seafloor.

Our tracking data show that beaked whales can be
detected on near-surface hydrophones at horizontal ranges
greater than 1 km even when their net direction of travel is
away from the hydrophone (Fig. 3). Previous propagation
modeling by Zimmer et al. (2008) indicated that off-axis
echolocation pulses are unlikely to be detected at slant
ranges greater than 0.7 km. The most likely explanation for
our observation is that beaked whales are not limiting their
acoustic search to waters directly ahead of their net direction
of travel. Our estimates of net horizontal speed of tracked
whales is roughly half of their estimated swim speeds.
Although some whales traveled in relatively straight lines
(Fig. 5), their net horizontal speeds were still less than their
mean estimated swim speeds (Table II), likely because they
are turning frequently while foraging and because swim
speed can have a vertical vector component. The net direction
of travel underwater appeared to be random with respect to
the direction of the northwesterly surface currents (Fig. 5). At
0.63m s, the net horizontal distance covered on a typical
40 min foraging bout would be ~1.5km.

E. Group foraging behavior

In most groups of Cuvier’s beaked whales, individuals
proved difficult to track because their detection angles plot-
ted against time appeared so inter-braided that individuals
could not be discriminated. In only one case (dive Al), detec-
tion angles appeared to be sufficiently distinct to identify
three individuals or closely associated subgroups. At the one
point in time when echolocation pulses from all three over-
lapped, they appeared to be separated by ~200—400 m. This
dive period was the longest measured bout of echolocation
(53 min), possibly because one subgroup (AI-1) began
descending before the other two. The acoustic tracking by
Gassmann et al. (2015) also showed separations of hundreds
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of meters between individuals within groups of Cuvier’s
beaked whales, with occasional convergences of individuals
during a dive.

Group foraging behavior could be better studied with a
different study design. If recorders were precisely synchro-
nized, individual echolocation pulses might be localized, and
the methods used by Gassmann et al. (2015) could be used
to assign pulses and locations to specific individuals. Given
that individuals can be precisely localized from surface
reflections, time synchronization among recorders may be
possible using echolocation pulses as timing signals.

F. Localization and tracking

This study has shown the feasibility of using echoloca-
tion pulses for localization and tracking of Cuvier’s beaked
whales. The combination of localization using surface-
reflected signals and tracking using the more frequent direct-
path signals allows some degree of correction for array tilt
that would otherwise bias the estimated whale locations.
However, the approach used here is a rather crude approxi-
mation. Array tilt has two components: an absolute value
and an azimuth relative to the direction of the animals. With
our approach, we estimate a single tilt correction as an addi-
tive error in direct-path detection angle for each DASBR. In
reality, that correction should depend on the bearing to the
animal relative to the azimuth of the array tilt. This under-
specification of the problem likely explains why one of the
localizations in Fig. 3 does not fall precisely on the estimated
animal track. Ideally, we would estimate both the absolute
value and the azimuth of the array tilt, but we did not receive
reflected signals often enough to allow estimation of both
parameters. In the future, we recommend precisely measur-
ing the absolute value of array tilt directly with 3D acceler-
ometers fixed rigidly to each array and then estimating only
the azimuth term in the tracking model.

Because surface-reflected signals were relatively rarely
detected, reflected detection angles were averaged within a
2-min time window to increase the sample size for localiza-
tion and for correcting array tilt in the tracking algorithm.
However, based on an average speed of 1.2m s, this intro-
duces potential location errors of ~144 m. This factor, more
than any other, likely determines the absolute track accuracy.
For this reason, direct path angles were averaged over a
shorter 1-min time window. Although a shorter time window
might improve relative accuracy of the track, the longer 2-
min window for reflected angles will still limit the absolute
track accuracy. Two approaches could improve track accu-
racy. If array tilt could be eliminated by using heavier
weights and larger sub-surface buoys, the need for reflected
angles would be eliminated, and localization could be based
solely on direct-path angles. Alternatively, a single recording
hydrophone near the surface (say a 10-m depth) might be
able to more frequently detect surface reflected signals and
allow for a shorter averaging window.

V. CONCLUSION

We have shown that acoustic localization and tracking
using drifting near-surface hydrophones can be an alternative
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to tagging for the study of beaked whale diving behavior.
Results from this study are generally consistent with results
from tagging studies in southern California and other areas.
We were able to measure diving behavior from ten tracks in
a study that lasted just two weeks. A previous study
(Gassmann et al., 2015) showed that beaked whales could
also be tracked using bottom-mounted recorders. Many more
echolocation pulses can be detected if the hydrophones are
within the foraging plane of the whales (1000—1300 m depth)
because more of the echolocation signals will be on-axis and
detectable at greater distances. However, in most of the
world’s oceans, the seafloor is much farther from this opti-
mum foraging depth than is the surface, thus beaked whale
tracking with near-surface hydrophones is more generally
applicable to all the world’s oceans than tracking with
bottom-mounted hydrophones. Our approach using near-
surface hydrophones only requires measurement of declina-
tion angles and thus only requires pairs of hydrophones in a
vertical array to be precisely time-synchronized. The
Gassmann et al. (2015) method requires at least two 4-
channel volumetric arrays that are precisely aligned and
(internally) time-synchronized. Nested hydrophone arrays in
both drifting and bottom-mounted configurations appear to
be viable options for tracking beaked whale foraging behav-
ior, and the optimum method is likely to vary with local
conditions.

Acoustic tracking cannot be viewed as a replacement
for tagging studies. Tagging provides information about the
diving behavior of beaked whales when they are not vocaliz-
ing, which acoustic tracking cannot do. Also, information
from pressure sensors, accelerometers, and magnetometers
on tags provides much more detailed information on diving
behavior than our tracking data. However, despite consider-
able tagging effort, tagging studies have been largely limited
to a few of the 22 species of beaked whale. In part, this is
because the other species either do not occur in calm, near
shore areas where tagging is feasible or because they do not
occur in high densities. Even in calm conditions in high den-
sity areas, one or two weeks of dedicated effort may be
needed to place a tag on a single individual.

We hope that acoustic tracking will be used as an alter-
native to tagging to study beaked whale behavior for some
of the species for which tagging has not been successful. We
do not know much about the diving habits of the vast major-
ity of beaked whale species. Some only live in far offshore
areas where surface conditions are often too rough for tag-
ging. In such studies, additional effort should be considered
to precisely time-synchronize the recorders and thereby
obtain more information to allow tracking individuals within
a group.

In addition to their use in localization and tracking,
drifting recording systems have many other uses in studies
of cetacean behavior, distribution, and abundance. In a
larger-scale study, DASBRs have been used to identify a
new beaked whale echolocation pulse type (Griffiths et al.,
in press) and to map the distribution of this and other known
beaked whale pulse types in the California Current (Keating
et al., 2018). Drifting buoy systems can be used to study dis-
tribution and relative abundance of cetaceans in ocean basins
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where seafloor hydrophone recorders are impractical or inef-
fective due to the depth of the seafloor. Ultimately, we hope
to use drifting hydrophone recorders to estimate the density
and abundance of beaked whales, sperm whales, and other
cetacean species.
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