IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 28, NO. 1, JANUARY 2003 3

A Digital Acoustic Recording Tag for Measuring the
Response of Wild Marine Mammals to Sound

Mark P. Johnson and Peter L. Tyack

Abstract—Definitive studies on the response of marine mam- functions would interfere with normal activities and behavior.
mals to anthropogenic sound are hampered by the short surface This raises the concern that, along with short-term impacts of

time and deep-diving lifestyle of many species. A novel archival ; ; ; : ~ ;
tag, called the DTAG, has been developed to monitor the behavior single source;, mcreasmg' hoise may have long-term impact as
a form of habitat degradation.

of marine mammals, and their response to sound, continuously
throughout the dive cycle. The tag contains a large array of  Research on the effects of noise on large whales has suffered
solid-state memory and records continuously from a built-in  from a lack of methods to observe behavior in sufficient de-
Pydro?r:rc])ne and ?Qitetr?f seg_sors. The se_rgﬁorshfa_mptle the grie”;a“tail. Many deep diving species are visible only 5% of the time,
1on o e animal In three dimensions witn suffcient speed an . . .
resolution to capture individual fluke strokes. Audio anlzl sensor when they are breathing at .the surfac-e, S0 v.lsu.al observatlons
recording is synchronous so the relative timing of sounds and are seldom adequate. Passive acoustic monitoring of whales is
motion can be determined precisely. The DTAG has been attached often hindered by a lack of knowledge of the species repertoire
to more than 30 northern right whales (Eubalaena glaciali and whether a change in vocal output can be expected in re-
and 20 sperm whales Rhyseter macrocephalgswith recording  sponse to noise. Moreover, in animals that are thought to silence

duration of up to 12 h per deployment. Several deployments have . . . .
included sound playbacks to the tagged whale and a transient in response to noise (e.g., sperm whales [8]), passive acoustic

response to at least one playback is evident in the tag data. tracking may be impossible following an exposure, making it
Index Terms—Effects of noise, marine animals, tags, underwater difficult to_ assess t.he magnitude of response. .
acoustic measurements. Acoustic recording tags represent a new technological solu-
tion for monitoring disturbance reactions of marine mammals.
The concept here is to measure the sound environment of the
animal in tandem with physiological or behavioral information.
VER THE PAST century, economic and technological déBy comparing the timing of any change in behavior to the sound
velopments have increased the human contribution to ambi@stheard by the animal, causality can be established in controlled
noise in the ocean. Although shipping is the overwhelminggxperimental exposures of sound. The extent of the response can
dominant source of manmade noise in the ocean [1], a wide ¥en be gauged against received sound level, the first step to-
riety of artificial sound sources also contribute to the ambiemard determining suitable exposure limits for a given sound.
sound field, examples being air guns, used in seismic expkarly examples of acoustic recording tags are those of Burgess
ration, sonar, and acoustic navigation, and telemetry sourceial.[9], developed for deep-diving elephant seals, and Fletcher
There is growing evidence that man-made sounds can distetal. [10], who used such a tag to study the effects of an ATOC
marine mammals, and this issue has received increasing att&mAsmitter on the dive patterns of seals. Behavioral and phys-
tion [2], [3]. Observed responses include silencing, disruption sflogical sensing on both of these tags was limited to depth
activity, lengthening of song, movement away from the sourcef, dive although Burgess found a heartbeat sound in the audio
and perhaps even stranding [3, ch. 9]-[5]. The zone of infliecord from elephant seals [9]. In an effort to extend behavioral
ence of a sound source depends upon its level, its frequesepsing, Tyack, Johnson, and Nowacek combined a miniature
spectrum, its significance to the animal, and upon the condiigital audio tape (DAT) recorder with an orientation sensor in
tions for sound propagation near the source [3, ch. 10]. Soub@98 [11]. Various versions of this tag were deployed on wild
carries so well underwater that animals may be affected mapgttlenose dolphin and northern right whales, proving the feasi-
tens of kilometers away from a loud source [6], [7], and thetglity of on-animal sound and orientation measurement.
is noa priori reason to rule out effects at even greater ranges.An effort funded by the Office of Naval Research (ONR)
Marine mammals rely on sound for communication, orientatioty reduce the size and increase the capabilities of acoustic
and detection of predators and prey; disruption of any of thesecording tags resulted in the development of the DTAG in
1999. This tag uses FLASH memory in place of moving mag-
Manuscript received May 2001; revised August 2002. This work was sup€liC tape or disks to record data and so can be encapsulated in
ported in part by the Office of Naval Research under Grants N00014-99-1083tastic. A low-power digital signal processor combines audio,

and NO00014-99-10819, in part by the National Marine Fisheries SerVi%R:quired from a hydrophone with sensor measurements. and
(NMFS) under Grant NA87RJ0445, in part by the Strategic Environmen ! '

Research Development Program (SERDP) under Grant CS-1188, in part bysti'éeams the _data to the noanOIat”e mer_nor)_/ array. The sensor
International Fund for Animal Welfare, and in part by the Ida and Cecil Greeguite comprises acceleration, magnetic field, and pressure

I. INTRODUCTION

Technology Development Award. o sensors and is tailored to measuring orientation at sampling
The authors are with the Woods Hole Oceanographic Institution, Woods Hole, . " .

MA 02543 USA. rates of up to 50 Hz, much higher than traditional time—depth
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In this paper, the design of the new tag is presented togetr Tnfta-Red
with results demonstrating its potential for studying the re Audio Interface
sponse of marine mammals to acoustic stimuli. The followini 4P =P Acquisition ﬁ
section describes the tag and the means by which it is attact S i
to wild marine mammals. Section Il deals with estimatior e M B,
of orientation from the DTAG sensors. Although orientatior Qﬁ,ﬂjﬁgi{:}j B 7
measurement is a well-established technique, being the ma T:’r;zses;rlire o Acquisition <5
stay of navigation systems in underwater vehicles and aircra Memory

its application to marine mammals is new. Section Ill focuse Array

on the issues that arise in estimating the orientation of marir
mammals with sub-fluke-stroke time resolution and the sug
porting visual observations needed to determine movement ir
global frame. Some quality metrics implicit in the measuremer
are also highlighted. The remainder of the paper is devoted
a series of examples taken from tag deployments on northe
right whales and sperm whales. Two possible responses
controlled sound playbacks are examined to demonstrate t
power of the new tag in parameterizing responses, and t/#
confounds implicit in such fine-scale analyses.

Il. DTAG DESIGN

The governing constraints on the DTAG design are that
be small, lightweight, pressure tolerant and have a substant © 12em
Leecrzr(i:r? (t::::rey :ILTgutgg t?heel?)rr%eb|vevg1a5|eiﬁv(;];\/%r(ljmigrgelﬂ\irrie% - 1. Simplified block diagram of the DTAG (above) and photograph of the

) capsulated electronics package (below). The leads on the left of the tag are
and attaching the tag to the animal, scale strongly with tag Stzebattery and hydrophone.
and weight. Options for tag delivery include a long pole, gun,
or crossbow, all of which require a small, light payload. The tagot recording, the DSP performs the user interface and data-of-
must also be tolerant to the pressure experienced during déepding functions. An infrared interface with a data rate of
dives. Evidence exists for sperm whale dives in excess of 2005 MB/s is used to program the tag and to recover data. As
[12] corresponding to a hydrostatic pressure of over 20 MPainitially designed, the DTAG had 400 MB of FLASH memory

The recording time of the tag is determined by its memotyut increases in component density now allow up to 3 GB in the
capacity and audio sampling rate. For the typical controlleshme size tag.
sound experiment, a recording time of at least 4 h is neededThe audio subsystem in the tag consists of a piezo-ceramic
This allows at least two dives after tag delivery to establidgiydrophone, a preamplifier, anti-alias filter and analog-to-dig-
a behavioral baseline for the animal, even for animals wittal converter (ADC). A 12-b ADC is used with sampling-rate
hour-long dives, followed by a sound playback of 1 h angrogrammable between 2—200 kHz. The anti-alias filter cut-off
a 1-h post-exposure period. Based on the frequency rargeEguency and preamplifier gain are also programmable. With
of their vocalizations, suitable sampling rates for baleagain setto 12 dB, the dynamic range of the tag audio recording is
and sperm whales are in the 10-50-kHz range. A mifrom 80 dB (noise floor) to 152 dB (onset of clipping) re.Pa.
imum memory capacity of 200-1000 MB is thus requireWith this gain, good fidelity recording of distant animals and
(e.g., 12 b per sample 16 kHz x 4 h = 350 MB). More vesselsis obtained at the expense of clipping during loud vocal-
memory is desirable as then a longer interval can be léfations from the tagged whale.
between tagging and sound playback, increasing the chanc&he tag has sensors for depth, temperature, and orientation.
of observing a natural response. A long recording time aftBrepth is determined from a pressure sensor with a resolution
an exposure is also desirable to better observe the returnofd.5 mH;O over a range of 0—2000 m. Orientation, param-
baseline behavior. eterized by the Euler angles: pitch, roll, and heading, requires

Atag design meeting the above constraints is illustrated in thveo sets of sensors. Pitch and roll are measured by capacitive
block diagram of Fig. 1 along with a photograph of the comaccelerometers (Analog Devices ADXL202). These sense both
plete electronics package. The design centers on a low-powes dynamic acceleration of the tagged whale and its orientation
programmable digital signal processor (DSP) which combinesth respect to the gravity vector. The spatial freedom enjoyed
data from the audio and sensor circuits and stores the resulbyjoa submerged animal necessitate a°3®@asurement range
a memory array. Although the sampling-rates of the audio afat pitch and roll requiring, in turn, a three-axis accelerometer.
sensor signals necessarily differ, synchrony is maintained by 8¢ heading sensor uses a three-axis magnetometer to measure
quiring a precise number of audio samples between each sertkerdirection of the earth’s magnetic field relative to the tag.
sample. Use of a DSP also enables real-time filtering and coBach magnetometer axis comprises a low-power magnetoresis-
pression of the signal streams when required. When the tadive bridge sensor (Honeywell HMC1021). To estimate heading,
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Fig. 2. Complete tag including plastic fairing, floatation, and two suction cups
(front of tag is to the left).

the three magnetometer signals are corrected for pitch and roll
This process, called gimballing in analogy to the floating nee-
dles used in traditional compasses, effectively transforms the
magnetic-field measurement to that which would be made on
a horizontal surface with the same heading. The method of ori-
entation estimation is the subject of Section Ill.

To avoid a heavy pressure housing, the DTAG circuit boards
are encapsulated in epoxy resin. This provides electrical isola-
tion but does not fully insulate the circuitry from hydrostatic
pressure. It is thus crucial to select components that are robf
to high pressure and to eliminate air bubbles during potting.p
low-viscosity resin was selected for this reason. The complete
encapsulated DTAG has been tested to a water depth of 2000an slide through the oarlock, and the oarlock itself swivels and
and functioned satisfactorily. Although the components in thits. The key advantage of the long pole is that it is possible to
tag are pressure tolerant, their performance may vary with preeliver the tag without encroaching over the flukes of the an-
sure. For example, the accelerometers have an output offseinedl. As suction cups often release from an animal in a matter
about 0.002 ns~2 per meter of water depth. The power conef hours due to leakage, our attachment includes a pump pow-
sumption of the DTAG is about 150 mW while recording anéred by the pressure changes during the whales’ dive cycle to
this can be met with a single 3-Wh lithium polymer rechargeabtaaintain vacuum in the cups. An active release is also included
cell. Polymer cells have a solid electrolyte and so are inheren@gnsisting of a nickel-chromium wire which seals a valve in the
pressure tolerant. To verify this, we have discharged polymair line to each suction cup. The wire corrodes rapidly in sea-
cells under pressure (2000 m @) and have found no deviationwater when made anodic and is controlled by a clock circuit in
from the discharge characteristic at atmospheric pressure. the DTAG.

Due to the short recording time of the DTAG, being designed The tag electronics, battery, very high frequency (VHF) radio
for daily playback experiments, and the desire to minimally di®eacon, and suction cups are housed in a thermoformed polyeth-
turb the tagged animal, a noninvasive suction-cup attachmegfegne hull to minimize drag. The hull is flooded to allow water
has been developed. Suction cups have been used widely wadthheach the pressure and temperature sensors. The rear section
marine mammals [13] and attachment durations of tens of howfghe hull is filled with syntactic foam sufficient to float the tag
have been reported. For the DTAG to track orientation acctail-up when not attached, keeping the VHF antenna above the
rately, a rigid connection is required between the whale asda surface. The volume of the tag is about 1 liter and the dry
the tag using at least two suction cups as shown in Fig. 2.weight is 500 g, making it acceptable for pole delivery.
near-vertical force on the tag is needed to attach it to a whaleTwo versions of the DTAG, the two-cup design shown in
and a system devised by Moore [14] for ultrasound inspectiéiig. 2 and a three-cup version, have been attached to over 30
of right whale back fat has been adapted to deliver the DTAGorthern right whales during three years of field work in the
The system consists of a 12-m carbon-fiber pole, cantileverBdy of Fundy, Canada. The longest attachment time was 21 h
in a bow-mounted oarlock, as shown in Fig. 3. The mountirend 33% of attachments lasted sufficiently long for a playback
provides four degrees of freedom: the pole may be rotated amderiment (4 h). The DTAG has also been attached to about

$t3. Delivery of the tag to a northern right whale using a 12-m cantilevered
e developed by Moore [14].
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Earth Frame Whale Frame Tag Frame where At — [atw7 at,y, at7Z]T’ and Mt — [mt,a:, My,
Ze mt7z]T, are the sensor outputs and the subscriptdicates
h P Ye v - the tag frame.G = [0, 0, —g]T is the gravity vector in
the earth frame andy is the acceleration due to gravity.
Y X B = b.[cos(i), 0, —sin(4)]” is the magnetic-field vector in the
i Xe earth frame, wheré and: are the magnetic-field intensity and
Xw inclination angle, respectively. The rotation matrices in (1) are
defined as
prh Pos To h, — -
G,B _— AuMy — 3 A M 1 0 0
R(:)= |0 cos(-) sin()
Fig. 4. Three frames of reference involved in determining whale orientation 0 — sin(-) cos(-)
showing the rotational transformations between frames. In the earth fraisie, L .
northward,y is westward, and is upward. In the whale framae, is rostrally Cos(-) 0 Sin(~)
directed and is the long axis of the animal. In the tag framis, the long axis P() _ 0 1 0
of the tag pointing noseward. .
| —sin(-) 0 cos(-) |
' . and
20 sperm whales over three years in the Mediterranean Sea and [ cos(-) sin(-) 0]
the Gulf of Mexico. The longest attachment on sperm whales H()= | —sin(:) cos(:) 0].
was 10 h, and 41% of attachments lasted longer than 4 h. A 0 0 1

majority of early releases on right whales and some releases on
sperm whales resulted from social interactions between animals >~
in which the tag was rubbed off. Breaching of the tagged wh ?9) IS |mport§mt. . . . .

was another less frequent cause of early release. Rubbing a_n-Ehetag orlentatlo_n onthe whaleis parameter!zed in (1) by the
breaching are behaviors which few nonimplanted tags could |éch,hr °|"' an? heafdmgqo, 7}“0 an?]}for’] of the tag W,'trr: respic;]to
expected to survive and, in fact, may also lead to failure of if1€ Whale. Values fap,, 7o, 1, (which may vary with time if the
planted tags. We view movement or release of the suction 0%8 slides on the whale), can be measured from photographs of

tag, when stressed, not as a problem but a feature which redfgda9 bu_t can also be ded_uced readily from ws_ual and tag data.
The location of the nares in most whale species necessitate a

the chance of discomfort or minor injury to the tagged whale." ) i
pitch and roll close to 0 when surfacing for breath. If the heading
of the whale during surfacing is recorded by visual observers,

IIl. ORIENTATION ESTIMATION a sequence of known whale orientations result which can be

. ) o - _compared to the tag data to determpper, andh,,. Once the tag

Akey innovation of the DTAG is its ability to measure the Oriyrientation has been establishet}, and M, can be converted
entation of the tagged animal as a function of time. Orientatigg thejr whale-frame equivalents, that is, the sensor signals that

is deduced from the three-axis accelerometer and magnetomglsijid be measured if the tag was perfectly aligned on the whale
signals and is expressed in terms of the Euler angles, pitch, roll,

and heading, with reference to the fixed (earth) frame [15]. As Ay =HT (ho)PT (po)RT (r5) Ay
the tag may be placed anywhere on the back of a whale, the M, =HT (h,)PT (p,)RT (r,) M; )

tag axes do not generally coincide with the whale axes. There 1 T _ . -
are thus three frames involved: the earth frame, the tag frati1ereH— = H" for a rotation matrix. Combining (1) and (2)

se matrices are not symmetric so the multiplication order in

and the whale frame, and these are related as shown in Fig. 4. Q. z sin(p)
Note that the definitions of heading and pitch in Fig. 4 differ A = | @,y | = —g.| cos(p)sin(r) | . 3
from their standard Euler definitions: we have chosen heading A, = cos(p) cos(r)
to follow the compass conv'entlon and pitch is .posmve. for ‘?He whale pitch and roll can be estimated from the whale frame
nose-upward tilt. Also, heading refers to magnetic heading an
. : L : S|eqnals by
requires compensation for declination angle to obtain the trl
heading. The goal is to determine the orientation of the whale, r— atan [ 2w and p = asin (4w, ) @)
i.e., the angles of rotatiop, =, andh, relating the whale frame - Qo 2 b= s

te that a four-quadrant arctangent is required in (4) to esti-

to the earth frame. This is achieved in two steps. First the t&‘%
&te roll over the-{£180°-180°) range. For reasons to be dis-

measurements are corrected for the orientation of the tag on
whale; then the whale frame anglgs.r, andh, are deduced cussed, pitch is constrained te 90°, 90°). Having calculated

from the corregted tag data. ) andr, the heading can be determined by premultiplying the
If the whale is moving at a constant velocity, and measure: : T T
) : o i econd line of (2) byP" (p)R" (r) to get
ment noise and sensor miscalibration are ignored, the three-axis

acceleration and magnetic-field measurements made by the tag cos(2) cos(h)

can be expressed as My, 2 PT(p)RT (r)M,, = b.| — cos(i) sin(h) (5)
—sin(i)
Ay =R(r,)P(po)H(ho)R(r)P(p)H(h)G where M, is the magnetometer measurement that would be

M; =R(r,)P(po)H(ho ) R(r)P(p)H(h)B (1) made on a horizontal (i.e., gimballed) surface with the same
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heading as the whale. Heading can then be estimatdd by (@ ° ]
atan(mp, ,/mn, ), again using a four-quadrant arctangent to ;jzz _ ”

E=]

realize a (-180°-180°) range. S — ]

The pitch, roll, heading parameterization of orientationisno """
unique: any orientation can be described by two setsofand 17:04 17:06 17:08 17:10 1742
h,say{p1, r1, h1} and{ps, 2, ho}, both of which produce the ® '
sameA,, andM,,. These are related as = 180 — py, 72 = QO M)‘W""‘Ww’—ﬁ\\
180 4 r1, andhy = 180 + h1. The ambiguity is a physical one. 30 / o : ;
There are always two combinations of pitch, roll, and heading o :
which result in the same orientation. For example, if the an © e 17:06 17:08 17:10 1712
imal is upside-down, it may have attained this attitude by rollin¢ . *
180°, or by changing heading by 18Gand pitching 180. The 21} I
ambiguity can be resolved by constrainpmtp (—90°, 90°) and
accepting jumps in roll and heading if the animal does pitch be '
yond 9C°. An additional ambiguity arises when the animal is at 1704 e ofdagﬁggrs,mmutes 17:10 17:12
£90° pitch: in both cases,,,, , anda,,, . become 0 and the roll B
is indeterminate. Fig.5. Sperm whale ascent example showing (a) depth; (b) whale frame pitch;

The above results are for the unrealistic case of perfedfd (¢) pitch error estimate.
noise-free sensors. In practice, a number of factors degrade
the orientation estimate. These include variations in sensitivif§e standard deviations of,, v.,, p, 7, andh can be estimated
and zero offset between sensor axes, sensitivity changes H&&9 a Monte Carlo method as
to changing pressure or temperature, measurement noi - N -
and acceleration of the animal. The most significant of thessg%(va) Roa Stdvn) X om Stdp) X o 1
is acceleration, which may result from swimming, rapid dr)~ std(h) ~ (Uz n oa n T )

. . ~ ~ a . -
maneuvering, or even from waves slapping the tag when the | cos p| cos?2p  bZcos?i
animal surfaces. For the large whales of primary interest here, (6)

acceleration of the tag due to body undulations during swim-h he pitch is ind q f ori . hil
ming is likely to be small, with peak magnitude of less thal us, the pitch accuracy Is independent of orientation, while

0.1 g for a 15-m animal with a 6-s fluke rate [16]. HoweverI, € r_oII error is_ increased at high pitch a_ngles due_tmﬂsép) .
startle responses or fast feeding movements may produce Eit %Img fagtor in (3). Due to the_glmballlng operation, heading
transient accelerations. Although use of a low-pass filter curacy |s_de_pen_den_t on the pitch and roll accuracy as well as
the acceleration signals will reduce such transients, substanti magnetllc—_ﬂelld |hn_clr|]n|at|.ondangli. V\f/]he.n the |Incl|nat|on anglef
orientation errors are still possible. Fortunately, there are thr arge, as it '? Ilnd l:l)g atitu es,”t € don_zontﬁ components]: 0
implicit quality metrics that facilitate detection of distorte e magnetic field become small, reducing the accuracy.o

measurements and which can provide a sample-by-sam nee key fes?'t in (6) is that std,) and stdv,.,), which can be
estimate of orientation accuracy. First, the two-norm of t easured directly from the tag data, can be used to estimate the
accelerometer vector, = (AT A,)1/2, should, in the absence S€Nsor noisess, ando,,, and therefore, the accuracy of the

of acceleration, miscalibration, and measurement noise, qugiantatlon estimate.

g. Likewise, the two-norm of\;: v,, = (M;" M,)'/2, should . Ig adtqnlon;o tréewd|ag?qst|cfunc.t|ot?1a andv,, canftbe usdedl
equalb, the magnetic-field intensity. Finally, referring to (1)OI ?nl\;lf_y anl_bret_uce (;(:Lalnerrorsw]: esenscI)rsgl ertadefli oy
and recalling that rotation matrices are unitary, the dot-prodd@?n - Viscalibration OT the Sensors, for exampie, due to aritt or

of A, andM, should equaiz.B = v,0,, sin i, i.e., the product uncompensated pressure and temperature effects, will lead to
. — UgUm g 15y,

of g, b, and the sine of the magnetic-field inclination angleconsistent errors in the orientation estimate correlated with ori-

Although andi vary geographically, they do so gradually an?@ntation. Provided that the orientation varies widely and often

o
=

Pitch, degree

Pitch error, degre

will be essentially constant over a deployment area. Therefo r,oughout the time series (i.e., is persistently exciting [17]), a
any deviation ofs,, v,,,, or A,.M,, from their nominal values ocally-linearized least squares method can be used to determine

sheds doubt on the accuracy of the orientation estimate. Epo amountof offset, pressure signal or temperature signal to add

of high acceleration and so high orientation error can 52 each sensor output so as to minimize the vananeg afnd-
identified readily by examining the time serieswf, v,,, and For the tag recordings described in the following section,

A, M, the standard deviations of andv,,, were improved from about

Although deviations in, andwv,,, can be used to locate in_o.lu;?eos%ftiggand from 0.5 to O/IT, respectively, using least

accurate orientations, the precise level of error is generally di
ficult to estimate. However, for small errors, e.g., due to sensor
noise, the orientation error can be predicted directly frgm
andv,,. Assume that the sensor noise is independent but identi-The DTAG has been deployed in more than ten field ex-
cally Gaussian distributed in each sensor axis with variarjce periments, four involving the northern right whatybalaena
ando?, in the accelerometer and magnetometer signals, respglacialis, and five focusing on sperm whale®hyseter macro-
tively. With low noise levels, i.eq, < 0.1 g ands,,, < 0.1 b, cephalusThe right whale deployments took place in the Bay of

IV. EXAMPLE RESULTS
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Fig. 6. Interrupted descent of a sperm whale during a sonar playback. The spectrogram of the tag recording (a) shows low-frequency fluke noismaed a seq
of clicks from the tagged whale. The dive depth (blue) and heading (green) over the same interval are shown in (b). Pitch (blue) and roll (gregn) are in (c

Fundy, in August of each year from 1999 to 2002. The resulgrvation of two dive cycles of about 50 min duration each. Tag-
reported here come from the 2000 field season in which an 8gimg elicited a brief shallow dive but this was followed by long
launch, operated by Moore for measuring the thickness of tbives consistent with those prior to tagging. The tag recorded
blubber layer on right whales [14], was used to deliver the tafi 4.5 h of the 9-h attachment capturing three dives to depths
and the 13-m sailing vessel “Song of the Whale,” owned amd between 700-960 m and with durations between 40—-49 min.
crewed by the International Fund for Animal Welfare, was th&ag data from the ascent portion of the second dive are shown
observation vessel. An additional small boat was used to depiayFig. 5. The panels in this figure show, from top to bottom, the
a playback sound source. depth, pitch, and estimated pitch error, all as a function of time.

Sperm whales have been tagged in two areas: the eastine full ascent took 10 min and the peak vertical velocity was
Gulf of Mexico from the R/V Gordon Gunter on National2 ms~!. Due to the high sensor sampling rate of 23 Hz, indi-
Marine Fisheries Service and Minerals Management Servigielual fluke strokes are revealed in the pitch record. In the initial
cruises, and in the Ligurian Sea, between Genoa and Corsgitage of the Fig. 5 ascent, the animal stroked continuously at a
aboard the R/V Alliance. The Alliance cruises were part of tHew pitch angle, suggesting travelling. The fluke stroke period
SIRENA project of the NATO SACLANT Undersea Researckvas 8 s with a 1.3-s standard deviation. During the final 6 min of
Centre [18]. In both areas, the tag was delivered from a smtike ascent, a high pitch angle was adopted with burst-and-glide
workboat lowered from the ship. The ship itself provided a higgwimming. This style of swimming may be an effort to con-
platform for visual observations and radio tracking. serve energy [20]. The fluke stroke period in the active swim-

Three examples are presented here, selected to show botmtieg bursts is about 6 s and the bursts and intervening glides
range of information that can be inferred from the tag data aade of about equal duration until the whale reaches a depth of
to demonstrate the process of establishing a response to a di208 m. From this point on, ascent is by glide only, presumably
bance. The first example illustrates how the tag sensor data gamvered by the increasing buoyancy of the expanding lungs,
be used to deduce aspects of diving energetics. The seconda@amdbservation found also with northern right whales [21]. The
third examples are potential playback responses elicited fronthérd panelin Fig. 5 gives an estimate for the pitch error using the
sperm whale and a right whale, respectively. approximations of (6). The error is sma#2°) except during

Example 1: Sperm Whale Ascent From Depifhe first ex- surfacing, indicating that the effects of acceleration, noise, and
ample is from a SIRENA 2000 deployment on a solo spermiscalibration are negligible and that the pitch estimate during
whale. The whale was tagged at 15:23 local time following olasscent is reliable.
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Fig. 7. Right whale response to playback of whale sounds: (a) dive depth; (b) heading; and (c) pitch (blue) and roll (green). The times at whick a playbac
vocalization is audible in the tag recording are shown in (a) as vertical bars with bar height equal to the duration of each vocalization (righj-hathalax
headings estimated by visual observers are shown by red triangles in (b).

The reduced energy state suggested by gliding during #se other descents, are flow noise below 1 kHz correlated with
cent is indirectly supported by the tag audio record. Durinftfuke-beats, and persistent clicking by the tagged whale starting
the entire period of Fig. 5, the animal was quiet as it was @t a depth of 200 m. The section between 17:27 and 17:28 repre-
all long ascents. The primary acoustic component recorded $nts a departure from previous behavior: the fluke noise stops
the tag during ascents is flow noise. In comparison, the whalad two intense isolated clicks are followed by a rapid sequence
clicked through 75% of each descent and continuously whef8 loud trumpet-like up-sweeps from the host. Also visible
at depth. in the spectrogram are two huffing sounds, one preceding the

Example 2: Sperm Whale Descent During Playba€Eluring clicks and the other immediately following the trumpet sounds.
the deployment described in Example 1, a playback was 8arely visible in the spectrogram, due to the broad time scale,
tempted using a SACLANT-designed sonar deployed from tlage the sonar chirps. Both the 2.5- and 4-kHz chirps are seen
R/V Alliance [19]. The sonar transducer was towed at a depthwiost clearly after 17:27 when the received level increases.

50 m and produced 50-schirps at 15-s intervals. The center The remaining panels in Fig. 6 show the depth and orienta-
frequency of the chirps was stepped through the series 1, 2.5jdn of the tagged whale over the same time interval. The lower
and 8 kHz. The source level was approximately 164 dBuy4a panel contains the pitch and roll data with the pitch scale on
at 1 m. The playback started during the second dive, 61 min aftkee left-hand side. The dive starts with continuous fluke strokes
tagging, and continued through the third dive. The sonar chigp a high pitch angle. Beginning at 17:27, there is a pause in
can be heard clearly on the tag recording as can its echoes fmimming and the whale levels to a pitch-efi0°. Simultane-

the sea surface and bottom. The received level on the tag vaonesly, the animal rolls completely upside-down. About 1 min
with depth of the animal due to refraction from the strong thelater, the whale returns to a roll of @nd resumes swimming.
mocline at 50—70-m depth. Despite initiation of the sonar durinthe center panel shows the depth and heading, with the depth or-
the second dive, the profile of this dive was similar to that of thdinate on the left-hand-side. Initially, the vertical velocity (i.e.,
first dive. However, the third descent shows a marked depéine slope of the depth-time graph) peaks at 1:6 thbut in

ture from the previous two. The three panels in Fig. 6 summtte minute following 17:27 the dive levels out due to the re-
rize the audio, depth, heading, pitch and roll during the initimduced pitch angle and pause in swimming. After 17:28, diving
4 min of the third descent. The upper panel is a spectrogramretommences at 1.6-8T'. A heading change of 80toward

the tag recording over a frequency range of 0-8 kHz (the téwe south also occurs at 17:27, with the animal later returning
sampling-rate was 16 kHz), with local time in hours and mirte its original heading. The gaps in the roll and heading plots
utes as the abscissa. Notable features in this figure, commointdicate where the error estimates of (6) exceed @bwhere
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Fig. 8. Close up of the right whale response to playback of whale sounds. (a) The spectrogram of the tag recording shows a number of faint vdoalizations (
the playback) and a reduction in flow and/or fluke noise. Bars on (b) show the times at which playback vocalizations are audible (duration is telmette righ
axis). Pitch (blue) and roll (green) are shown in (c).

the pitch exceeds 80resulting in unreliable orientations. Theremained attached for 3.7 h until it was knocked off in a so-
pitch error is<2° throughout the example. cial group. In this time, the tagged whale performed nine dives
The maneuver starting at 17:27 combines three movemersliow 100 m, with the deepest being 207 m, and an additional
i) a pitch decrease from80° to —409; i) a roll upside-down; ten shallower dives to about 40 m. The dives were short and the
and iii) a heading change of 8Gsouthward. Given the orienta-whale’'s behavior was classified as travelling. Two 10-min dura-
tion ambiguity described in Section Ill, an equivalent explandion playbacks were made to the tagged animal using a J-11 un-
tion for the maneuver is: i) a pitch change frerB0° to —140°  derwater sound source. The first, starting 110 min after tagging,
and ii) a heading change from 25@ 330°, with roll remaining consisted of vessel sound recorded previously from a passing
at 0°, i.e., the animal pitches almost upside-down and turns tanker. The tanker speed was about 15 kn, and the playback am-
the south (note that, when the animal is pitched paSt®360°  plitude was tapered so as to start and end gradually. The source
heading is due south). At this time, both the R/V Alliance and tHevel was approximately 170 dB reiPa at 1 m, and the range
workboat were roughly due south-east of the animal at rangegothe tagged whale was 600 m. No response was found in the
about 2 km and 600 m, respectively. Although not apparenttag data to this playback. The second playback started 186 min
the audio record from the tag, the workboat increased speea#iér tagging, and comprised a recording from a group of right
about the same time as the maneuver of Fig. 6. The questionwbales previously socializing in the same area. The playback
does this maneuver represent aresponse to the sonar or the wawktained about 100 tonal and pulsatile sounds [3, ch. 7] and 12
boat or neither? The turn toward the south is coincident with aoisy blows.
increase in received level of the sonar. However, by 17:27, theThe response to the whale sound playback is shown in Fig. 7.
sonar had been broadcasting for 1 h already, eliminating the pdke panels in this figure are depth (top), heading (center), and
sibility of surprise. Likewise, the workboat had recently beepitch and roll (lower), for three dives bracketing the playback.
much closer to the animal. Clearly, more baseline data and cafée time and duration of each vocalization in the playback are
fully conducted sound exposures are required before a condhdicated by the vertical bars in the top panel, where the scale
sion can be made as to which stimulus elicited the response. on the right-hand side is duration in seconds. No other vocal ac-
Example 3: Right Whale Response to a Playbagkess am- tivity was recorded during the 40 min displayed here. Red trian-
biguous response to playback was elicited from a northern rigiles on Fig. 7(b) indicate visual observations of the surfacing
whale in August 2000. The animal was tagged at 13:30 loo&hale made at ranges between 400-600 m with a calibrated
time and reacted to tagging with a short shallow dive. The tagdeo camera. The observed heading is very close to the tag
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Fig. 9. Tracks of the tagged right whale and participating vessels during the playback of whale sounds. The dead-reckoned track of the whaletlgeshown as
colored line, with color indicating depth. The red dashed lines show the positions of the whale and the playback vessel at the start and end Fhpl@agsack.

and north scales are in meters with the zero point placed at the surfacing position preceding the playback.

heading, confirming the reliability of the tag data. A significantlata. To do this, the speed-over-ground of the whale was esti-
heading change (150 is evident in Fig. 7(b) at the start of themated from
playback. This transient is unique in the tag record. The whale ) )
held the new heading for 65 s and then gradually returned to its {Ue ] = 54, coS(p) [Sm(h) } Se {Sln(fﬁ) ] @)
original heading. In contrast with the sperm whale example, the os(h) cos(¢)
pitch and roll records show little activity except for a banking )
roll of 20° accompanying the heading change. Orientation &¢N'€r€ ve and v, are the eastward and northward velocity
rors, estimated using (6), are less thand®er the time shown. components of the whales,, and s. are the whale’s
) . speed-through-water and the water current, respectively;
In (_)rder to establish the relative timing of _the playbgck_an is the whale’s heading from the tag (in degrees tryg the
heading change, a 50-s excerpt from Fig. 7 is shown in Fig. ading of the water current. Thes(p) term in (7) corrects
In this figure, the top panel is a spectrogram of the tag audig yertical motion of the whale. Both, ands,, are assumed
recording with a frequency range of 0-6 kHz. The tonal playg pe constants, and¢ were initially estimated from the drift
back sounds are the short duration harmonic structures (ef§.the playback vessel (0.5-81!, due east). Thens, and
at 16:36:20). Fluke noise, present at the beginning of the €x- \ere adjusted to fit the dead-reckoned track to the surface
cerpt, disappears during the turn and starts again at the ngeryations. The final values chosen were 0:8 ffor s.
heading. The center panel in Fig. 8 shows heading and the vighy 1.3 ms—1 for sw. Finally, the track in Fig. 9 was obtained
tical bars indicate where playback sounds were recorded by B}f"integrating @).
tag. The heading change begins about 7 s after the start of tNgpe key point in Fig. 9 is that, immediately after the start of
playback. The lower panel contains the pi_tch _and roll, both OVBfayback, the whale turned toward the playback vessel. Com-
a —30°-30° range. The small changes in pitch and roll alsgjning this with the causality illustrated in Fig. 8, we conclude
follow the start of the playback. that the whale responded to the playback. The distance between
Fig. 9 shows the relative positions of the right whale, playplayback vessel and whale was 700 m at the start of playback
back vessel, and observation vessel during the playback. &l the received level was roughly 115 dB rePa. After about
track of the right whale (the line colored by depth in Fig. 9) was min, the whale resumed its preplayback course. In assessing
produced by dead-reckoning based on the tag heading and pttehsignificance of the response shown in Fig. 9, there are some

Un
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important caveats. The first is that the constant whale speeds]
used in dead-reckoning does not take into account the absencis]
of fluke strokes during the initial response period, evident in
Fig. 8(a). As aresult, travel toward the playback vessel is prob-
ably exaggerated in Fig. 9. Secondly, the presence of the obsét?!
vation vessel (the blue dashed line in Fig. 9), a yacht under motor
propulsion, between the playback source and the whale preseliits]
a confound. Field work is continuing to establish baseline be-
havior and to perform a statistically significant set of playbacksi; 2]
Nonetheless, this example demonstrates the ability of the tag to
capture subtle, short-term subsurface responses. [13]

V. CONCLUSION (14]

The DTAG has been designed specifically for studies on how
wild marine mammals respond to sound. The noninvasive tags)
provides short-term but highly detailed information about the
acoustic environment and behavior of the host animal. By comité!
bining accelerometer and magnetometer signals, the orientation
of the animal can be determined accurately and with sufficient
resolution to capture individual fluke-strokes and subtle movell”]
ments. Results from tagging two large whale species demoftg)
strate the broad range of inferences that can be made from the
tag data and suggest that it can detect most movements and vocal
behaviors of a whale continuously throughout the dive cycle. Inig
addition to establishing behavioral responses to natural and an-
thropogenic sounds, it may be possible to use tag data to estt’
mate the energetic cost of such responses. This information is
sorely needed in setting suitable exposure levels for sound frofall
commercial, defense and research activities and in establishing
effective mitigation protocols.
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