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Changes in the diving behavior of individual free-ranging juvenile northern elephant seals,
Mirounga angustirostrisexposed to the acoustic thermometry of the ocean clit#ft®C) sound

source were examined using data loggers. Data loggers were attached to the animals and measured
swim speed, maximum depth of dive, dive duration, surface interval, descent and ascent rate, and
descent and ascent angle along with sound pressure(BR&). The ATOC sound source was at a

depth of 939 m and transmitted at 195 d& 1 uPa at 1 m centered at 75 Hz with a 37.5-Hz
bandwidth. Sound pressure levé&PL) measured at the seal during transmissions averaged 128 dB
and ranged from 118 to 137 d®: 1 uPa for the 60—90 Hz band, in comparison to ambient levels

of 87—-107 dB within this band. In no case did an animal end its dive or show any other obvious
change in behavior upon exposure to the ATOC sound. Subtle changes in diving behavior were
detected, however. During exposure, deviations in descent rate were greater than 1 s.d. of the control
mean in 9 of 14 seals. Dive depth increased and descent velocity increased in three animals, ascent
velocity decreased in two animals, ascent rate increased in one animal and decreased in another, and
dive duration decreased in only one animal. There was a highly significant positive correlation
between SPL and descent rate. The biological significance of these subtle changes is likely to be
minimal. This is the first study to quantify behavioral responses of an animal underwater with
simultaneous measurements of SPL of anthropogenic sounds recorded at the ani@l3 ©
Acoustical Society of AmericalDOI: 10.1121/1.1538248

PACS numbers: 43.80.NAWA]

I. INTRODUCTION The odontocete cetaceans use high-frequency biosonar to lo-

The enhanced transmission of sound and the poor corft€ Prey and to interrogate their environméau et al,
duction of light in the ocean compel marine mammals to relyl974. Most marine mammal species use passive listening to

heavily on acoustics as their primary sensory modality foraid in location of prey, avoidance of predators, and naviga-
many aspects of their life history. Marine mammals producdion (Tyack and Clark, 2000 Given our understanding of
sounds to transmit information about location, intention, agehow sound is used by marine mammals, there is reason for
sex, reproductive status, and identity of the calldérompson  concern over the potential impact that anthropogenic noise
etal, 1979; Tyack and Whitehead, 1983; Watkiesal,  may have upon them. Human generated underwater noise
1987, 2000; Van Parijet al, 1999; Tyack and Clark, 2000  qriginates from a variety of sources, but the dominant

sources are ship traffic and offshore industrial activities. The

3Electronic mail: costa@biology.ucsc.edu
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dominant sources of ship traffic include merchant vesselgnales (Le Boeuf et al, 1996, 2000a Males travel from
icebreakers, naval activities, fishing fleets, and scientific reCalifornia to foraging areas along the continental slope.
search. Offshore industrial activities include seismic explo-These foraging areas include the state of Washington north to
ration, construction work, drilling, and oil and gas produc-the upper reaches of the Gulf of Alaska across to the eastern
tion (Greenet al, 1994; Richardsoet al, 1995; Gordon and  Aleutian Islands. Females disperse more widely across the
Moscrop, 1998 Northeastern Pacific to as far as 150 {&pprox. due north

An additional, though somewhat infrequent, source ofyf the Hawaiian Islands in the range 44—52 °NDeLong
anthropogeni_c nois_e comes from oceanographic research. Ak 51 1992: Le Boeufet al, 2000a. One-and-a-half-year-
though high-intensity low-frequency sourdlFS) sources 4 juveniles of both sexes take similar paths as adult fe-
have been used to study the ocean, concern was not rais les (Le Boeuf et al, 1996. Elephant seals have good

about the effects of such sound sources on ocean fauna, p?{éaring within the range of the ATOC sound soufk@stak
ticularly marine mammals, until the Heard Island Feasibilityand Schusterman, 199@nd frequently dive to the deep

Test (Munk and Forbes, 1989; Munlet al, 1994. The ; L .
: : sound channel. Their long pelagic migrations are also more
Acoustic Thermometry of the Ocean Climaf&TOC) ex- . .
likely to cause them to be exposed to deep ocean noise as

periment was a follow up to the Heard Island study and .
generated considerable debdRotter, 1994 ATOC tested compar_ed _tp more coastal Species..
the feasibility of using changes in the speed of sound in the A significant problem W'Fh _study_/ln_g the efiect of a par-
ocean measured across long distan@@00—5000 km to ticular sound on f':my anlma_ll is |c_ient|fy|ng the soqnd press_ure
estimate integrated ocean temperatuifdsink and Forbes, level (SP_L) to wh|ch_the ar_umal is exposed. Previous studlgs
1989: ATOC Consortium, 1998; Worcestet al, 1999. have e_sumated t.h.e mtepsny of_spund exposure by correlating
Achieving this task was done through the introduction of athe animal’s position with empirical measurements or by us-
high intensity, low-frequency soun@roadband source level ing model-based predictions of the sound figichardson
195 dBre: 1 uPa at 1 myinto the deep sound chann@0- et al, 1995; Auet al, 1997; Frankel and Clark, 1998, 2000;
FAR channel at two locations, off California and Hawaii. In Erbe and Farmer, 2000Although general features of a low-
order to determine whether these sounds affected marirfééquency sound source can be predicted and/or empirically
mammals, a Marine Mammal Research ProgrdanMRP) measured on the large scale, there is much variability at the
was developed as part of the overall ATOC research prolocal scale of an individual animal, including variability in
gram. The overall objective of the MMRP was to determinereceived levels with depth. Previous work has relied on sur-
what species would be exposed to the operational ATOGace measurements of animal location, without data on the
sound source and assess the effects of that exposure. animal’s depth. The recent development of acoustic data log-
The MMRP identified the northern elephant sedir- gers, which can be attached directly to free-ranging animals,
ounga angustirostrisas a species of particular concern be-allows accurate measurements of the SPL to which the ani-
cause these seals naturally migrate past the site of the Calal is exposedFletcheret al, 1996; Burges®t al, 1998.
fornia ATOC sound source, they are relatively abundant near  Simultaneous attachment of instruments that collect in-
the source, and they have the best low-frequency hearinprmation on movements, dive depth and duration, duration
capability of any pinniped measured to ddteastak and  at surface, swimming speed, and acoustic exposure enables
Schusterman, 1998This species is also one of the few ma- measurements of received SPLs at the elephant seal to be
rine mammals that frequent the deep sound channel in theyrrelated with simultaneous changes in dive behavior and
northeastern Pacific where the California ATOC source Wasgycation (Costa, 1993; Fletcheet al, 1996; Burges=t al,
located(Le Boeufet al, 2000a. Finally, elephant seals are 199g changes in these behaviors should reflect the animals’

ideal research subjects for tag-based behavior studies b?ésponse to the ATOC sound source. For example, if the

cause a wealth of background information exists on the'rsource were aversive we would predict that animals might

population dynamics, general biology, and at-sea behavio : . . )
and distribution(Le Boeuf and Laws, 1094 |respond by spending more time at the surface, making shal

. . o . . _lower dives, remaining immobile, increasing their ascent rate
Recent studies of the free-ranging diving behavior USING, g velocity when returning to the surface, or in the extreme
attached data loggers show that northern elephant ddals, y 9 '

angustirostris as well as southern elephant sed, le- completely ceasing to dive. Instruments such as data loggers

onina, are consummate divers with few equals in the mariné'€ easily attached to the animals, and attachment to the pel-

environment(e.g., Le Boeufet al, 1988; Hindell et al, age Is sepure even after 8 months at ,éﬁa Boeufet al,
1991 Stewart and DeLong, 199Northern elephant seals 200(_)6). Since elephant seals .retu_rn reliably to the rookery,
dive continuously, day and night, for periods at sea lastingh€ instrument recovery rate is higabout 90% for adults
from 2 to 8 months. They spend 90% of their time at sea@nd juveniles and ar.chlval data loggers can be useq |.nstead
submerged with an average of 20 min per diwgth maxi-  Of the more expensive, unrecoverable, and more limited te-
mum dive durations of over % h) followed by less than 3 lemetry transmitters that cetacean studies requiate

min at the surface between dives. Northern elephant seaff al, 1999. Because these animals are free-ranging, the
dive to modal depths of 300-600 m with maximum divesdata gathered by these instruments can provide information
exceeding 1500 m. The diving behavior, periods at sea, andn their underwater behavior, allow monitoring at great dis-
migratory paths are known at a general level for juvenilesfances, and provide information that could not be obtained in
subadult and adult males, and pregnant and nonpregnant fany other way.
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FIG. 1. A chart of the study area is shown with the location of tlvB:r SeAMOUNT relative to the Ao Nuevo elephant seal rookery 102 kilometers away.
The insert is the ATOC sound source. Red lines are representative elephant seal tracks recorded from the ARGOS satellite transmitters. ARE&Q& locatio
not provide precise transit information as only a few locations, of variable quakt0 km, are received each day.

Il. MATERIALS AND METHODS ATOC sound source higher bandwidth and thus increases the
A. ATOC sound source likelihood of detection by a marine mammal relative to a 75
Hz pure tone(Au et al, 1997. In an attempt to reduce the

The ATOC sound sourcgAlliant Techsystems, HX-554  effect of the sound source on marine mammals, the source

was deployed in late October 1995 on th®NEER SEA-  was started at 165 d&: 1 uPa at 1 m and “ramped up” by

MOUNT (37°20.553N, 123°26.7117W), 100 km west of  6-dB steps each minute for 5 min until reaching and main-

Half Moon Bay, California, at a depth of 939 ifHowe,  taining full power at 195 dB for 20 min. Transmissions oc-

1996 (Fig. 1). As the focus of this study was to examine the curred 6 times a day at 4-h intervals for a maximum of 4

effects of an operational ATOC source, the acoustic powergays. Ramp up was initiated 5 min prior to the hour, and full

duty cycle, and frequency used during the trials followedpower achieved on the hour.

those that would be used for the thermometry studies. The

source signal was an M-sequence phase-modulated carrigr A h

that consisted of a center frequency of 75 Hz, a bandwidth of”* pproac

37.5 Hz, and transmitted power of 260 {405 dBre: 1 uPa The response of elephant seals that were captured at the

at 1 m. The M-sequence modulated signal allowed matchedno Nuevo rookery, translocated, and released beyond the

filtering to be used to increase the precision of the time ofource site was examined experimentally. With the selected

arrival measurements while operating at significantly lowerprotocol, there was a relatively high probability that they

power than would be required without this codiffunk  would pass over or near the sour@e., within the 120-dB

et al, 1994; Worcesteet al, 1999. This coding gives the sound field in returning to the Ao Nuevo rookery. The
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response of these animals to the ATOC sound source was The DAT and CAP units were recovered after the ani-
examined using a variety of instruments that provided inforimals returned to the beach. Acoustic data from the DAT
mation on the diving behavior, return track, and the SPL apacks were transferred digitally to an SGI workstation, and
the animal. ARGOS satellite tags provided information onthen low-pass filtere4 kHz) and resampled@8 kHz) in or-
approximate location at sea. Information on dive behavioider to minimize file size. The output sound files and calibra-
was collected using archival tags that, upon recovery, protion tones were then recorded onto a CD-ROM. Data from
vided the animals’ time-marked swim speed and dive deptlthe CAP tags were transferred directly from the units to a
(STDR) or dive depth alondTDR). Finally, acoustic data Macintosh and recorded onto CD-ROM.

loggers were used to provide information on the animals’

ambient acoustic environment as well as the actual SPL of animal manipulation

the ATOC signal as received at the animal. ) . )
We took advantage of the natural tendency of juvenile We used this experimental system to record the behavior

elephant seals to return to the site of capt(@éiver et al, _of 29 juvenile(l._8 to 2.4 years ohd_elephant seals that were
1999 to experimentally expose individuals to the ATOC mstrumented_wnh ARGOS satelht_e tags _and separate data
sound source. These “translocation” animals could be rel09gers(3 during Fall 1995, 11 during Spring 1996, 11 dur-
leased in such a way that there was a high probability of9 Fall 1996, 4 during Spring 199'and released near the
exposure to the ATOC sound sour@g. 1). This manipula- ATOC sound source. Each seal had the following |n_stru—
tion had a significant advantage over studies with adult aniMents attached to the dorsurft) a custom-made swim
mals because the whole manipulation could be completed iPeed, time-depth recordé8TDR) (B-H Mk1, Santa Cruz,
less than 1 week, whereas studies that utilized the natur&”) for recording the diving pattern2) an acoustic data
migration of adults would require at minimum 3.5 months 09ger(DAT or CAP); (3) a VHF transmitteAdvanced Te-
and up to 8 months to completée Boeufet al, 2000a. Iemetry Systems, Isanti, I\/DNt_o facilitate recovery pf the
Further, we were able to control the distance the animal@nimals on the rookery; and finali$) an Argos satellite tag
were released from the source. As we knew that they wouldmodel ST-6, Telonics, Mesa, Azttached to the back of the
return directly to the Ao Nuevo rookery, this would increase Néad to track movements and locatifietcheret al, 1996;

the probability that they would cross over the source on theif-rockeret al, 1997; Le Boeutt al, 20004. The TDRs re-
return. Moreover, 2-year-old juveniles dive to the same meaforded depth every 10 s throughout the period at sea. The

depths and exhibit the same mean dive duration as aduf | PRS recorded relative swim speed every 10 s using a
males and femaled.e Boeufet al, 1996. Logtron paddle wheelFlash Electronic GmbH, Dachau,

Germany attached to the recorder; revolutions were counted
and stored in memory until retrieved. The DATs and CAPs
C. Acoustic data loggers were programed to record continuous low-frequency sounds
) ~up to 8 h and 4 days after release, respectively.

Two forms of agoustlc d_ata loggers were used. Th_e _flrst The juveniles were captured at thé &Nuevo rookery
was a DAT tag, which consisted of a Sony TCD-D8 digital 3nq transported by truck to Long Marine Laboratory where
audio tape recordeDAT) (9 Hz—16 kHz=3 dB) enclosed  hey were weighed, measured, and instrumented. Animals
in an aluminum housing (17:12.7X6.7 cm) with an ex-  \ere immobilized and instruments attached as previously de-
ternal  hydrophone (High Tech, Inc. HT1-SSQ-41b; gcriped(Le Boeufet al, 1988, 2000a The following day
10 Hz-30 kHz=3dB) that received the ATOC signal he seals were transported by ship and released approxi-
(Fletcheret al., 1996. Units could be turned on either manu- mately 3 km due west of the@NEER SEAMOUNT 1 h prior to
ally with a magnet just prior to release, or the DAT could be activation of the ATOC source. The release site required that
programed to automatically turn on apprommaﬁdirp_ur be-  seals returning directly to ZnNuevo would travel over the
fore animals were released in the water. These units sampleghce. Seals were released from this site because, given that
at 32 kHz, and recorded for a total of 48 hours dependingy;o; studies suggest a horizontal transit rate of approxi-
on the tape used. Calibration tones of known rms voltagenately 3 km/h, it maximized the likelihood that seals would
were recorded onto each tape to allow actual received SPL {9455 over the sound source during its 20—25-min period of
be calculated from the recording. _operation. This protocol was designed to place the animal in

The other instrument was called a compact acoustigjose proximity to the ATOC source at activation. In the
probe or CAP tagBurgesset al, 1998. CAP tags used the \yorst-case scenario, where the séahexpectedly travels
same hydrophone as the DAT tag. Within the housBfscm et directly away from the sound source, the protocol
long, 10-cm diameter cylindgwas a programmable Tattle- \yqyd result in animals being approximately 6 km from the
tale 7 data acquisition syste(@nset Computer Corp., Poc- g4 rce at activation. A direct line from the drop-off site to the
asset, MA and a 340-MB hard disk. The CAP tags also qokery is 105 km. Upon return to thé ArNuevo rookery

sampled pressure and temperature. Like the programmab{g_5 days, the instruments were recovered and data down-
DATs, these units were programed to turn on approximatelyy,qed for analysis.

2 hour before release. These units were programed to sample
at 2000 Hz and could record for up to 8 days with a fre-
quency response of 10—1000 Hz. The known gain of eac
step of the digital acquisition process allowed calibrated re-  On recovery, each instrument was calibrated for swim-

ceived SPLs to be calculated. ming speed by plotting the rate of depth change against the

hE. Behavioral analysis
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descent velocities are measures of the animals’ speed, in any
direction, while ascending or descending; their velocities are
-T- functions of the fluid flow past the sed&Crocker et al,
1997).

We compared the parameters of the dive occurring while
the source was on to the mean parameters derived from a
control period measured for each animal: an 18-h period of
diving that started 18 h after the animal was first exposed to
the sound source. Each animal was used as its own control to
determine whether the behavior measured during the expo-
sure dive fell within 1 or 2 standard deviations of the mean
value for the 18 h of diving where the animal would be

Dive duration Surface interval

|_|

=100

Ascent rate

1o01on jue2sad
Dive depth

<200

Depth (meters)
ajel Juadnsaqg

-300 -

-400 T T T T T

8:10 8:20 8:30 8:40 8:50 9:00 9:10 beyond the range of the ATOC sound source. Eighteen hours
Time was chosen because all animals spent at least 36 h transiting
over deep water after release from the boat. This allowed the

FIG. 2. Section from a typical elephant seal dive record along with the™ " . .
behavioral measurements used to describe the diving pattern. animals 18 h to swim beyond the seamount and provided 18

h of data from which to derive a mean diving pattern. Com-

number of impeller rotations over the same interWdetcher ~ Parisons were made only while the animals were in deep
et al, 1996; Blackwellet al, 1999. A dive was defined as water, since their diving behavior changes when they move
an excursion below 6 m. The times within dives when de-0ver the continental she{t.e Boeuf and Crocker, 1996In
scent ended and ascent began were set manually by inspedtuations where more than one dive or portions of a dive
tion (Crockeret al, 1997. The following variables were cal- occurred during exposure, we calculated the responses for
culated for each recorded dive: maximum depth, duratiorthe components of the dive that occurred during the exposure
(start of descent to end of ascensurface time between period. To account for the potential effect of translocation, a
dives, descent rate, descent velocity, ascent rate, and ascgfioup of seven “control” animals was instrumented with
velocity (Fig. 2). Ascent and descent rate are measures of thtime-depth recorders and satellite tags only and released in
rate that an animal moves vertically through the water colthe same manner, except the sound source was not operating.
umn, without respect to any horizontal movement, and calThe diving records of these animals were analyzed such that
culated as the rate of depth change per unit time. Ascent arttie “exposure dive” was assumed to be the dive occurring 1

TABLE I. Absolute and relativé%) change in behavioiduring exposure dive as compared to the 18-h mean for each arionaldive variables and all 24

subjects, as a function of the maximum ATOC sound-pressure (SR measured at each animal. A negative value would indicate a behavior with a
magnitude less than control, for example the depth of dive in animal D9601 was 128 m shallower. Swim-speed data were not available for animals carrying
the CAP tag. Control animal&TOC source off were assumed to have the mean measured ambient SPL of 2@0 dB.Pa. Numbers with a# and in bold

are where the exposure dive was greater thdns.d. of each animal’s 18-h mean. The sex of the animals is given.

Depth Duration Surface interval Descent velocity Ascent velocity Descent rate Ascent rate SPL

Meters % Minutes % Minutes % m/s % m/s % m/s % m/s % réBluPa
D9601 Q —128 —-31.4 15 6.8 —0.2 -87 024 209 —0.2I* —145 0.38 447 —0.45 —-63.4 137
D96N2 & 57 155 2.4 138 —-0.7 -—175 0.06 4.3 0.07 47 0.56 76.7 0.19 29.2 135
B961 Q 60 29.3 1.5 116 —-0.1 -53 -014 -130 -0.21 -179 0.3 274 —-0.02 -1.6 133
D96N1 Q —63* —195 —3.9° -20.3 0 0.0 0.15 11.6 0.1 8.2 0.1 14.7 0.04 5.3 132
SOX @ 29 90 -21 -121 -0.1 —-3.8 0.53 54.1 —0.38 —245 0.5 62.2 0.1 12.3 132
CARD & 81 352 -17 -11.3 -0.7 —233 0.3 26.9 0.12 96 0.68 63.6 —0.01 -1.0 131
MARLIN & —82 -18.7 —-26 -—12.0 0 0.0 —0.03 -23 0.08 6.4 0.42 483 0.04 4.3 130
ASTRO Q 3 08 -0.2 -0.9 0.4 16.7 0.11 89 -002 -15 009 94 -009 -87 126
CAP962Q —-13 —-37 0.5 27 -01 —-45 N/A N/A N/A N/A 0.11 116 0.13 141 126
B962 Q 53 26.1 1.8 136 -08 —-26.7 —-008 -—-7.1 -0.06 -5.0 0.3 34.4 0.04 4.2 124
EXPO & 31 10.3 0.9 5.9 0.2 11.8 0.02 2.0 0.32 24.6 0.15 150 031 46.3 124
RED & 21 53 -09 —4.3 0.3 125 N/A N/A N/A N/A 0.2 259 063 708 123
TWIN & -33 —-11.0 -45 -202 0.1 4.5 0.13 11.2 0.12 12.8 0.13 126 0.06 7.7 121
MET Q@ -17 -39 -38 -180 -04 -16.7 N/A N/A N/A N/A 0.12 14.0 0.01 1.0 118
CuB @ 59 248 -14 -9.6 0.1 7.7 0.18 14.2 0 0.0 0.08 7.5 0.14 15.7 N/A
D96N3 @ -6 —-22 -12 —-74 0.3 15.8 0.11 87 -009 -71 0.466 51.7 —0.02 -1.8 N/A
D9603 @ 16 86 -—-12 -8.9 0.2 11.1 0.16 12.7 0.02 15 0.02 2.0 0.06 5.8 N/A
JENNY @ 57 22.8 2.6 154 0.3 176-0.19 -124 0.02 1.4 0.12 133 0.18 15.1 100
SALLY @ 62 27.1 4.3 333 -0.1 -53 —-006 —-49 -006 —-48 —-005 —42 —-0.15 —-128 100
PIOQ -2 -06 -2 -86 —-03 -—13.0 0.14 11.1 -0.1 -6.5 —-0.12 —-98 —-0.05 -4.1 100
NEER @ -43 -119 -49 -240 -01 -3.8 0.2 20.0 0.08 6.9 0.01 09 0.09 9.3 100
SEAQ 19 54 -11 -6.0 0.1 59 -0.23 -152 -0.1 7.7 0.04 4.3 —-0.11 -10.6 100
RIKKI @ 78 24.0 0.8 50 -03 -17.0 -0.16 -140 -007 -6.0 015 19.0 015 210 100
OPRAH @ 15 40 -14 -7.0 0.2 10.0 —0.08 -6.0 0.03 3.0 0.12 14.0 0.05 6.0 100
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h after release from the vessel. As individual animals mighffABLE II. The SPL recorded for each animal before, during and after an
respond differently to translocation, we examined the potenATOC sound transmission is provided. .Wh'ere ayaﬂable, the depth that cor-

. . . A responded to each SPL measurement is given in parentheses under the SPL
tial effect of translocation on the behavior of each individual .- ¢ ment

animal by comparing the last pre-exposure dive to the mean
of all the dives that occurred during the 18-h control period Sound-pressure levétiB re: 1 uPa)

measured for each animal.

During ATOC transmission

Prior to ATOC After ATOC
E. Acoustic analysis Seal transmission Low High transmission
_ ) _ _ D96N2 102 123 135 104
Acoustic analysis was carried out USITGANARY 1.2 (430 m (55 m) (25 m) (289 m
(Cornell University, Ithaca, NYon a Macintosh 8100 com- D9601 104 126 137 103
puter. Sound data were calibrated and then examined to ex- (284 m (30 m (24 m (243 m
clude sections with high levels of flow noise due to a fast?96N1 102 119 132 103
swimming seal. These sound files were bandpass filtered b%—ard (211555”7) (751?)4 (2012)1 (26f0?
tween 60 and 90 Hzfrequency range of intergsand then (268 m 71 m 7 m) (218 m
mean SPL measurements were made directly from the wavesox 102 122 132 104
form. Maximum and minimum sound-pressure levels were (320 m (68 m (28 m (290 m
averaged over a 5-s period. Depths associated with maxf£ariin 99 120 s 102
S . : (355 m (44 m) (8m (347 m
mum and minimum levels were noted by comparing the timg, . a7 110 118 89
of the sound measurement with the dive record. Ambient (323m (67m)
levels before and after each ATOC transmission were detered 94 118 123 98
mined by taking the lowest ambient sound levels received at (251m (89m)
the animal during the dive directly before and after ATOC EXP0 99 115 124 97
transmissions. Lowest levels generally occurred during periz, .. 95 (11?4 (751mz)1 93
ods when the animal was not swimmitigften during the (2m, 54 m 71 m (110 m
glide phase of the diyeThis provided estimates of ambient Astro 98 120 126 96
noise unaffected by the flow noise caused by swimming. 1rB961 100 123 133 99
addition to measurements of SPL we were able to acoustP%62 99 115 124 98
. : . CAP 962 98 118 126 99
cally measure the breathing rate for eight of the animals bey, - 99 119 128 99
fore, during, and after exposure to the ATOC sound sourcg 4— 46 44 56 4.4

(Le Boeufet al., 20000H.

lll. RESULTS velocity, ascent velocity, and descent rate. Among the experi-

Data on diving behavior were obtained from 24 animals,mental animals, D96N1 exhibited shorter dive durations,
17 of which swam past the ATOC sound source when it wa$9601 exhibited a deeper dive and faster descent rate and
operating on a normal transmission schedule and 7 when theslocity but a slower ascent velocity and rate, RED exhibited
source was not operating at all while the animals were in the faster descent rate, and MET exhibited a deeper, shorter
water (Table ). Received SPL measurements were obtainedlive with a faster descent rate. This implies that the animals
for 14 of the animals exposed to the ATOC sound sourcédiad not assumed a normal diving pattern prior to exposure
(Table 1l). An example of the data collected, including diving (Fig. 4). Two of these seals, D96N1 and D9601, were only in
pattern and swim speed coupled with acoustic measuremeriise water for 31 and 38 min prior to exposure, respectively
of the ATOC transmission, is provided in Fig. 3. The highest(Table I, Fig. 4. All other animals exhibited normal diving
SPLs measured during transmissions ranged from 118 to 13ehavior prior to exposure, and for these animals it was as-
dB re: 1 uPa for 60—90 Hz compared to ambient levels of sumed that differences in the exposure dive were due to the
87-107 dB(60—90 Hz (Table 1l). The highest exposure operation of the ATOC source. Changes in diving behavior of
level averaged 128 dB for all subjects, which gave a mearranslocated animals during exposure are provided for each
increase of 29 dB over ambient SPLs. In no case did amehavioral measure for each animal in Table |. The behavior
animal end its dive or show any other obvious change irduring exposure dives was within 2 standard deviations of
behavior(Fig. 4) in conjunction with a transmission. Other the 18-h mean diving pattern for all animals.
sounds recorded from the seals included a singing humpback The most sensitive component of diving behavior to
whale with a broadband received level of 126 @81 uPa. ATOC sound transmissions was descent rate. Descent rate

For control animals, the exposure dive was the dive thathanged by more thath 1 s.d. from each animal’s 18-h mean
occurral 1 h after release from the boat. During the pre-in 9 of 14 seals. Dive depth and descent velocity increased
exposure period, one control animal, NEER, and four experiby more than*=1 s.d. in three animals, ascent velocity de-
mental animals, D96N1, D9601, RED, and MET had at leastreased in two animals, ascent rate increased in one animal
one dive parameter that differed by more than one s.d. fronand decreased in another, and dive duration decreased in
the 18-h control periodTable ). Specifically, the control only one animal. None of the animals showed a deviation by
animal NEER exhibited a pre-exposure dive that had anore than =1s.d. in surface interval. For comparison,
shorter duration and surface interval, with a greater descer®l.7% of the observatior(se., about 4 out of 14 animals for
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FIG. 4. Dive patterns of the six animals that showed the greatest changes in
' behavior. The dotted line shows the beginning of the 5-min ramp up and the
i shaded area shows the period of full power transmission. The first dive

" corresponds to the animal leaving the boat.
IMMMMMMMW each behavioral measuneould be expected to exceed 1 s.d.
. for a Gaussian distribution. In only one aninf@l96N1) was
lll there a deviation by more thahl s.d. in depth or duration,
i - A’/U U \;!—\U%L\VL without a comparable deviation in descent spé€Eable ).
— Y W, e el There was a highly significant positive correlation between
i descent rate and SRFEig. 5). This correlation was evident
7o w0 w10 won whon ws  whether the animals showing a pre-exposure effect were ex-
Hours cluded ¢?=0.61, p=0.007) or included ?=0.42, p
FIG. 3. Three examples of the data collected on juvenile elephant seals that 0-012) in the analysis. None of the other variables exhib-
passed near the ATOC sound sources. For each seal the top chartis a souteld a significant correlation between SPL and the deviation

spectrogram, the middle chart is the swim-speed record, and the botto s : ;
chart the time-depth record. The 5-min ramp-up period is shaded in IighrﬂOm control. There was no significant difference in surface

gray and the 20-min full power operational period in darker gray. The 5-minbreathing rate for the eight animals for which we were able

ramp started 5 min prior to the hour and full power occurred on the hourtg obtain these data. The surface-breathing rate was 15.2
Points on the time-depth record delineate where the various SPL measure- 2.0 breaths inutéBPM) . t 171
ments were taken from the spectrogram. For each animal we measured the = per minu prior 1o exposure, :
integrated SPl(while underwaterover the entire period of exposure, along * 3.8 BPM during exposure, and 134.8 BPM after expo-

with the maximum and minimum level®-s periods These levels were: sure.

integrated 133, max 137, min 126 dB: 1 uPa for D9601; integrated 127, . .

max 132, min 119 dBe: 1 uPa for D96N1; and integrated 126, max 135, Ten of the 17 seals used in the experiment had exposure

min 123 dBre: 1 uPa for D96N2. dives with at least one dive parameter which differed by

Bwim Bpesd [mines)
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FIG. 6. The relative number of dive variables that varied by more than
+1s.d. from their respective 18-h means are plotted as a function of the
ATOC source SPL as received at the animal. The number of responses was
normalized relative to whether there were five or seven variables measured.
This was necessary because swim speed was not measured on all animals
(those carrying CAP tagsSolid symbols designate animals that had a nor-
mal pre-exposure dive. Open circles are for animals that exhibited a pre-
exposure dive with variables that differed by more thaf s.d. from the

18-h mean. There was a highly significant relationship between these vari-
ables ¢?>=0.4,p=0.015).

mals. To test for an effect on the exposure dive, repeated
measures ANOVA was performed. The dive variables during
the exposure dive were compared to the mean values for the
18-h postexposure period for each animal. This approach re-
vealed significant differences between the exposure dives
and nonexposure dives in descent rafe; ;=32.5, p
<0.01) and descent velocityFg ;3= 7.7, p<0.01). For the
control animals(ATOC source off the dive 1 h after entry
into the water was used as if it were the “exposure dive.”
This approach yielded no significant differences for the con-
trol animals. To examine the effects of the short interval
between release and exposure, a similar comparison was
made between the exposure dive and the mean values of the
pre-exposure period. This analysis revealed no significant
differences between pre-exposure and exposure using all of
the exposed or control animals. Note that some individual
animals did show differencegsee Fig. 5.

FIG. 5. Relative change in descent rate, ascent rate, and dive depth as a To test for effects in the hour of diving after exposure
function of the SPL received by the animal, for all subjects used in theysing all of the exposure subjects, an ANOVA comparing the

translocation studies. Solid symbols represent animals for which the plotte L .
variable during the exposure dive was withinl s.d. of the 18-h mean. ﬂour of postexposure leIng to an hour of dIVIng 18 h after

Open symbols represent animals whose change in ascent rate, descent fP0sure was performed. This ANOVA was run as a general
or dive depth was greater thanl s.d. of the 18-h mean. Circles designate linear model with exposure stat(statug and individual(in-
animals that had a nprmal pre-exposure dive. Triangles are for animalgjjy) gs effects terms. An interaction term was included in the
T e et ol (statusindi) 10 represent the indvidual diferences
cant regardless of whether animals with a pre-exposure effect were excluddl €Xposure levels. Pseudoreplication was avoided by nesting
(r?=0.61,p=0.007) or included *=0.42,p=0.012) in the analysis. replicate dives during the hour sampled within the individual
animals. The effect of status within this model was tested.
This approach revealed significant differences in three of the
more thant 1 s.d. from the 18-h megiTable ). The relative  measured response variables. Descent rktg = 26.0, p
number of behavioral parameters that exhibited a deviatior<0.01) and descent velocityF¢ ;3=13.8, p<<0.01) were
greater thant 1 s.d. from the 18-h mean increased as a funcsignificantly greater in the hour after exposure. Ascent rate
tion of the SPL ¢2=0.4, p=0.015; Fig. 6. was significantly lower during the hour after exposure
Two approaches were used to look for statistically sig-(F; ;5=10.6,p<<0.01). In the control animalATOC source
nificant responses using combined data from all of the anieff) the second hour of diving after water entry was consid-
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TABLE Ill. Power analysis () for multiway anova of response vari- In order to put the observed behavioral response in per-

ables from a model with exposure status, individual, and (mdmdualspectiVe we must consider how an elephant seal might re-

X exposure statysas factors. . . ; )
spond to a perceived threat or how it might attempt to “es-

Variable Exposure Control cape” exposure to the ATOC sound source. If an elephant
Depth (m) 0.28 0.27 seal perceived the ATOC sound source as a threat, we might
Duration (min) 1.00 0.98 find that the seal dove deeper or remained underwater longer.
Surface interva(min) 0.07 0.53 Such a response was recorded for an elephant seal swimming
Descent spee(in/s) 0.96 0.87 . hall t boat d h t al
Ascent speedm/s) 0.86 067 in shallow water as a boat passed over Rurgesset al,

Total speedm/s) 0.97 0.84 1998. This animal stopped swimming and stayed near the
Descent ratém/s) 0.93 0.87 bottom as the boat passed overhead. Both northern and
Ascent ratelms) 0.84 0.81

southern elephant seals have been observed to undergo pro-
longed dives that last more than 90 min. These dives are
extremely rare, occurring only once or twice over an entire
evident among the control animals —9-month diving record and are not observed in all indi-
To assess the ability to detect significant differences inViduals. It has been suggested that these extremely long
both exposure and control animals, power analysis was pef_i_lves are_a response t(_) the presence of a potential predator
formed for the multiway ANOVA(Table 11l). This analysis like a white shark or killer whale(l_.e Boeuf and C'rogker.,
revealed that our sample lacked sufficient power to detect998. These putative “escape” dives are very distinctive
differences in maximum depth and surface interval. For alland are several times longer than the typical dive pattern.
variables that showed a significant effect in the exposuré&imilarly, if elephant seals perceived the ATOC sound source
animals there was sufficient power to detect a difference iras dangerous they might have stopped swimming and ex-

ered the postexposure period. No significant differences we

the control animals. tended their dive until the signal ceased. Even juvenile el-
ephant seals are capable of dives lasting longer than the 20-
IV. DISCUSSION min ATOC broadcast. At no time during exposure or at any

S _ other time during any dive record did we observe a diving
There were three major findings with respect to the repattern that was even remotely similar to these escape dives.
sponse of elephant seals to the ATOC sound source. The firgtig important to note that none of these responses was ob-

was that the highest received level at the animal did NOLorved in any of the 17 animals exposed to the ATOC sound
exceed 137 dBe: 1 uPa. This is important, considering that source

the seals were released so that they would have the highest Although we did not observe obvious changes in the

obability of swimming directly o the ATOC d . . .
probabiily swimming directly over soun rc.hvmg behavior of elephant seals, we were able to measure

source. Second, we did not observe cessation of diving i o . .
response to ATOC in any seal studied; and third, we wergubtler changes. The measure of diving behavior that exhib-

able to measure only subtle changes in the diving behavior died the greatest sensitivity to the ATOC sound source was
animals swimming past the ATOC source. With the excep-the rate of descent. Rate of descent changed in nine animals
tion of sperm and beaked whales, elephant seals are the or§d was significantly correlated with SREig. 5). The cor-
marine mammal known to be capable of routinely diving toresponding metric ascent rate only changed in two animals,
the depth of the ATOC sound projector. This is importantand there was no significant relationship between the change
considering that SPLs at the seal were always below 137 dib ascent rate and SPL. However, when the more powerful
re: 1 uPa and that only 7 out of 14 animals reached maxi-statistical analysis using the general linear model was carried
mum exposures at or above 130 oB1 pPa. Given that the out, differences in a number of response variables during
experimental manipulation was designed to achieve the highexposures were detected. Descent rate, descent velocity, and
est possible exposure, and that most other species canngicent rate all changed in response to exposure or possibly
dive like elephant seals, it is likely that they would be ex-qye to the short interval after release. This is consistent with
posed to SPLs lower than or at least no greater than thosg, escape response where the animal prefers to avoid the
experienced by the elephant seals in this study. Unfortug tace or seeks refuge at depth. Alternatively, if the elephant
nately, AR%O.S satglllte upllnkks were to_g |nfrec]3u|e{_mtf—4 seal was trying to avoid the ATOC sound source, it could
per day and imprecise1-10 km to provide useful infor- cease diving and remain at the surface and effectively reduce

mation on the return track of the animal. However, some . "y
estimate of the proximity of the elephant seals to the sounil‘S exposure to the ATOC signal. Withipwavelength(5 m

source can be made by comparison with empirical measurd®" @ 75-Hz signal of the ocean surfacgpressure-relief sur-

ments of the ATOC sound field made with calibrated hydro-f2c® the sound level is often 10-30 dB lowédensen,

phones (High Tech, Inc. HT1-SSQ-41b; 10 Hz—30 kHz 198D. At no time did any seal cease diving or exhibit any
+3 dB) at depths between 50—200(@edamke and Costa, Other dramatic change in behavior during exposure to the
1997). These data indicate that exposure to 120retBL uPa  ATOC signal.

or greater required the animals to be within 20 km of the It might seem odd that an animal would increase descent
source, while exposure to 130 dB: 1 uPa or greater re- rate or decrease its ascent rate when this would prolong its
quired the animals to be within 4 km of the source. exposure to the sound source. It is necessary to remember
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that this is the predicted antipredator response for this anithose laws. Although we were able to record small changes
mal. Given the relatively small interaural distance of an el-in the diving behavior of the juvenile elephant seals, it is
ephant seal relative to a 75-Hz signal with a 20-m wave-unlikely that these changes would have any lasting impacts
length, it is unlikely that an elephant seal has the capabilityon the animals as they migrate past the ATOC sound source.
of localizing a sound of this frequency and wavelength un-First, changes in behavior were observed only in animals that
derwater. Given that the animal may lack information on thewere relatively close to the sound source. Second, all el-
location or direction of the sound source, its response may bephant seals passing through this area are migrating to or
simply a “startle response,” which for elephant seals is tofrom their distant feeding grounds in the North Pacific
dive. Ocean, and thus would not be spending much time near the
An alternative explanation of the minimal response ob-PIONEER SEAMOUNT (Le Boeufet al, 2000a. It is important
served in northern elephant seals is that they are not capablie recognize that although we measured a small change in
of hearing the ATOC signal. Recent data on the hearing serbehavior of migrating animals, the significance of these
sitivity of a captive northern elephant seal indicates a hearinghanges relative to such critical activities as feeding or re-
threshold of 98.3 dBe: 1 uPa for a 75-Hz ton¢Kastak and ~ production is likely to be minimal.
Shusterman, 1998The peak sensitivity for this animal was This study has shown the potential for using acoustic
59 dBre: 1 uPa for a 6300-Hz ton&astak and Shusterman, data loggers coupled with time-depth recorders to record the
1998. The mean fundamental frequencies of airborne call§eésponse of marine mammals to acoustic stimuli. This ap-
of northern elephant seals are in the range 147—-334 Hz fdiroach proved quite effective for use with elephant seals.
adult malegLe Boeuf and Petrinovich, 1974nd 500-1000 Further development of the CAP tag is underw@yurgess
Hz for adult femalegBartholomew and Collias, 1962Fur- ~ and Tyack, 200Dand smaller DAT recorders are now avail-
thermore, audiometric studies suggest that pinnipeds in ger@ble. Smaller devices coupled with recent advances in attach-
eral and elephant seals in particular are relatively good ahent techniquetCroll et al, 1998; Hooker and Baird, 1999;
detecting tonal signals over masking noi@outhallet al, ~ Nowaceket al, 200 will allow these techniques to be ap-
2000. Given that ambient sound was on average 99ei@  plied to cetaceans as well as to smaller pinnipeds.
pPa and that the lowest SPL of the ATOC signal as received
at the seals’ location was 110 dB: 1 uPa with an average
low of 119 dBre: 1 uPa, we are confident that these animaIsACKNOWLEDGMENTS
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