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THE SECRET LIFE OF MARINE MAMMALS 

NOVEL TOOLS FOR S T U D Y I N G  T H E I R  BEHAVIOR AND B I O L O G Y  AT S E A  
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G i v e n  the in teres t  by both the lay and sci- 
entific communities,  it is surprising how little is 
known about the open ocean ecology of marine 
mammals .  The i r  pa tchy  d i s t r ibu t ion  and low 
abundance leads to infrequent encounters at sea. 
Most of  our information on marine mammals has 
been obtained from shipboard or aerial observa-  
tions, which provide a very l imited perspect ive  
on their life at or near the surface, with little in- 
sight into their  behavior  under the water where 
they spend up to 90% of their  time. Recent  ad- 
vances in technology are providing an opportu-  
ni ty to gain new ins ights  into the unde rwa te r  
lives of  marine mammals.  Prel iminary informa- 
tion indicates  that marine mammal  dis t r ibut ion 
and abundance is highly correlated with oceanic 
features like frontal systems, thermocline depth, 
ba thymet ry ,  eddies ,  je ts ,  and warm core rings.  
These  fea tures  concen t ra te  or aggrega te  prey ,  
permitt ing effective predation. The technologies 
now available or under development  will enable 
an examina t i on  of  how oceanic  fea tures  and 
processes  affect  marine mammal  b iology.  This 
art icle summarizes  some of the novel technolo- 
gies that are current ly avai lable or under devel-  
opment.  It is hoped that an increased awareness 
of  the research potential of these approaches will 
stimulate interdisciplinary collaborations between 
marine  mammal  biologis ts ,  fisheries b iologis ts ,  
and physical  and biological oceanographers. 

R e c o v e r a b l e  D a t a  L o g g e r s  

Recoverable multichannel digital  data loggers 
are avai lable  with var iable  sampl ing  rates that 
record depth, light level, water temperature, swim 
velocity, and surface location. The first instruments 
to be deployed measured dive depth as a function 
of time and have provided a wealth of information 
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on the d iving per formance  of  marine mammals  
(Kooyman 1989: Costa 1991a,b). Typically these 
devices are attached to the animal (using a harness 
or glue; Fig. 1), and the data are retr ieved when 
the device is recovered after recapture of the ani- 
mal. The need to recapture the animal limits this 
system, but it has been used quite successfully on 
studies of  p innipeds  (sea l ions,  fur seals,  and 
seals). An example of a time-depth record obtained 
for an Australian sea lion is shown in Figure 2. 

A summary of the diving data obtained indicates 
that the "true" or earless seals (Phocidae) are capa- 
ble of  deeper longer dives than sea lions and fur 
seals (Otariidae: Fig. 3). These differences reflect 
optimization for exploitation of different habitats 
and resources (Costa, 1993). Sea lions and fur seals 
feed on vertically moving prey that approach the 
surface, whereas true seals feed on sedentary ben- 
thic or midwater prey. The considerable difference 
between mean dive depth/duration and maximum 
dive depth/duration suggests that seals and sea lions 
rarely reach their physiological limit with respect to 
dive depth or duration. Other factors such as prey 
type, depth, and availability determine the optimal 
diving pattern, and prey availability is directly re- 
lated to oceanic features and processes. 

Coordination of data on diving pattern with in- 
formation on prey species indicates that prey size, 
behavior, and energy content influence the forag- 
ing pattern employed (Costa, 1991a,b). The most 
detailed study of foraging behavior carried out on 
Antarctic fur seals (Croxall et al.. 1985), showed 
that these seals made most (75%) of their dives at 
night,  when dives were cons is ten t ly  sha l lower  
(<30 m) than dives during the dayt ime (most ly  
40-75 m). This pattern closely followed the verti- 
cal d is t r ibut ion  of  kri l l ,  which during day l igh t  
hours was below a depth of 50 m and at night was 
present in substantial quantities above 50 m. Even 
though >40% of the krill was below 75 m depth at 
all t imes of the day, fur seal dives seldom (3%) 
exceeded this depth. The authors concluded that 
krill are captured only from shallow depths, since 
this is when they are most efficiently obtained. 
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Fig. 1: An Australian sea lion female with a Wildlife Computers time-depth recorder glued to the hair on 
her back. 

In a similar study it was found that female 
northern fur seals exhibit distinct diving patterns 
specific to the type of prey consumed. During a 
foraging trip (typically lasting 7 days), an indi- 
vidual northern fur seal female exhibited one of 
the following dive patterns: those composed ex- 
clusively of deep dives with a mean depth of 185 
m, those composed exclusively of shallow dives 
with a mean depth of 50-60 m, and those with a 
mixture of both deep and shallow dives (Gentry 
and Kooyman, 1986). Deep-diving northern fur 
seals did not exhibit diurnal fluctuations in div- 
ing depth, which implied that they were feeding 
on demersal or benthic species, whereas shallow 
divers exhibited a striking diurnal fluctuation in 
diving pattern quite similar to that observed for 
Antarctic fur seals eating krill. A subsequent 
study using a combination of time-depth recorder 
and VHF telemetry determined that deep-diving 
fur seals feed on demersal fish such as pollock 
on the Bering Sea shelf, whereas shallow-diving 
fur seals feed on vertically migrating squid over 
deep water beyond the Bering Sea shelf (Goebel 
et al., 1991). Like krill, squid are available 
throughout the day, and like krill-consuming 
Antarctic fur seals, northern fur seals wait for 

squid to move into shallow water before preying 
on them. 

The most impressive data obtained so far on 
pinniped diving behavior come from studies of 
northern and southern elephant seals (Le Boeuf 
and Laws, 1994). Northern elephant seals dive 
continuously, day and night, for the entire trip to 
sea, which lasts between 2 and 8 months (Fig. 
4). Two-month trips are associated with females 
who have just completed lactation and are re- 
turning to molt, whereas the 8-month foraging 
trip follows the molting period and is when ges- 
tation occurs. While at sea, they spend 90% of 
their time underwater, with dives averaging 20 
minutes (maximum dives in excess of ~ hr) fol- 
lowed by surface intervals of less than 3 min- 
utes. Their diving patterns follow a diurnal cycle 
with the deepest dives occurring during the day 
and shallowest at night. Modal dive depths are 
300-600 m with maximum dives exceeding 
1,500 m! 

Recently, the track of elephant seals during 
these foraging trips have been determined by mea- 
surements of light level and water temperature 
while they are at the surface. Location is calculated 
by extrapolation of light levels to provide time of 
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Fig. 2: The diving pattern (dive depth versus time) 
over a complete 42-h foraging trip obtained.from 
an Australian sea lion female (from departure to 
return to shore). Time is divided into 4-h blocks 
and depth extends j~kom 0 to 80 meters. 

sunrise, sunset, and local apparent noon. Latitude 
is calculated from day length, and longitude from 
local apparent  noon as referenced to Greenwich 
mean time (DeLong et al., 1992)• Previously, it had 
been assumed that northern elephant seals existed 
in offshore waters from California to British Co- 
lumbia. However, geolocation time-depth recorders 
indicate that males travel from California to forag- 
ing areas along the continental slope from the state 
of  Washington north to the upper reaches of the 
Gulf of Alaska and to the eastern Aleutian Islands, 
whereas females disperse more widely across the 

northeastern Pacific, as far as 150°W (about due 
north of the Hawai ian  Is lands) ,  in the range 
44-52°N (De Long et al., 1992) (Fig. 5). 

Al though these resul ts  are impress ive ,  they 
have yet to be integrated into models  that relate 
animal location and behavior with oceanographic 
phenomena such as frontal systems,  eddies,  up- 
welling zones, warn] core rings, and thermoclines. 
However,  one recent study on southern elephant 
seals used a time-depth recorder that incorporated 
data on water  tempera ture  (Boyd and Arnbom,  
1991). An elephant seal was observed to descend 
rapidly to the discontinuity between cold surface 
water and warmer deep water. The animal spent a 
substantial amount of its time (57%) at or near the 
thermocline indicating the l ikel ihood that it was 
foraging there. Further, the structure of the water 
mass indicated that the animal was foraging south 
of  the Antarct ic  Polar  Front.  Ul t imate ly  marine 
mammal distribution, abundance, and behavior is 
related to the oceanographic factors that determine 
prey distribution. Our understanding of this rela- 
tionship is limited and is thus a fertile area for in- 
vestigation. 

Significant insights have been gained from data 
on time and depth and additional sensors are being 
incorporated into the devices. For example, inves- 
t igators are looking for ways to incorporate pre- 
cise informat ion  on loca t ion  der ived  from the 
Global Positioning System Satellite (GPS). Equip- 
ment  is being des igned  and tested that would 
allow the data logger to be released from the ani- 
mal upon command from a radio transmitter,  or 
permit stored data to be recovered via short-range 
radio or acoustic telemetry. Data loggers currently 
ava i lab le  can record  at-sea locat ion (within 40 
km), dive frequency and profile, swim velocity,  
heart rate, and water temperature.  Other sensors 
that can measure and record information on ambi- 
ent acoustic environment,  ocean structure (salin- 
ity), and feeding behavior are being tested or are 
under development• 
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Fig. 3: Mean (0 ,  A)  and maximum (0 ,  &) dive 
depth plotted as a function of dive duration for 4 
seals (A, A) and 7 sea lions or fur seals (0,  0). 
(See Costa, 1993 for references). 
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Fig. 4: Diving patterns t3pical of three adult female northen7 elephant seals over one complete Jbraging trip to sea (depwTure and 
return to Afio Nuevo lshmd). Notice the diurnal pattern with regard to dive depth and that diving in conlimtous throughout the 80- 
day period. (From Le Boeuf et al., 1989). 

Satellite Telemetry 
Most  mar ine  mammal s  are diff icul t  to ap- 

proach once, let alone twice to recover a data log- 
ger. Fur the rmore ,  s tandard  radio  t e lemet ry  re- 
quires the invest igator  to be within 1-20 km of 
the animal. This is where satellite telemetry pro- 
vides an excellent tool to track animals anywhere 
in the world. Although ARGOS satellite tracking 
sys tems have been opera t iona l  s ince 1979, the 
tags used to be too big, expensive,  or unreliable 
for systematic deployment  on marine mammals .  
Recent reductions in size due to solid-state elec- 
tronics and greater transmission efficiency has led 
to significant advances in our ability to track ma- 
rine m am mal s  with this sys tem.  The A R G O S  
system is a French instrument  that flies aboard 
two National Oceanic and Atmospheric Adminis- 
t rat ion (NOAA)  polar  orbi t ing satel l i tes  and is 
jointly operated by Service Argos Inc. (Landover, 
MD, USA) and CLS/Service ARGOS (Toulouse, 
France) .  A R G O S  is a random access,  one-way  
system that collects uplinked messages from plat- 
form t ransmi t te r  t e rmina ls  (PTTs)  opera t ing  
within view of the satellite. An ARGOS PTT up- 
link consists of a l-sec, 401.65-MHz signal every 
minute, carrying a maximum message per trans- 
mission of 256 bits. However, the satellite is only 

overhead for a few minutes every few hours de- 
pending  on the lat i tude of the PTT. For a PTT 
that is always on the surface (like a buoy) typi-  
cally eight transmissions can be received every 2 
hrs. Unfortunately, marine mammals are often un- 
derwater  while the satell i te is overhead,  so this 
uplink rate is rarely achieved. Geographic  posi- 
tion of a PTT is calculated by the ARGOS satel- 
lite from information on its orbit, speed, and the 
received doppler shift of the PTT signal. Location 
accuracy varies from class 3 (68% within 150 m 
of  truth) to class 0 (unguaranteed) and is deter- 
mined  p r imar i ly  by the number  of  upl inks  per 
satel l i te  pass. Because marine mammals  spend 
most of their time underwater, most locations are 
class 0. However,  filtering algorithms have been 
developed which exclude class 0 locations with 
large errors (McConnell  el al., 1992b). The two 
ARGOS satell i tes can provide up to 6 locations 
per day in equatorial regions, 8 in temperate re- 
gions, and up to 20 per day in the polar regions 
of the world. A variety of manufacturers produce 
ARGOS-cer t i f ied  PTTs, including Telonics Inc. 
(Mesa  AZ),  Mic rowave  Te leme t ry  (Columbia ,  
MD), Southwest Research institute (San Antonio, 
TX), and Toyocom (Tokyo, Japan). Other manu- 
fac turers  have incorpora ted  data loggers  that 
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Fig. 5: Migrator 3' path of  a ,  adult female (Pico) and adult male (Joe) north- 
ern elephant seal after the breeding season. The track starts at Afio Nuevo. 
California. Positions were plotted from light levels and sea surface tempera- 
ture eve O' 2 days. (From Le Boe~(et  al., 1993). 

record data on the an imal ' s  d iv ing pattern with 
PTTs to provide information on behavior  at sea. 
These include Wildl ife  Computers (Woodinvil le ,  
WA) and the Sea Mammal  Research Unit (Cam- 
bridge, England). 

The decreased size and greater  capabi l i ty  of 
satell i te tags has led to a significant increase in 
their use with marine mammals. Many studies are 
currently underway and the results have yet to be 
publ ished.  Nonetheless  the fo l lowing is a sam- 
pling of the exciting results satellite telemetry has 
yielded. During 1989 and 1990 seven North At- 
lantic right whales were tagged and tracked in the 
Bay of  Fundy (Mate  et al., 1992). The study 
tracked right whales for 6 weeks and led to a re- 
vision of our bel ief  that these animals are slow- 
moving,  nearshore ,  sur face-or ien ted  creatures .  
They t rave led  long d is tances  at high speeds,  
going  more than 500 km offshore  into waters  
>4,000 m deep, routinely diving to 200 m, with a 
male reaching a maximum depth of 272 m. A fe- 
male and her calf  t raveled 3,800 km in 43 days 
between the Bay of Fundy and New Jersey, and a 
male  right whale  was observed  to t ravel  3,000 
km. These animals left the Bay of Fundy and then 
returned, indicating that they are not strictly resi- 
dent  in this area.  Ind iv idua l  whales  ave raged  
30-113  km/d (1 .3 -4 .7  km/hr)  with an overa l l  
mean of  3.7 km/hr.  Speeds  of  10 km/hr  were 
recorded while animals were traveling in current 
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Fig. 6: Tracks o f  10 southern elephant seals leaving South Georgia Island for  foraging grounds in the 
southerit ocean. Over 1.800 seal-days of  location attd dive data were obtained using ARGOS-linked satel- 
lite telemetr3'. The southern tip o f  South America can be seen in the top left and the Antarctic Peninsula 
in the bottom left. (B. McConnell and M. Fedak, personal communication). 
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systems. In several cases movements were associ- 
ated with oceanographic features of the Gulf 
Stream including temperature gradients, warm 
core rings, and eddies. These areas are associated 
with increased local primary production or aggre- 
gation of prey. 

Investigators at the Sea Mammal Research 
Unit (SMRU) have developed satellite tags that 
acquire information on animal location, dive 
depth, and swim velocity. The first application 
of these units was on grey seals off the coast of 
England, where an animal was observed for up 
to 111 days and routinely traveled between haul- 
out sites 265 km apart (McConnell et al., 
1992a). Similar tags have now been deployed on 
over 30 beluga whales in the Canadian Arctic. 
Previously thought to be a coastal species, bel- 
uga whales were found to spend considerable 
amounts of time offshore in deep water. They 
dive to at least 440 m and remain submerged for 
up to 18 minutes (Martin and Smith 1992; Mar- 
tin, et al., 1993). The dive depth and swim ve- 
locity profiles were indicative of feeding on bot- 
tom-dwelling fish like halibut or on benthic 
invertebrates. During the fall migration average 
sustained speeds of 4 km/hr are common, illus- 
trated by one whale that swam from Franklin 
Strait off  southeast Prince o fWales  Island to 
southern Ellesmere Island, a distance of 1,400 
kmin  15days .  

Some of the most exciting work to come out 
of the SMRU is that on southern elephant seals. 
Although their diving pattern has been well de- 
scribed using recoverable time-depth recorders 
(Hindell et al., 1991), there was little informa- 
tion on specific locations where the dives took 
place. Diving and traveling patterns of 10 ele- 
phant seal females tagged at South Georgia Is- 
land in the South Atlantic were recorded using 
ARGOS-linked satellite tags (McConnell et al., 
1992b) (Fig. 6). Regardless of the direction of 
travel, all animals traversed deep water before 
the initiation of "foraging" dives, apparently in 
an effort to feed in areas associated with hydro- 
graphic features where prey might be concen- 
trated. One female swam 1,845 km in 23 days to 
Livingston Island, where she hauled out for 18 
hrs and then traveled 805 km to the southwest 
following the continental shelf margin of the 
Antarctic Peninsula to the location of an under- 
water canyon 110 km west of Adelaide Island 
(Fig. 7). Once there she initiated a series of 
dives to the bottom (300-400 m), which were 
consistent with feeding• Prolonged transits to 
important foraging areas (associated with the 
Antarctic Polar front, continental shelf, or ice 
edge) are consistent with estimates inferred from 
sea-surface temperature measurements for ele- 
phant seals tagged on Macquarie Island (Hindell 
et al., 1991). 
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Fig. 7: Three-dimensional visualization of the track of a southern elephant seal that traveled from South 
Georgia Island to foraging grounds off Adelaide Island near the Antarctic Peninsula. The animal's dive 
depth and location have been merged with data on Southern Ocean bathymetry to help elucidate the role 
of oceanic features in the diving and foraging behavior of elephant seals (B. McConnell and M. Fedak, 
personal communication)• 
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Elephant seal physiology and reproductive biol- 
ogy are ideally suited for utilization of  distant 
prey resources (Costa, 1993). These satellite data 
suggest that utilization of distant resources associ- 
ated with relocatable hydrographic features, such 
as the Antarctic Polar Front and the continental 
shelf where prey is reliably concentrated is a more 
optimal foraging pattern than looking for prey 
patches nearer the breeding site (McConnell et al., 
1992b). However,  recent data on southern ele- 
phant seals foraging from Patagonia, Argentina 
suggest that animals from this population do not 
forage near, in, or south of  the Antarctic Polar 
Front (Campagna et al., unpublished data). Obvi- 
ously there is much to be learned about the role of 
oceanographic features in the foraging ecology of  
marine mammals• 

Marine Mammals as Oceanographic Sensor 
Platforms or AUVs 

Marine mammal biologists are interested in the 
physical environment utilized by marine mammals, 
but marine mammals can also be used to provide 
information on the oceanic environment. Data log- 
gers that incorporate measurements of temperature 
and salinity or other parameters can be placed on 
marine mammals, which can thus be used as inex- 
pensive autonomous vehicles. Each species of ma- 
rine mammal occupies a unique range of oceano- 

graphic habitats and therefore could be used to 
sample different oceanographic regimes. For ex- 
ample, northern elephant seals could be used to ac- 
quire data from the Central and North Pacific 
down to 1,200 m. Coastal species such as Califor- 
nia sea lions or bottlenose dolphins could acquire 
oceanographic profiles on nearshore systems, such 
as the California Current down to 300 m. 

Integrated Undersea Surveillance System 
A benefit of the greater access to military hard- 

ware resulting from the end of  the cold war has 
been access to the Navy's Integrated Undersea Sur- 
veillance System (IUSS), which consists of  both 
bottom-mounted and mobile hydrophone sensors 
that are used to localize low-frequency sound 
sources in the Atlantic and Pacific Oceans. Low- 
frequency sounds travel tremendous distances in 
the ocean, and, therefore, any animal that produces 
a low-frequency signal can be heard at comparable 
distances. The range over which a typical low-fre- 
quency blue whale vocalization can ensonify the 
environment and thus "communicate" to another 
whale, or receive information about the environ- 
ment, can be seen in Figure 8. IUSS analysts visu- 
ally identify such a whale signal on a time-versus- 
frequency display. If the signal is detected on more 
than one sensor, it is possible to determine the loca- 
tion of  the animal. Results of a pilot effort in the 
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Atlantic IUSS are quite exciting (C. Clark, personal 
communicat ion) .  Calls of minke, fin, blue and 
humpback whales have been tentatively identified 
and localized. Possibly the most exciting results 
come from observations of what appear to be blue 
whale vocalizations. Previously, the entire literature 
on blue whale vocalizations came from observa- 
tions reported by Cummings and Thompson (1971) 
and from Edds (1982)! The low-frequency charac- 
teristics and duration make the call of blue whales 
ideal for tracking with the IUSS. The potential of 
this new tool was apparent on the first day of the 
program when more calls that fit the pattern for 
blue whales were recorded on one sensor's beam 
than had ever been previously reported (Clark, per- 
sonal communication). Because individual animals 
may have unique characteristics or signatures to 
their calls, we should be able to follow the acoustic 
behavior of individuals. For example the move- 
ments of a single blue whale around Bermuda Is- 
land were tracked for 43 days covering >1,700 km 
(C. Gagnon, personal communication). If the details 
can be worked out and the appropriate validation 
experiments completed, this system will provide 
unequalled information on ocean-scale movements 
of whales and insights into how marine mammals 
use low-frequency signals and how they respond to 
acoustic disturbances in their environment. IUSS 
may allow us to define migration corridors, identify 
seasonal variations in vocalizations, and track indi- 
vidual animals. This system is capable of providing 
ocean-basin-scale synoptic observations of concen- 
trations of vocalizing whales, crucial to understand- 
ing the distribution and abundance of large 
cetaceans. IUSS opens a new window on the ocean 
basin acoustic behavior of marine mammals. Not 
only are we finding calls that have been recorded 
before, but also numerous calls that are different 
from those previously reported. Just confirming 
which species are producing these sounds will be a 
challenging and rewarding endeavor. 

Integration with Oceanography 
Recoverable data loggers, satellite tags, and 

IUSS are providing an unprecedented insight into 
the open ocean ecology of marine mammals. How- 
ever, proper interpretation of these data will re- 
quire incorporation of information on ocean struc- 
ture and prey distribution. Although marine 
mammals have been observed in association with 
oceanographic features such as bottom topography, 
frontal systems, and the thermocline (Hui, 1985; 
Winn et  al., 1986; Reilly, 1990: Boyd and Arn- 
bom, 1991; Mate et al.. 1992: Whitehead et al., 

1992), this association is not well understood. A 
better understanding would be achieved if we 
knew what aspects of ocean structure are corre- 
lated with specific behaviors and whether marine 
mammals rely on oceanographic features to con- 
centrate prey. One approach would be to use satel- 
lite tags and/or recoverable data loggers to collect 

data on the physical environment  (e.g., ambient  
acoustic environment, water temperature and salin- 
ity profiles) with simultaneous collection of data 
on behavior (diving pattern, swim speed, and phys- 
iological status). The data could then be integrated 
with satellite remote sensing observations of large 
scale oceanographic features such as squirts, jets, 
warm core rings, and eddies. Simultaneous mea- 
surements of marine mammal diving behavior and 
prey distr ibution using active acoustic methods 
(Greene and Wiebe, 1990) would provide informa- 
tion on prey abundance and distribution, which 
would give considerable insight into the foraging 
strategies employed by marine mammals. A vari- 
ety of new tools are providing an unprecedented 
opportunity to understand the open ocean ecology 
of marine mammals for which a multidisciplinary 
approach will be essential. 
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