
ARTICLE IN PRESS
0967-0637/$ - see

doi:10.1016/j.ds

�Correspondi
Nacional de Inv

(9120) Puerto M

fax: +542965 45

E-mail addre

(C. Campagna).
Deep-Sea Research I 53 (2006) 1907–1924

www.elsevier.com/locate/dsri
Southern elephant seal trajectories, fronts and eddies
in the Brazil/Malvinas Confluence

Claudio Campagnaa,b,�, Alberto R. Piolac,d, Maria Rosa Marina,
Mirtha Lewisa, Teresita Fernándeza

aCentro Nacional Patagónico, Consejo Nacional de Investigaciones Cientı́ficas y Técnicas (CONICET), (9120) Puerto Madryn,

Chubut, Argentina
bWildlife Conservation Society, 2300 Southern Blvd., Bronx NY 10460, USA

cDepartamento Oceanografı́a, Servicio de Hidrografı́a Naval, Av. Montes de Oca 2124, (1271) Buenos Aires, Argentina
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Abstract

This study describes the association between transient, mesoscale hydrographic features along the axis of the

Brazil–Malvinas Confluence, in the SW Atlantic, and the foraging behavior of 2–3-year-old (focal) juvenile southern

elephant seals, Mirounga leonina, from Penı́nsula Valdés, Argentina. Departing from the dominant pattern of foraging on

predictable bathymetric fronts on the Patagonian shelf and slope, three females out of 12 satellite-tracked juveniles

remained at the edge of young warm-core eddies and near the outer core of cold-core eddies, coinciding with the most

productive areas of these temperature fronts. Seal trajectories along high-temperature gradients were always consistent

with the speed and direction of surface currents inferred from the temperature distribution and confirmed by surface

drifters. Movements of foraging seals were compared with those of surface drifters, coinciding in time and space and

yielding independent and consistent data on regional water circulation parameters. The diving pattern recorded for one

focal seal yielded shallower dives and a loose diel pattern in the eddy, and a marked diurnal cycle compatible with foraging

on vertically migrating prey in the cold waters of the Malvinas Current. Pre-reproductive females that use the mesoscale

fronts of the Argentine Basin as an alternative foraging area would benefit from lower competition with more experienced

seals and with other top predators that reproduce along the coast of Patagonia.
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1. Introduction

Behavioral studies of marine vertebrates that
combine satellite tracking techniques, samplers
of environmental and physiological parameters
and satellite remote sensing have revolutionized
our view of the ocean and unraveled intricate
.
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associations between the physical environment,
productivity and the foraging ecology and ener-
getics of diving and migrating top predators (e.g.,
Bost et al., 1997; Le Boeuf et al., 2000; Boehlert
et al., 2001; Field et al., 2001; Polovina et al., 2004;
Wilson et al., 2002). Large ocean areas have been
probed in situ using as cost-effective sampler
stations several species of pelagic predators such
as giant blue fin tuna (Block et al., 2001, 2005),
several species of penguins (e.g., Charrassin et al.,
2002; Wilson et al., 2005; Sokolov et al., 2006), sea
turtles (e.g., Polovina et al., 2004) and marine
mammals (e.g., Boehlert et al., 2001; Davis et al.,
2002; Fadely et al., 2005). Results range from
detailed ocean temperature profiles at depth (e.g.,
Campagna et al., 2000; Boehlert et al., 2001; Boyd
et al., 2001; Charrassin et al., 2002) to characteriza-
tion of mesoscale features, such as eddies and
meanders (e.g., Sokolov et al., 2006).

From the wide range of species involved, foraging
elephant seals combine exceptionally deep diving
with long-distance traveling, covering millions of
square kilometers while traversing a wide range of
oceanographic regions during up to 7 months at sea
(e.g., Le Boeuf et al., 2000; Field et al., 2001, 2004;
McConnell et al., 2002; Bradshaw et al., 2004a, b).
Seals spend differential time in particular water
masses that include frontal systems, currents and
shifting marginal ice-edge zones (Hindell et al.,
1991; McConnell et al., 1992; van den Hoff et al.,
2002; Field et al., 2005). These are areas of high
productivity that could attract and guide not only
migrating seals, but also birds, turtles and fish (e.g.,
Hindell et al., 2003; Polovina et al., 2004; Sokolov
et al., 2006). However, studies of foraging locations
relative to frontal zones, bathymetry and ocean
surface properties (sea-ice concentration, sea surface
temperature (SST)) indicate that oceanographic
profiles defined at coarse scales are poor predictors
of elephant seal behavior (e.g., Field et al., 2001;
Bradshaw et al., 2004b).

We describe a fine scale association between the
distribution of near-surface water masses and
0the behavior of juvenile southern elephant seals,
Mirounga leonina, from the Patagonian colony of
Penı́nsula Valdés, Argentina. Previous studies of
this population report the typical deep and con-
tinuous diving pattern during extended trips to the
edge of the Patagonian shelf (adult males) and to
the Argentine Basin (adult females) in the SW
Atlantic (Campagna et al., 1995, 1998, 1999, 2000).
This paper focuses on the unusual finding of
juvenile seals that remained in close association
with transient oceanographic features, such as
warm-core and cold-core eddies, created at the
convergence of the Malvinas and Brazil currents.
Juvenile females may find in the mesoscale tem-
perature fronts of the Argentine Basin alternative
foraging areas where competition for food within
the population and with other species of diving
birds and marine mammals is reduced.

2. Methods

Satellite tags (SPOT4/SPOT5; Wildlife Compu-
ters, Redmond, Washington; instrument description
at: http://www.wildlifecomputers.com.) were de-
ployed with 14 pre-reproductive, 2–3-year-old
juveniles during winter haul out in August 2004
and 2005 at Punta Delgada (421450S; 631380W),
the southeastern tip of Penı́nsula Valdés (Fig. 1;
Table 1). One individual (Bon5) was also instru-
mented with a 16 Mbyte time–temperature–depth
recorder (Driesen +Kern GmbH, www.driesen-
kern.de). Samples were taken every 5 s. Mar3 was
instrumented with a Light-Temperature Logger
(Platypus Engineering, Australia). Because of the
relatively long time response of the temperature
sensors (�4.5min) SST recorded during active
diving periods in regions of strong vertical tempera-
ture gradient are generally lower than satellite-
derived surface temperatures. The age of the seals
was estimated based on body shape, length and
secondary sexual characteristics.

Tags were configured to send information as soon
as the animals entered the water, 24 h per day with
repetition rates of 4576 s in 2004 and 4076 s in
2005. The estimated accuracy of each location was
provided by the Argos System (http://www.cls.fr).
The behavior of elephant seals at sea and their short
surface intervals precludes high accuracy with
position fixes and introduces errors in the linear
interpolation between fixes (Boehlert et al., 2001;
Vincent et al., 2002; Hays et al., 2001). The iterative
forward/backward averaging filter proposed by
McConnell et al. (1992) was applied to reject
uplinks that would require an unrealistic travel rate
greater than 2.8m/s (10 km/h). To fill location gaps,
the position data were then fitted with a cubic
smoothing spline (de Boor, 2001). Curvilinear
interpolations generally produce more realistic
tracks than linear interpolation (Tremblay et al.,
2006). To avoid unrealistic track overshoots in
poorly sampled regions, when raw position data

http://www.wildlifecomputers.com
http://www.driesen-kern.de
http://www.driesen-kern.de
http://www.cls.fr
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Fig. 1. (a) Major oceanographic features of the southwest Atlantic Ocean where juvenile elephant seals from Penı́nsula Valdés forage in

late winter and spring (August–November). The 200m isobath indicates the approximate offshore edge of the continental shelf. Shaded in

gray are the relevant oceanographic regimes for the region (see description in Methods): subtropical, subpolar, open shelf, shelf break

front, subtropical and mixed subtropical–subpolar (adapted from Piola and Matano, 2001; see also Rodhouse et al., 1992). Blue arrows

represent the circulation of Malvinas and Malvinas Return currents. Red arrows indicate the flow of the Brazil Current (adapted from

Piola and Matano, 2001). (b) Kernel polygons representing 25–95% of the filtered elephant seal uplinks by sex. The rectangle indicates an

area within the mixed Subtropical–sub Antarctic regime that involves about 90% of the locations of focal seals and where their trajectories

presumably follow the surface circulation. (c) Percent time spent in the oceanographic regime areas represented in a. STRO: subtropical,

MSS: mixed subtropical subpolar, SPOL: subpolar, SBF: shelf break front, OS: open shelf.
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were unavailable for periods longer than 24 h the
data were discarded from the analysis. The
smoothed tracks were re-sampled at 6-h intervals.
No significant differences were observed between
tracks interpolated based on different cubic
schemes. The mean and standard deviation of the
distance between ARGOS locations and closest
interpolated data is 5.174.0 km. To test if seals
moving within or in the vicinity of fronts and eddies
were drifting passively or were actively swimming,
trajectories done at speeds lower than 1m/s (86 km/
day) were discriminated from faster ones.

Instruments were glued directly on the fur of the
head using a 10-min setting epoxy resin (Campagna
et al., 1999). The aerial was at a 451 angle from the
longitudinal dimension of the instrument and
pointed forward to allow a transmission when the
animal emerged to the surface. Anesthesia protocols
to deploy and recover instruments were described in
Campagna et al. (1995, 1998, 1999). Seals were
anesthetized with tiletamine–zolazepam (Telazols,
Fort Dodge Animal Health, Fort Dodge, Iowa
50501, USA) administered by hand as a deep
intramuscular injection in the gluteal region.
Description of the foraging trips followed pre-
vious work in grouping movements into three
phases: Phase-1: dispersal, Phase-2: locations re-
lated to putative foraging areas, Phase-3: return to
the colony (e.g., McConnell et al., 2002). Travel
patterns were coupled with water mass distributions
as reflected in satellite-derived SST maps (Sumner
et al., 2003). The Austral winter is characterized by
intense cloudiness that prevents SST detection of
high spatial resolution. Therefore, we present 8-day,
4-km resolution SST composites from the moder-
ate-resolution imaging spectroradiometer (MODIS)
Aqua. A similar procedure (8-day, 4 km resolution
MODIS data from the Aqua satellite) was adopted
with near-surface phytoplankton abundance, indi-
cated by the distribution of satellite-retrieved
chlorophyll-a (chl-a) from mid-September 2005.

To refer and ease description of the ocean area
where focal seals (H59, Mar3 and Bon5; Table 1)
spent most of their foraging time, we selected a
rectangular space of ca. 780,000 km2 (Basin focal
area; Fig. 1 and Fig. 2) that encompasses all the
uplinks of focal animals in the Argentine Basin,
together with relevant mesoscale features.
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A kernel technique was employed to estimate the
foraging ranges of males and females separately.
The ArcView GIS software with the Animal
Movement extension (Alaska Science Center web-
site: http://www.absc.usgs.gov/glba/gistools/animal_
mvmt.htm) was used as the tool to obtain the
95%, 75%, 50% and 25% probability contours
shown in Fig. 1.

To determine the extent to which the focal seals
are drifting passively or swimming we compare
some basic path statistics with those of drogued
surface drifters, which have been designed to follow
the upper layer currents to within 70.013m/s in
10m/s winds (see Niiler et al., 1995). The original
position data have been quality controlled and
optimally interpolated to uniform 6-h interval
trajectories following standard procedures for sur-
face drifter positioning (Hansen and Poulain, 1996).
The data are available at NOAA’s Atlantic Ocea-
nographic and Meteorological Laboratory (AOML,
http://www.aoml.noaa.gov/phod/index.php).

3. Oceanographic background

Focal seals traversed or used five major oceano-
graphic regimes of the SW Atlantic (Fig. 1a). Open
continental shelf waters (OS) are of subantarctic
origin (Guerrero and Piola, 1997). During the
spring, SST off northern Patagonia range between
6 and 10 1C. The shelf break front (SBF) is a narrow
transition region between subpolar and shelf waters
characterized by a moderate SST front (Saraceno
et al., 2004) and frequent chl-a maxima in summer,
resulting from the upwelling created by the Malvinas
Current interaction with the bottom topography
(Saraceno et al., 2005; Romero et al., 2006). Along
the western boundary of the Argentine Basin the
warm-salty subtropical waters (SPTRO) carried by
the Brazil Current (BC) collide with the cold-fresh
subpolar waters (SPOL) of the Malvinas Current
near 381S (Gordon and Greengrove, 1986). The area
downstream from the separation of the western
boundary currents from the continental shelf break is
characterized by intense surface temperature gradi-
ents (e.g. Roden, 1986; Gordon and Greengrove,
1986; Saraceno et al., 2004), referred to as the Brazil/
Malvinas Confluence (BMC).

Further downstream the BMC describes a sharp
anticyclonic loop (seen near 441S in Fig. 4a), and
the flow continues northward. Hereafter we will
refer to this feature as the BMC loop. Water
following surface drifters reveal strong currents

http://www.absc.usgs.gov/glba/gistools/animal_mvmt.htm
http://www.absc.usgs.gov/glba/gistools/animal_mvmt.htm
http://www.aoml.noaa.gov/phod/index.php
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Fig. 2. (a) Travel trajectories of 12 juvenile southern elephant seals instrumented with satellite transmitters. The rectangle indicates the

Basin focal area described in Fig. 1b. Blue lines are juvenile males, orange lines are non-focal juvenile females, and red lines are focal

females. (b) Extracts of the foraging trips of focal individuals. The series illustrate the progression of travel in subsequent phases up to 1

month long. Red dots are uplinks for the period. Black lines indicate trajectories where location coverage was poor. Red lines are

trajectories for the previous period. H59 ended transmission on 9 September, giving an incomplete record.

C. Campagna et al. / Deep-Sea Research I 53 (2006) 1907–1924 1911
(41m/s) along the Confluence axis (Peterson et al.,
1996). The region is also associated with intense
eddy activity (Gordon, 1989; Chelton et al., 1990)
characterized by mixed subtropical-subpolar waters
(MSS). Warm-core eddies arising from instabilities
of the BC are associated with anticyclonic (anti-
clockwise (ACW)) rotation and cold-core eddies,
associated with intrusions of subpolar waters into
the subtropical domain, present cyclonic (clockwise
(CW)) rotations. The eddies in the western Argen-
tine Basin have diameters ranging from 50 to
350 km, and average around 150 km (Legeckis and
Gordon, 1982; Lentini et al., 2002).

4. Results

Table 1 presents summary statistics for the three
focal seals compared with the rest of the satellite
tracked juveniles. Position fixes were obtained from
12 of the 14 animals (7 females, 5 males). Uplinks
for the three focal animals (n ¼ 1177) represented
23% of the total satellite locations (ntot ¼ 5098
uplinks). Focal animals had a similar distribution of
ARGOS categories compared to the rest of the
sample. Classes A and B represented for the total
83% of the entire record. Fig. 1b shows the most
important areas of concentrated activity compared
to the major oceanographic regimes and upper layer
circulation of the SW Atlantic (Fig. 1a). Fig. 2
discriminates trajectories of males and females and
provides details of the behavior of the focal seals.
Locations represent one foraging trip per animal,
except for one individual (H59-2004) that returned
to land for a few days and departed on a second
trip. H59 stopped transmission after 49 days at sea,
before her trip was over. Mar3 and Bon5 were
tracked for their entire foraging excursion, lasting
111 and 110 days, respectively (Table 1). Fig. 3
presents satellite-derived SST-time series at the
locations of each individual, which suggest that
most seals were exposed to relatively homogeneous
regimes compared to the focal animals.

4.1. The physical environment at the time of foraging

4.1.1. SST

Fig. 4a–e depicts the thermal fields around the
BMC, where the three focal seals spent 90% of their
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Fig. 3. Satellite-derived SST (1C) time series along trajectories of focal (upper panel) and non-focal (middle panel) females and males

(lower panel). Each line represents one individual. In situ temperature measurements recorded by Bon5 and Mar3 throughout their diving

cycles are shown in gray (upper panel). See Figs. 1b and 2a to correlate these time series with oceanographic regimes and locations.

Fig. 4. (a–e) Satellite-derived sea surface temperature distribution. Each image represents 8-day, 4-km resolution SST composites from the

moderate-resolution imaging spectroradiometer (MODIS) Aqua. Dates are shown in each composite. Dots indicate the seal trajectories:

H59 and Mar3 (black) and Bon5 (gray). The 200m isobath (black line) marks the outer edge of the continental shelf. Data show that after

reaching the Basin focal area elephant seals are located along the Brazil/Malvinas Confluence and at the periphery of warm core eddies.

Color scale is shown at left. (f–j) Satellite retrieved chlorophyll-a for the same periods as the SST images. Composites represent 8-day, 4 km

resolution MODIS data from the Aqua satellite. A (C) indicates the location of a warm-core (cold-core), eddy. Color scale is shown at

right.

C. Campagna et al. / Deep-Sea Research I 53 (2006) 1907–19241912
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Fig. 5. (a) Sea surface temperature distribution depicting the cold core eddy observed on the week beginning 16 October 2005 overlapped

with the 6-h smoothed trajectory of Mar3 from 17–21 October (black line). Also shown are the 25 valid raw positions received during this

period (black dots). The arrow indicates travel direction. (b) As in (a), for chlorophyll-a distribution.

C. Campagna et al. / Deep-Sea Research I 53 (2006) 1907–19241914
foraging time. In late August-early September 2004,
the MC and BC collide at the shelf break near 391S
and the BMC extends southward to 451S (Fig. 4a).
The BMC presents a large meander which by mid-
September is about to produce a warm-core eddy
(SST414 1C, Fig. 4b). East of the BMC (501W) a
warm-core eddy and a cold-core eddy are observed
(Fig. 4a and b). In early August 2005, at �341S the
BC was characterized by surface waters warmer
than 18 1C. At 371S the BC was separated from the
shelf break by a wedge of relatively cold surface
water (SSTo6 1C) derived from the MC (Fig. 4c).
The warm BC continued its southward path east of
the MC, with SST reaching 16 1C at 401S. Relatively
warm surface waters (SST 414 1C) extended yet
further south to about 451S, creating a sharp
transition with the cool waters from the MC. This
southward extension of warm-salty subtropical
waters, similar to the observation in early Septem-
ber 2004 (Fig. 4a), presumably is correlated with
enhancements of BC transport (Goni and Wainer,
2001) and is a precursor of the large eddies which
detach from the BMC extension. By mid-September
2005, the core of warmer surface waters was
confined to north of 411S and a large eddy (eddy
A in Fig. 4d), completely detached from the BC.
The eddy core presented surface temperatures
warmer than 14 1C, covering an area of ca.
36,000 km2. The surface temperature gradient
reached 9 1C/10 km across the Confluence and
about 3 1C/10 km around the eddy edges. In early
October 2005 eddy A remains at about the same
location (Fig. 4e).

4.1.2. Sea surface chlorophyll

Satellite-derived surface chlorophyll images
(Fig. 4f–j) reveal intense blooms over the shelf and
shelf break. Further offshore regions of relatively
high chl-a concentration (41mg/m3) are found
along narrow bands and streaks. In late September
2005, the most noticeable of these features, present-
ing chl-a44mg/m3, extends from the shelf-break
maximum near 391S, closely following the edge
of warm waters where the Confluence originates
(Fig. 4i). Additional offshore regions of moderate
chl-a (�1mg/m3 Fig. 4f–j) closely follow the
transition between subtropical and subantarctic
waters along the edges of eddies and meanders.
Chl-a images suggest that the center of the relatively
young warm-core eddy ‘‘A’’ (chl-ao0.2mg/m3)
is less productive than the edges (0.5–0.6mg/m3,
Fig. 4i–j). In contrast, cold-core eddies present
relatively high chl-a interiors (chl-a40.9mg/m3)
compared to the surroundings (chl-a ¼ 0.2mg/m3,
Fig. 5).

4.2. Description of the travel patterns

Seals traveled to localized areas on the Patago-
nian shelf (males; Fig. 1b and 2a-blue), shelf break
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(some females, Fig. 1b and 2a-orange), or Argentine
Basin (focal females, Fig. 1b and 2a-red). Fig. 2(b–l)
illustrates the trajectories of the three focal seals in
phases, from dispersion after leaving the colony,
travel in the Basin focal area, and finally back to
land (see also Table 1). Depth range in the Basin
area varied from 200m at the edge of the shelf up to
6000m.

4.2.1. Travel to the basin

The focal females swam eastward to the shelf
break at speeds varying between 1.15 and 1.35m/s
(ca 100 km/day, Fig. 2 and Table 1). In 3–5.5 days
they reached waters deeper than 200m.

4.2.2. Travel inside the basin focal area

Focal animals spent in this area about 90% of
their time at sea. They had a meandering trajectory
with changes in speed and direction, reflected as
several CW and ACW paths lasting 2–3 weeks each
(Fig. 2b–l, see also Fig. 7a–d). H59 (2004) encoun-
tered a narrow band of warm waters (SST416 1C)
from the BMC, surrounded by cold sub Antarctic
waters (SSTo10 1C; Fig. 4a). The seal first followed
the BMC and looped ACW along the southernmost
Confluence extension (Fig. 2b). She then began
describing a closed CW loop encircling cold waters
(Fig. 2b–c and Fig. 4a). This path continued until
data reception was interrupted (Fig. 4b). Mar3 and
Bon5 (2005) showed similar trajectories with similar
physical backgrounds. Starting at about 37–401S,
both turned abruptly southward on a trip of
700–1000 km at an average speed of 100 km/day
for both animals (Fig. 2e and i).

These southward journeys closely followed the
edge of the warm surface waters (high-temperature
gradient region) associated with the BMC at a time
when a large warm-core eddy was about to detach
(Fig. 4c–e). The ACW loop of Bon5 (Fig. 2i–j) took
2 weeks of travel around the warm-core anticyclonic
eddy A (Fig. 4c). She then swam away from the
eddy into the sub Antarctic waters of the Malvinas
Return Current and back northward within cold
surface waters (SST �7 1C; Fig. 6c). At 75 km/day
this part of the journey, against the southward mean
flow, was consistently slower than the earlier part of
the trip. Finally, Bon5 re-joined the rim of warm-
core eddy A and described yet another large ACW
loop, closely following its edge until reaching 411S,
near the Confluence (Fig. 2k).

Mar3 also described a large ACW loop similar to
Bon 5 (Fig. 2e–f). Further into the season, this
female did two complete cyclonic (CW) turns
around a relatively small cold-core eddy (C)
centered at 381160S–481480W (Fig. 4e and Fig. 5).
These cyclonic rotations were carried out at a mean
speed of 70 km/day. In late October, she swam
across the warm BC waters, reached the Confluence,
drifted briefly along the northward edge of the
warm-core eddy, and crossed the MC to head back
to Penı́nsula Valdés (Figs. 2g–h).

4.2.3. Return to the coast

The signal from H59 was lost after 49 days at sea.
Bon5 approached land along a more northerly path
than she used at departure (Fig. 2(l), while Mar3
followed a path similar to that taken out (Fig. 2(h).
The shelf was crossed in about 7 days at a speed of
100–124 km/day (Table 1).

4.3. Description of the dive pattern for Bon5

The dive pattern of Bon5 varied according to her
location (Fig. 6). A regular diel pattern coincided
with satellite fixes in the cold waters of the MC
(Fig. 6g–i). Dives during this phase of the trip were
more than three times deeper during daylight hours
than at night (mean dive depth ¼ 5537110m, n ¼

294 dives vs. 159776m, n ¼ 428). No diel pattern
occurred while Bon5 was at the edge of eddy A
(Fig. 6a–c; 2377129 vs. 233793m, for 394 and 407
dives, respectively). When the seal was inside eddy
A, deep dives were dominant during the day and
often also at night (Fig. 6d–f; daylight: 5347134;
night ¼ 3247187m; n ¼ 268 and 289 dives, respec-
tively). The vertical temperature profile indicated
that during early September Bon5 remained in the
colder side of eddy A, where there is weak
temperature stratification (Fig. 6c), and then moved
into more stratified waters at the core of the warm
eddy (Fig. 6f). MC waters presented a weak
temperature stratification ranging 4–6 1C, charac-
teristic of sub Antarctic waters (Fig. 6i).

4.4. Differential use of large-scale oceanographic

regimes

Focal and non-focal seals spent differential time
in particular oceanographic regimes (Fig. 1c; see
Section 2 for background). Some traveled on the
open continental shelf (OS) on their way to or
returning from presumed foraging areas elsewhere
(Fig. 2), while others, particularly juvenile males,
remained on the shelf all their time at sea (Figs. 1
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Fig. 6. Extracts from the diving pattern of Bon5 spanning three weeks of her foraging trip. (a, d and g): sea surface temperature with track

(color scale in Fig. 4); (b,e and h): depth vs. time; (c, f and i): temperature vs. time. Each diving profile covers eight days: upper panel 29

August–5 September 2005, middle panel: 6–13 September 2005, lower panel: 14–21 September 2005. Background shadings in time series

indicate nighttime. Red dots on top of temperature profiles are estimated SSTs from satellite imagery.

C. Campagna et al. / Deep-Sea Research I 53 (2006) 1907–19241916
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and 2). Females traveled through oceanographic
regimes different than males. The Basin focal area is
within the subtropical and mixed subtropical–sub-
polar waters. Two of the focal seals were the only
individuals using the subtropical area.

The SST-time series for non-focal females (Fig. 3)
showed small fluctuations (generallyo1 1C) except
when they were departing from and returning to
land, when they traversed warmer waters. In early
October, H59 returned to land, shown in the
figure as an increase in SST of 2 1C, immediately
followed by a second trip to sea. Males also
remained in relatively isothermal waters. In con-
trast, focal seals traversed areas of highly variable
SST, ranging from 4 to 16 1C within a few days.
These SST changes are compatible with frontal
structures associated with the BMC, meanders and
eddies (Fig. 4a–e).

Locations within the Basin focal area suggest that
individuals selected regions in the proximity of high
SST gradient, such as the axis of the BMC and the
edges of warm and cold eddies. For example, Bon5
spent 20 days (from 24 August to 10 September) at
the edge of a warm-core eddy (Fig. 4c). She then left
the eddy for about 2 weeks and reoccupied the edge
of the same eddy for another 18 days (from 26
September to 13 October, Fig. 4c).

4.5. Drifting and swimming

Elephant seal tracks closely followed high SST
gradients (Fig. 4), suggesting they also stayed in
regions of high surface current velocity. To deter-
mine if seal tracks follow surface currents, we
compared them with surface drifter trajectories.
Observations support a strong coupling between the
swimming dynamics of seals and ocean currents in
the Basin focal area.

Most surface drifters entered the western Argen-
tine Basin carried by the BC and MC. After
separating from the continental margin the surface
drifters follow the axis of the BMC (Fig. 7e–f). Once
they reached the southernmost extent of the
Confluence, drifters entered the region dominated
by eddies and meanders (Fig. 7e; see also Piola
et al., 1987; Olson et al., 1988). For instance, after
arriving at the southernmost reach of the Con-
fluence, drifters described an anticyclonic loop and
then either re-circulated back northward or were
trapped by eddies (Fig. 7e–f). Drifter 17459 (orange
trace in Fig. 7e) described eight anticyclonic loops
around a BC eddy during about ten weeks (25
December 2001 to 10 March 2002), before it re-
circulated back northward. Drifter 34012 (yellow
trace in Fig. 7e) made one complete loop at the
southernmost extent of the BMC and then con-
tinued eastward near 451S. Finally, drifter 31551,
which was almost simultaneous with the focal seals,
moved south along the Confluence axis and, after
reaching the BMC loop, turned around the warm-
core eddy (Fig. 4f) and later drifted southeastward
(not shown in the figure). These drifter trajectories
in the BMC and the warm-core eddy closely
coincided with seal tracks (Fig. 7).

Within four distinct physical environments,
BMC, BMC loop, warm-core and cold-core eddies,
elephant seal travel speeds were similar to those of
surface drifters (Tables 2 and 3). Only drifter 31551
was simultaneous (within a few days) with the
elephant seals transit in the Basin focal area (see
also Fig. 7f). Speeds of both seals and drifters were
highest at the BMC and BMC loop. Seals traveled
around eddies at velocities similar the mean surface
currents (Table 3). The lowest surface currents and
travel velocities within eddies were also comparably
low (a few cm/s). In addition, drifter and seal
velocities around warm-core eddies were higher
than around cold-core eddies (Table 3).

The variability of the drifter velocity data is
inherent to the turbulent nature of the Confluence
and the associated eddy field. Both surface drifters
and focal seals presented large speed variations
within the BMC southward jet and in the BMC loop
(Fig. 7 and Table 2). Drifters that described an
anticyclonic trajectory, similar to the one followed
by Bon5 and Mar3 (Fig. 7d), experienced a
substantial decrease in drift velocity when ap-
proaching the BMC loop (Table 2). Similarly, both
focal seals slowed down in this region, suggesting
that seals not only follow the high-temperature
gradient regions, but also that their velocities are
modulated by ocean currents.

Assuming geostrophic balance, surface currents
must leave warm waters to their left; thus the mean
flow direction can be inferred from the SST
distributions. Noticeably, the travel direction of
focal seals was not arbitrary: all paths along high-
temperature gradients were in the direction of the
surface currents (e.g., Fig. 4c–e). In contrast, part of
the path of Bon5 required active swimming across
isotherms and against currents. As described above,
after September 20 this seal swam across surface
currents, into and against the Malvinas Return
Current (Fig. 1a and Fig. 2c).



ARTICLE IN PRESS

70 65 60 55 50 45
50

45

40

35
(a) (b)

(c) (d)

(e) (f)

H-59 Mar-3

Bon-5 Bon-5
Mar-3

Bon-5
Mar-3
17459
34012

Bon-5
Mar-3
31551

Fig. 7. (a–c) Locations of focal seals H59 (a), Mar3 (b) and Bon5 (c) plotted at 6-h intervals after fitting a cubic smoothing spline to the

position data. Locations are plotted according to travel speed: blueo1m/s, light blue41m/s. Gray dots indicate paths during location

gaps of a day or more. (d) Mean 6-hourly positions of Bon5 (light green) and Mar3 (dark green) during the period 14 August–8 September,

2005. (e) Same as (d) (Bon5 in light green, Mar3 dark green), with non-simultaneous drifter trajectories 17459-2002 (orange) and 34012-

2003 (yellow). (f) Same as (d), with quasi simultaneous drifter trajectory 31551-2005 (red).
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5. Discussion

Elephant seals from Penı́nsula Valdés forage in
the large, bathymetry-dependent ocean fronts of the
Patagonian shelf and shelf break. A foraging trip to
the deep Argentine Basin and offshore transitions,
such as eddies and meanders of the mixed waters of
the Confluence, is not dominant in this population.
However, at least some young, pre-reproductive
females may exploit alternative foraging places,
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Table 2

Speed statistics from surface drifters and elephant seals (BMC: Brazil/Malvinas Confluence)

ID Dates (mm/dd/yy) BMC speed (m/s) Time (days) Dates (mm/dd/yy) BMC loop speed (m/s) Time (days)

Mean Max Min Mean Max Min

17459 12/19/01, 12/27/01 1.11 1.62 0.63 9 12/29/01, 01/02/02 0.77 1.14 0.41 5

27131 01/18/03, 01/24/03 0.80 1.14 0.32 7

28904 07/19/99, 07/24/99 0.43 0.78 0.08 6

32051 11/04/01, 11/08/01 1.06 1.24 0.43 5 01/16/02, 01/22/08 0.81 1.07 0.30 7

34012 05/01/03, 05/10/03 1.12 2.05 0.37 10 05/13/03, 05/17/03 0.53 0.66 0.28 5

32433 01/02/00, 01/09/00 0.68 0.98 0.33 8

9422068 04/12/96, 04/21/96 0.45 0.90 0.11 10

31551 08/17/05, 08/26/05 0.84 1.75 0.38 9 08/27/05, 08/31/05 0.45 0.62 0.33 5

Mean 0.81 1.31 0.33 8 0.64 0.87 0.33 5.5

Bon5 08/15/05, 08/22/05 0.99 1.51 0.58 8 08/23/05, 08/26/05 0.80 1.22 0.50 4

Mar3 08/20/05, 08/25/05 1.06 1.55 0.42 6 08/28/05, 09/04/05 0.51 1.34 0.12 8

Drifter trajectories following paths similar to Bon5 and Mar3 were selected. Means, maxima and minima of 6-h velocities are given for the

indicated dates. BMC loop refers to the sharp anticyclonic turn observed at the southernmost extension of the BMC.

Table 3

Speed statistics from surface drifters and elephant seals in anticlockwise, warm (W) and clockwise, cold (C) core eddies

ID Dates (mm/dd/yy) Speed (m/s) Time (days)

Mean Max Min

17459-W 01/02/02, 02/09/02 0.66 1.43 0.03 66

34012-W 05/25/03, 06/18/03 0.37 0.80 0.03 25

9525790-W 10/07/97, 11/18/97 0.62 1.01 0.07 43

Mean 0.55 1.08 0.04 45

Bon5a-W 08/24/05, 09/10/05 0.46 0.98 0.07 17

Bon5b-W 09/26/05, 10/13/05 0.46 1.17 0.01 18

32456-C 12/13/03, 02/03/04 0.39 1.07 0.04 53

34393-C 11/12/02, 01/05/03 0.18 0.51 0.01 55

7707628-C 05/15/94, 06/27/94 0.46 1.28 0.02 44

Mean 0.34 0.95 0.02 51

Mar3a-C 10/01/05, 10/07/05 0.33 0.52 0.08 7

Mar3b-C 10/17/05, 10/21/05 0.40 0.88 0.14 5

Means, maxima and minima of 6-h velocities are given for the indicated dates.
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perhaps more ephemeral but relatively predictable,
productive and less congested. A fine-scale associa-
tion was found between the movements of these
animals and localized gradients in surface tempera-
tures created at the convergence of the Brazil and
Malvinas currents and its associated eddy field.
Results from other species suggest that the strategy
is relatively common in highly migratory, pelagic
vertebrates that must find patches of food in
extraordinarily large areas.

An elephant seal that leaves Penı́nsula Valdés on
a foraging trip and cues on depth contours and
thermal signals would unmistakably locate the
transition between mixed coastal and stratified shelf
waters, the continental shelf break, the water masses
of the Malvinas and Brazil currents and their
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confluence and the deep waters of the Argentine
Basin (Campagna et al., 2000). From these alter-
native habitats, males and some adult females
(Campagna et al., 1999) travel predominantly to
the seasonal frontal areas of the outer shelf and
shelf break regions described by Acha et al. (2004)
and Saraceno et al. (2004). These animals would
take advantage of productive areas that depend on
the bathymetry and are thus predictable in location
(Romero et al., 2006). The open ocean physical
environment of the subantarctic zone, where most
southern elephant seal colonies occur, is less
predictable: prey distribution is often patchy and
the foraging pattern of seals reflects considerable
individual differences (Bornemann et al., 2000;
Field et al., 2001; McConnell et al., 2002).

Females from Penı́nsula Valdés are more distant
travelers than males (Campagna et al., 1998). They
traverse the shelf and disperse into the deep
Argentine Basin, where bathymetry does not play
the same role as on the shelf and slope. In these less
predictable environments, females find the most
productive areas associated with mesoscale features
and adapt their behavior to their dynamics. Our
results are also consistent with sex segregation of
foraging areas at early stages of development,
already reported for the northern elephant seal
(Stewart, 1997). A study of juveniles of the southern
species from Macquarie Island (Field et al., 2005)
found that young seals show temporal and spatial
age segregation in the foraging pattern, with older
individuals covering a larger area of the Southern
Ocean and spending time in different oceanographic
regions than younger juveniles. Sex differences in
the foraging pattern were not found.

There is a general understanding of how foraging
seals respond to the physical environment, but it is
not yet known how they decide on their migratory
paths and find foraging grounds. Seals follow
isotherms or continental margins, use temperature
discontinuities and avoid sea ice to direct their
travel and reach productive areas (Bornemann et
al., 2000; Field et al., 2001; van den Hoff et al.,
2002). For example, the Subantarctic Front, the
Antarctic Polar Front and the Antarctic Circumpo-
lar Current are important for seals from South
Georgia, Campbell and Macquarie Islands
(McConnell and Fedak, 1996; Jonker and Bester,
1998; van den Hoff et al., 2002). Special bathymetric
profiles characterize the foraging grounds of juve-
niles from the South Shetlands (Bornemann et al.,
2000) and Macquarie (van den Hoff et al., 2002).
But the most frequently studied relationship be-
tween the physical environment and behavior
involves SST (e.g., Field et al., 2001; McConnell
et al., 2002; Bradshaw et al., 2004b).

For a deep diver, such as an elephant seal,
oceanographic features at depth may have even
more relevant behavioral consequences than tem-
perature at the surface (Bradshaw et al., 2004b).

The regular diel pattern of Bon5, evident only
when she was traveling in the MC waters (Fig. 6),
suggests mid-water foraging, following prey whose
vertical distribution varies with time of day (Le Boeuf
et al., 1989; Hindell et al., 1991). Diurnal changes in
dive depth have been described for juvenile elephant
seals from their first foraging trip (e.g., Hindell et al.,
1999). But when Bon5 was at the edge of or inside the
eddy, either a diel pattern did not occur (Fig. 6b) or
the behavior consisted of deep dives during most of
the day (Fig. 6e). Relatively shallow dives throughout
the day at the edge of the eddy may be explained by a
concentration of prey in a near-surface convergence
zone (Polovina et al., 2004).

In situ SST agrees with data derived from satellite
imagery only within the more homogeneous MC
waters (Fig. 6i). The agreement is poor at the edge
of the eddy (Fig. 6c). While temperature sensors
measure instantaneous SST, satellite-derived SST
maps integrate 8 days of data. The use of the long-
term composites is necessary because of the frequent
cloud cover. In addition, the long time response of
the seals temperature sensors leads to low SST
estimates after ascents in stratified waters. When
elephants remain in relatively homogeneous waters,
the agreement between in situ and satellite derived
SST is good. However, even small displacements
produce relatively large temperature changes near
eddy edges and fronts, where horizontal tempera-
ture gradients are large. The detailed temperature
profile recorded by the instruments carried by the
seal is consistent with hydrographic data, revealing
a vertical temperature structure of fronts and eddies
that reaches several hundred meters within the
subtropical waters (Roden, 1986; Gordon, 1989).
Diving seals within BMC eddies would then traverse
subsurface water masses that are related to those at
the surface.

5.1. Travel pattern associated to transient

oceanographic features

Focal seals in the Basin traveled along strong
SST gradients and within the intense (41m/s)



ARTICLE IN PRESS
C. Campagna et al. / Deep-Sea Research I 53 (2006) 1907–1924 1921
southward flow associated with the BMC and the
warm-core eddy located further south. A high
temperature gradient band occurs across the BMC
throughout the year (Saraceno et al., 2004). Bon5
and Mar3, and probably H59, closely followed this
gradient during their first southward journeys (in
late August). This observation and the range of
speeds of seals and surface drifters suggest that focal
seals were embedded within the high-velocity jet
associated with the Confluence (e.g., Olson et al.,
1988; Peterson et al., 1996; Piola and Matano,
2001).

The trajectories of seals inside the Basin focal
area follow both CW and ACW directions. Warm-
core eddies, arising from instabilities of the BC, are
associated with anticyclonic rotation, in contrast to
cyclonic cold-core eddies. Along these high-tem-
perature gradient paths, seal travel direction is
always consistent with the direction of surface
currents, except for the transit of Bon5 across the
BMC and against the Malvinas Return Current.
The seal was already at the rim of warm-core eddy
A of Fig. 4 when she swam into subantarctic waters.
She later repositioned herself in the eddy rim further
upstream.

5.2. Seals as active swimmers and surface drifters

If seals were drifting passively, their trajectories
and speeds should resemble those described by
surface drifters. Results partially confirm this
hypothesis, as seals that follow the main circulation
features, e.g., the BMC and the eddy field, have
trajectories and speeds of translation within each of
the regimes comparable with those of passive
drifters (Tables 2 and 3).

There are, however, critical problems that arise
because the surface trajectory of a seal integrates its
diving behavior. A diving seal, contrary to a floating
object, is exposed to variable current speeds at
different depths. In the BMC, and also around
eddies, the current speed decreases substantially
with depth (e.g., Roden 1986; Gordon 1989).
Therefore, a diving seal that travels at a speed
similar to the surface current would have to actively
swim to keep up with the latter. To evaluate the seal
tracks relative to ocean currents, we assumed a
theoretical dive to a depth of 400m lasting 20min,
consistent with known elephant seal diving behavior
(Hindell et al., 1991; Campagna et al., 1998, 1999;
Le Boeuf et al., 2000 and Fig. 3). Based on
baroclinic shear retrieved from historical hydro-
graphic data collected within the high velocity jet
associated with the Confluence (see Piola and
Bianchi, 1992), we estimated the average current
speed at which the animal would have been exposed
during the theoretical dive. Surface currents in this
region reach 1.10–1.15m/s (ca. 95 km/day), and
decrease linearly downward to an average of 0.35m/
s (30 km/day) at 400m. The mean current speed
experienced by a seal during a complete diving cycle
as describe above would then be 0.67m/s (58 km/
day). If a diel pattern is considered, and 40% of the
dives are assumed to occur to 200m (the rest to
400m), the mean daily drift velocity is 0.77m/s
(66 km/day). These speed estimates support the
conclusion of a combined swimming-drifting beha-
vior of focal seals. Since these high-current velocities
occur only in relatively narrow jets (20–30 km), our
time-depth averaged velocity estimate should be
considered an upper limit. Thus, to achieve speeds
comparable to the surface currents, as suggested by
Table 2, some degree of swimming is required most
of the time. However, swimming along the SST
gradients is always in the flow direction, strongly
suggesting that seals use ocean currents to travel
along the fronts.

5.3. Productivity of ephemeral fronts

In the western South Atlantic, mixed waters
downstream of the Confluence present sufficient
stratification and nutrient availability to produce
modest phytoplankton blooms near the Confluence
axis and around the periphery of eddies (e.g.,
Brandini et al., 2000; Saraceno et al., 2005).
Chlorophyll images suggest that the edges of young
warm-core eddies (Fig. 4i and Fig. 4j) and the
centers of cold-core eddies (surrounded by H59 in
2004 and by Mar3 in 2005; Fig. 4f and Fig. 5b) are
areas of enhanced productivity. These observations
are consistent with the recent study of Souza et al.
(2006), who found increased surface chlorophyll
concentrations (0.6mg/m3) around the rim of a BC
warm-core ring detached from the Confluence, and
with studies of Gulf Stream eddies (Yentsch and
Phinney, 1985). Likewise, models and observations
suggest that upwelling at the core of cold-core
cyclonic eddies may enhance phytoplankton growth
(e.g. McGillicuddy et al., 1998; Oschlies and Garc-
on, 1998; Garcia et al., 2004).

Focal seals tend to remain on the colder side of
areas with high SST gradient. Although they do not
remain in the center of cold eddies (Fig. 4f and j),
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the detailed trajectory of Mar3 in mid October 2005
reveals that she did travel around the eddy,
occupying the productive waters of the outer core.
Similarly, loggerhead sea turtles, Caretta caretta,
occupied the edge of productive cold-core, cyclonic
eddies and meanders that develop along the south-
ern edge of the Kuroshio Extension (Polovina et al.,
2004). Antarctic fur seals, Arctocephalus gazella,
were described to forage in the cold side of high
SST gradient associated with the Polar Front
(Guinet et al., 2001).

Eddies would attract diverse species assemblages
of zooplankton, micronekton, and top predators
(e.g., Olson and Backus, 1985; Rodhouse et al.,
1992; Davis et al., 2002; Polovina et al., 2004). It is,
however, rare to obtain in situ measures of
productivity or prey availability linked with almost
simultaneous predator position fixes (but see Guinet
et al., 2001). In October 2005, about the same time
as our animals were at sea, an independent study on
species abundance conducted transects across the
shelf break, MC and BMC, between 381300S and
451300S (Anonymous, 2005). This study partially
covered our Basin focal area, and results indicate
that, excluding the shelf break front, the highest
concentration of young stages of Illex squid
occurred at the BMC and at the western rim of
eddy A.

The use of eddies as foraging grounds has been
suggested by data on abundance of cetaceans in the
Gulf of Mexico (Davis et al., 2002) and on
trajectories of loggerhead sea turtles in the central
North Pacific. Individuals of this species spend
months at the edge of cyclonic, mid-ocean eddies
related to the Kuroshio Extension, where surface
convergence zones result in enhanced surface
chlorophyll (Polovina et al., 2004).

The ephemeral temperature fronts of the Argen-
tine Basin could then be potential foraging areas for
the elephant seals of Penı́nsula Valdés and other top
predators that reproduce along the coast of
Patagonia, such as Magellanic penguins, Spheniscus

magellanicus, and South American sea lions, Otaria

flavescens. Data suggest however that only young
female seals may travel and remain associated with
temperature fronts of the BMC. Adult seals,
Magellanic penguins and sea lions forage in
bathymetry-dependent fronts of the Patagonian
continental shelf and slope (Campagna et al.,
2001; Boersma et al., 2002; Pütz et al., 2002; Wilson
et al., 2005). In summary, the use of mesocale
temperature fronts in the western Argentine Basin
more likely represents an alternative foraging
strategy that benefits juvenile females via decreased
competition from other marine mammals or diving
birds.
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