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Abstract

The use of diving animals as autonomous vectors of oceanographic instruments is rapidly increasing, because this

approach yields cost-efficient new information and can be used in previously poorly sampled areas. However, methods

for analyzing the collected data are still under development. In particular, difficulties may arise from the heterogeneous

data distribution linked to animals’ behavior. Here we show how raw temperature data collected by penguin-borne

loggers were transformed to a regular gridded dataset that provided new information on the local circulation off

Kerguelen. A total of 16 king penguins (Aptenodytes patagonicus) were equipped with satellite-positioning transmitters

and with temperature–time–depth recorders (TTDRs) to record dive depth and sea temperature. The penguins’ foraging

trips recorded during five summers ranged from 140 to 600 km from the colony and 11,000 dives 4100m were

recorded. Temperature measurements recorded during diving were used to produce detailed 3D temperature fields of

the area (0–200m). The data treatment included dive location, determination of the vertical profile for each dive,

averaging and gridding of those profiles onto 0.11� 0.11 cells, and optimal interpolation in both the horizontal and

vertical using an objective analysis. Horizontal fields of temperature at the surface and 100m are presented, as well as a

vertical section along the main foraging direction of the penguins. Compared to conventional temperature databases

(Levitus World Ocean Atlas and historical stations available in the area), the 3D temperature fields collected from

penguins are extremely finely resolved, by one order finer. Although TTDRs were less accurate than conventional

instruments, such a high spatial resolution of penguin-derived data provided unprecedented detailed information on the
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upper level circulation pattern east of Kerguelen, as well as the iron-enrichment mechanism leading to a high primary

production over the Kerguelen Plateau.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of diving animals as cheap, autonomous,
and efficient vectors of oceanographic instruments
is an emerging field of bio-logging science. This
approach accompanies a growing number of studies
aiming to understand how marine predators utilize
the marine environment, and to determine the
importance of ocean physical parameters for their
foraging success (e.g., Boyd and Arnbom, 1991;
Hindell et al., 1991; Weimerskirch et al., 1995;
Georges et al., 2000; Block et al., 2001; Charrassin
and Bost, 2001). For this purpose, one must record
simultaneously behavioral and physical parameters,
since physical data collected by conventional means
are rarely available at the same temporal and
spatial scales as those at which predators operate.
Thanks to miniaturization of instruments and
progress in electronics, biologists can now
routinely monitor movements at sea and the diving
activity of predators (birds and marine
mammals), simultaneously with sea temperature.
Using this method, it has been shown that
marine predators forage preferentially at
oceanographic discontinuities (oceanic fronts,
thermoclines, sea-ice zones, etc.; Boyd and
Arnbom, 1991; Georges et al., 2000; Charrassin
and Bost, 2001). From this, it has become
apparent that physical data collected by animals
and primarily dedicated to ecological research
could also be used for purely oceanographic
purposes (e.g., Wilson et al., 1994; Koudil et al.,
2000; Boyd et al., 2001; Fedak, 2004). Indeed,
pelagic animals generally travel several tens to
hundreds of kilometers from their colonies and dive
to 100–1500m depth, so they can potentially
sample relatively large oceanic areas in 3D space.
Furthermore, marine predators exploit areas of
high oceanic/biological interest that are generally
remote and difficult to sample by conventional
means.
Although this concept is now well recognized
among the scientific community, including ocea-
nographers, only a few studies have yet brought
new information for oceanographic uses (Boehlert
et al., 2001; Charrassin et al., 2002; Lydersen et al.,
2002; Daunt et al., 2003; Fedak, 2004; Hooker and
Boyd, 2003). As a follow-up of our preliminary
report (Charrassin et al., 2002), we show here how
temperature data collected by penguins allow a
better understanding of the local circulation and
high primary production in the Kerguelen region.
The present paper aims (1) to demonstrate the
local oceanographic interest of this approach
based on a comparison with existing conventional
data, and (2) to present in detail the methodology
developed for analyzing animal-derived tempera-
ture data. From these bio-logging data, unprece-
dented high-resolution thermal fields of the upper
ocean off Kerguelen have been obtained, enabling
us to describe and understand the hitherto poorly
known local circulation, in relation to the local
productivity and penguins’ habitat. The advan-
tages and problems of using bio-logging data are
also discussed.
2. Material and methods

2.1. Birds and instrumentation

The fieldwork took place from 1998 to 2002 at
Kerguelen Islands (Indian sector of the Southern
Ocean), at the king penguin colony of Ratmanoff.
The colony is located on the eastern side of the
archipelago and contains �50,000 breeding pairs
(Weimerskirch et al., 1988). The study was
conducted every year between late January and
late March on breeding birds at the brooding stage
(i.e., with chicks younger than 3 weeks), as part of
a long-term project on the foraging behavior of
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king penguins. A total of 16 birds were equipped
with an Argos satellite platform transmitter
terminal (PTT, model ST-10, Telonics, USA) to
track the movements at sea (Fig. 1), and a
time–temperature–depth recorder (TTDR; model
Wildlife Computers Mk5 (n ¼ 2 trips) or Mk7
(n ¼ 14 trips), USA) to record diving behavior and
sea temperature. The number of birds equipped
was 1, 4, 6, and 5 for the years 1998, 1999, 2000
and 2002, respectively. Instruments were attached
in a lower back position to reduce drag (Bannasch
et al., 1994), and were glued to the feathers using a
cyanoacrilate adhesive (Loctite 420). Animals were
equipped after their departure from the nest, just
before they reached the sea. All instruments were
removed upon retrieval after the foraging trips.
When animals were at sea, depth was sampled

every 2 or 5 s, and temperature was sampled every
5, 10 or 20 s depending on sensors used. Depth was
recorded with a 2m resolution. The resolution of
the different TTDR temperature sensors varied
from 0.1 to 0.3 1C. In order to reduce the response
time of the temperature sensor, all TTDRs were
modified so that the temperature probe protruded
slightly from the unit, resulting in a response time
of 24 s.
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Fig. 1. Argos tracks of 16 penguins followed in February–-

March between 1998 and 2002. Animals were also equipped

with a TTDR.
2.2. Data analysis

While depth and temperature were recorded
continuously in time, the Argos system only
provided a limited number of locations per day
(Fig. 2). The bad Argos location data were filtered
out following Wienecke and Robertson (1997) and
Bost et al. (2002). Briefly, for a given location,
average swimming speed was determined by taking
the root mean square of the travel speeds from the
previous two and to the next two locations from
the point in question. We excluded data that gave
an average swimming speed higher than 14 kmh�1,
i.e., the mean maximal swimming velocity of king
penguins (Kooyman and Davis, 1987).
In order to assign a geographical position to

each dive (Fig. 2a), the TTDR record and the
Argos record of each bird were first aligned in
time. The time of each dive was calculated as the
midpoint between the beginning and the end of the
dive (Fig. 2c). The location of each dive was then
determined using a time-based linear interpolation
between two consecutive Argos fixes, assuming
that penguins swim with a constant speed between
two fixes (Koudil et al., 2000; Boehlert et al., 2001;
Boyd et al., 2001; Charrassin et al., 2002; Fig. 2a).
Temperature data recorded by diving predators

are characterized by their vertical and horizontal
heterogeneity. The following treatment was aimed
at homogenizing the data both vertically and
horizontally. For each dive, temperature data
recorded during descending and ascending phases
were projected separately on a vertical axis
corresponding to the mean time of the dive,
sorted, and resampled at a 5-m depth interval
using Gaussian interpolation with a 5-m depths-
cale. The resulting data for descent and ascent
were then averaged (Fig. 2d). In order to avoid a
highly variable surface heating effect, temperature
for the first 10m were set constant and equal to the
temperature at 10m. This procedure has several
practical advantages. First, the original data with
continuously changing locations during each dive
are transformed into fixed location data, in much
the same fashion as conventional ship-based
station measurements. Second, the mixing of the
descending and ascending phases of the record
tends to minimize the errors associated with the
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response time of temperature sensors. Note that
due to the delay of sensors’ response to varying
temperatures of the water column, the descending
(or ascending) profile is biased to higher (or lower)
temperatures (Fig. 2d). Due to horizontal move-
ments of penguins, the ascent phase of dives could
be through a slightly different water column than
that during the descent phase. Considering a mean
dive angle of 451 for a very deep dive (Pütz et al.,
1998), say 300m, the maximum horizontal dis-
tance between the beginning and the end of each
dive should be 600m. Given the scale that we are
interested in (410 km), such a small displacement
has been neglected when averaging temperatures
for descent and ascent phases of the dives. Third,
the vertical interpolation scheme used filters out
any fluctuations of vertical lengthscales much
shorter than 5m, a scale poorly resolved by TTDR
measurements made every 5–20 s, as mentioned
previously. It also yields regularly gridded data in
the vertical.
We checked the effect of this treatment by

comparing the data collected by a standard
conductivity–temperature–depth (CTD) device
from a ship at a time series station CLIOKER
(Park, unpublished document, 2002), with those
recorded by TTDRs carried by two penguins
diving in the vicinity of the CTD station. For
logistic reasons, we could not attach the TTDRs
directly on the CTD device. We selected four deep
dives from our penguin dataset that were the
closest from the CTD station both in time and
space. The selected ‘‘penguin’’ stations were
located at 28 km (bird 1) and 14 km (bird 2) from
the CTD station and took place 11 days later (Fig.
2a, d). The resulting mean absolute difference
between the treated penguin profiles and the CTD
Fig. 2. Example of a dataset collected from instrumented penguins,

Argos track of two king penguins foraging east of Kerguelen in summ

bird, and small dots indicate positions of individual dives obtaine

consecutive fixes. The crosses indicate the positions of the penguin

triangle). (b) Diving activity of bird 2 during the same foraging trip, re

comparison with the CTD. (c) Details of the diving profile of bird 2, c

shown in (a) and (b). The vertical dashed lines indicate the midpoint of

Black dots indicate depth and temperature measurements recorded sim

two consecutive dives of bird 1 and bird 2, and CTD profile recorded 1

recorded during descent and ascent. Black dots indicate temperature

followed by Gaussian filtering and resampling every 5m).
was 0.3370.18 1C (maximum 0.72 1C). Despite the
slight discrepancy in time and location, the two
types of measurements give quite similar profiles,
permitting the penguin stations to correctly resolve
the main features of the water column (tempera-
ture and thickness of the surface mixed layer
(SML) and of the thermocline) (Fig. 2d).
Since the penguins tend to forage intensively in

specific areas, and travel across other areas during
transit, the density of data is highly variable over
the region explored. This uneven data density may
affect mapping of a horizontal temperature
distribution using an interpolation method, be-
cause high-density areas will have a greater
‘‘weight’’ than those of low-density. To give each
area the same importance, and to avoid a mass of
stations too closely located, we put vertical
temperature profiles on a corresponding
0.11� 0.11 (11 km� 7 km) cell and averaged the
values found within each cell at each 5m depth
interval. The resulting cell stations at 100m depth
together with the original data density (in color
scale) are shown in Fig. 3. Note that the spatial
distribution of these stations is highly irregular,
with most of stations being concentrated along the
eastern escarpment of the Kerguelen Plateau.
Before mapping horizontal temperature distri-

butions at different depths, these irregularly
distributed cell station data were interpolated on
a 0.251� 0.251 (28 km� 18 km) regular grid, using
an optimal interpolation scheme. Briefly, this
scheme consists of four steps. First, a latitude-
dependant linear temperature surface or ‘‘trend’’
at each depth is computed. Second, temperature
anomalies at every cell stations are obtained by
subtracting the computed temperature trend.
Third, interpolated temperature anomalies on
preliminary data treatment, and comparison with a CTD: (a)

er 2002. Large dots and triangles indicate Argos fixes for each

d after a time-based interpolation of the dives between two

temperature profiles that were compared to the CTD (black

corded by a TTDR. The plus sign indicates the dives selected for

orresponding to the position and dives indicated by a small box

each dive used for determining the dive position (see Section 2).

ultaneously every 5 s. (d) Vertical profiles of temperature from

1 days before and �30 km apart. Small circles indicate raw data

data after initial treatment (averaging of downcast and upcast
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Fig. 3. Distribution of the penguin stations obtained by

averaging individual deep dives (4100m) on a 0.11� 0.11 cell

(black dots), together with the original dive frequency within

each cell (color scale whose upper limit corresponds to numbers

of dives per cell comprised between 25 and 120); circles

designate data points of the Levitus Atlas World Ocean

(1994); triangles indicate historical hydrographic stations.
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our regular grid are estimated by objective analysis
(Bretherton et al., 1976; Emery and Thomson,
1998). This analysis requires a priori knowledge of
the temperature’s covariance function and uncor-
related error variance. The normalized covariance
function or the spatial correlation function S(x) is
assumed to be an isotropic, exponentially decaying
function of the form: SðxÞ ¼ a expð�x2=b2Þ þ �U
Here, a is a normalized signal variance at a point
of estimation (x ¼ 0), b is a decorrelation length
scale, and e is a normalized uncorrelated error
variance. These coefficients have been estimated by
minimizing the rms difference between the model
correlation function SðxÞ and the experimental
correlation function computed from the actual
temperature anomaly field, which yields a ¼ 0:61;
b ¼ 110 km; and � ¼ 0:39: Finally, a gridded
temperature field is obtained by adding the linear
temperature trend and the objectively interpolated
anomaly field. Plotting was limited to the area
where the estimated error variance does not exceed
50% of the total variance. To build a vertical
temperature section along the penguins’ main
foraging path, data at each depth were projected
onto a predetermined axis (thick line in Fig. 3),
using a similar scheme but with different para-
meters (a ¼ 0:50; b ¼ 40 km; and � ¼ 0:50) esti-
mated from the high-density penguin data in the
vicinity of the main foraging path. Note that our
interpolation scheme is not very sensitive to the
choice of a and � for the overall structure of the
field, but it yields an increasingly finer field with
decreasing value of b, as expected. For consistency
purpose, the historical station data and Levitus
data were also treated in the same manner.
3. Results

3.1. Penguins movements and data distribution

Data are presented as mean7standard devia-
tion, unless otherwise stated. The trip duration of
all penguins examined was 9.374.5 days (range
4–21 days; n ¼ 16 birds with a total of 150 days at
sea) and the distance traveled by the penguins
from the colony was 3107119 km (range
139–613 km) (Fig. 1). The total number of Argos
locations was 525, with 3.771.7 locations per bird
per day. This corresponds to a distance between
two fixes of 19.4726.2 km. Penguins dived con-
tinuously during daylight and a total of 11,000
dives X100m were recorded. The mean dive depth
for dives X100m was 148732m (mean maximum
dive depth 222734m, range 178–272m).
The map of dives 4100m shows that dives are

heterogeneously distributed, with areas of high
(420 dives per cell) and low density (Fig. 3). There
are two areas without any dives, in the northern
part of the study region, and in the south-central
part where bottom depths are o500m.
These dives provided 604 vertical profiles,

averaged within cells of 0.11� 0.11 (11 km x
7 km). They were calculated from 18718 initial
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dives per cell (range 1–120 dives). These penguin
stations are extremely dense, especially along the
main foraging path, and surpass in number by an
order of magnitude as compared to Levitus World
Ocean Atlas (1994) data points and historical
hydrographic stations. For a visual comparison,
these latter stations are shown superimposed in
Fig. 3, together with penguin stations.
Temperature data from the Levitus Atlas (1994)

have a 11� 11 resolution (indicated by circles).
This regular distribution has been obtained by
interpolating sparse historical data that were
scattered in space and gathered over the past 50
years in the study area (only 25 ‘‘source’’ stations
were used for the Levitus Atlas in the study area
for the February–March period; Levitus and
Boyer, 1994). Individual hydrographic stations
from a historical database presently available for
us in the study area are more numerous than
Levitus data, but still there is a very limited
number of observations, with only 50 stations
(indicated by triangles) dispersed irregularly with a
number of data holes.

3.2. Temperature map from the penguins:

comparison with historical data

The penguins 3D temperature database was
used to build a sea surface temperature (SST) map
(Fig. 4a) and a temperature map at 100m depth
(Fig. 4b). The SST map, which in reality has been
constructed using temperatures at 10m depth for
the reason given in Section 2.2, shows that two
water masses exist in the area east of Kerguelen,
with warm waters in the northern and western part
of the area, and cold waters in the south-east along
the eastern escarpment of the Kerguelen Plateau.
The 100m map shows more clearly the presence of
a cold water tongue pointing northwestward along
the eastern escarpment (black arrow in Fig. 4b).
This subsurface cold water originating from the
south (Park et al., 1998; Charrassin et al., 2002)
penetrates farther north than its surface expres-
sion, and its presence can be felt as far north as
491S, close to the Ratmanoff colony.
The presence of such cold water tongue follow-

ing the eastern escarpment is not clear from the
historical data. The Levitus maps show warm
waters in the north and cold waters in the south,
but the water masses are distributed independently
of the bathymetry (Fig. 4d). Indeed, the surface
map shows temperatures changing according to a
quasi-meridional gradient, with near-zonally
aligned isotherms, without showing any small-
scale features. The Levitus 100m map shows a
cold subsurface water mass lying over the whole
southern part of the Kerguelen Plateau, character-
ized by isotherms running quasi-perpendicularly to
the NW-orientated eastern escarpment (Fig. 4e).
The historical station data maps are slightly

more detailed, and somewhat closer to the
penguin-derived maps, with the presence of a
warm water mass along the western part of the
area (Fig. 4g). However, the importance of the
eastern escarpment for the circulation of the cold
water tongue seen from the penguin map is not so
apparent from these data, because the cold waters
are widespread over the southern plateau (Fig. 4h).
The maps constructed from individual historical
stations show an intermediate pattern between the
penguin-derived maps and the Levitus maps.
3.3. Vertical section from the penguins: comparison

with historical data

Fig. 4c shows a vertical temperature distribution
obtained from penguin data along a SE section
from the Ratmanoff colony, which forms the
major route most commonly occupied by foraging
penguins. Surface temperature increases rapidly
towards the colony where the above-mentioned
warm waters (45 1C) penetrate deeply along the
continental slope west of 711E. A steep inclination
of subsurface isotherms between 721 and 731E
indicates the boundary between warm inshore
waters and cold offshore waters. The latter waters
are relatively homogenous (�3.5 1C) in the upper
80m, forming a SML. Below this SML, the
temperature decreases rapidly to reach 2.2 1C at
�180m, forming a cold thermocline layer. The
thermocline layer isotherms east of 731E are found
�40m shallower than those at 711E, consistent
with the northward advection of the subsurface
cold water tongue along the eastern escarpment, as
mentioned previously.
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Compared to this penguin section, the Levitus
section (Fig. 4f) is featureless, with its isotherms
being nearly horizontal. It thus misses completely
the vertical structure associated with the warm
water concentration toward the islands and the
northward advection of the subsurface cold water
between 721 and 731E. The historical station data
section (Fig. 4i) better resembles the penguin
section although details are somewhat different.
For example, the warm surface water west of 711E
is much colder (by up to 1 1C) and less well marked
in the historical data section. Also, the subsurface
cold water tongue in this section is shifted farther
west compared to the penguin section. This is
probably because of a very limited number of
historical hydrographic stations available in the
area. The overall temperature increase in the
penguin section as compared to the Levitus and
historical station data is noticeable, which seems to
be related to a recent warming, although this topic
is beyond the scope of the present study. Note only
that the mean rms interannual variability of
penguin-derived temperatures on the section
amounts to �0.3 1C, a value marginally detectable
from the animal-born sensors.
4. Discussion

4.1. Characteristics of penguins-derived

temperature data

The most remarkable feature of the temperature
data obtained employing foraging penguins is their
very high spatial density. This is a consequence of
the continuous diving activity of the penguins, and
of the propensity of most individuals to explore
similar foraging areas. Thus, when several birds
and years are combined, some areas are sampled
with a large number of dives (up to 120 dives
Fig. 4. Top panels: horizontal distributions of temperature at the

temperature along the main foraging axis (c), mapped from penguin d

section was mapped. The position of the Polar Front (PF; dash line)

direction of the cold water tongue. Middle and bottom panels: same a

(d–f), and historical hydrographic data (g–i), respectively. To keep a ho

was applied to all maps. Only areas where the estimated error varian

analysis are shown.
within a cell of 0.11� 0.11). Most birds foraged in
one main region (mainly along the eastern edge of
the Kerguelen Plateau), but, interestingly, a few of
them showed a different behavior and headed
toward the south or the north. While atypical,
these tracks are of some value because they
considerably enlarged the sampled area.
Such high-density of data allowed the construc-

tion of a database having a very fine-scale
resolution of �10 km, which is one order of
magnitude finer than that from conventional
hydrographic database (e.g., Levitus climatology,
Levitus and Boyer, 1994; Fig. 4d–f). Moreover,
such climatology has been constructed from
generally sparse observations, especially in the
Southern Ocean, thus using a wide radius (500 km)
of influence for interpolation. Only large-scale
features greater than 500 km will therefore be
observed from that interpolation. This reflects the
difficulty in sampling hydrological data in the
Southern Ocean, mainly due to cost and logistic
limitations. Therefore, it is generally impossible
from climatology or historical data to map small-
scale features of a few tens of kilometers that could
affect the foraging behavior of diving predators.
We have shown here that the penguin-derived
dataset can present an efficient alternative for
describing such a fine scale, upper-layer thermal
structure of the predator’s habitat.
The second aspect of temperature data obtained

with this type of TTDR concerns the slow
response time of temperature sensors and their
far lower accuracy (0.3 1C) compared to a standard
oceanographic device, CTD. This is not surprising
because of the limited size of TTDR units (placed
on the animals back), which restricts the space for
accommodating larger, more accurate and faster
electronic components, and because TTDRs were
not originally designed for conventional oceano-
graphy (Wilson et al., 2002). We have shown that
surface (a) and at 100m depth (b), and vertical section of

ata. Solid line in (a) indicates the axis along which the vertical

is given after Park et al. (1998). The arrow in (b) indicates the

s the top panels, but for the Levitus World Ocean Atlas (1994)

mogeneous color scale among maps, a 2–51C temperature range

ce is smaller than 50% of the total variance from an objective
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some of the related problems such as the shift in
profiles between descent and ascent could reason-
ably well be remedied by our data treatment. It is
also clearly shown that the weakness of low
accuracy is largely compensated by an incompar-
able number of penguin stations compared to
traditional oceanographic stations. In particular,
by averaging and transforming the penguin dive
data located closely within �10 km each others
into cell stations, and considering the 18 dives per
cell on the average, the mean standard error of our
penguin station data should be �0.07 1C (=0.3/
O18). Although not sufficient compared to stan-
dard oceanographic criteria, this accuracy is found
to be of practical use to delineate major horizontal
and vertical structures of surface water masses in
such a poorly exploited area as ours. Nevertheless,
there is no doubt that faster and more accurate
sensors are required for small-sized diving animals,
and some are already available (Daunt et al.,
2003).
Finally, the penguins tended to forage along a

privileged route, leaving certain zones unvisited,
thus yielding a highly non uniform sampling
distribution within a given study area. This
undesired characteristic of penguin data, though
inevitable, would lead to a biased mean tempera-
ture field if original data were used for mapping.
Our cell averaging scheme may compromise with
this biased foraging tendency, reducing greatly the
otherwise ‘‘overweight’’ the interpolation scheme
would exert on the mean field, thus diminishing at
least partly the expected bias in the estimated
mean field.

4.2. New information for regional circulation

The high spatial resolution of the penguin-
derived data provided unprecedented detailed
information on the upper level circulation pattern
east of Kerguelen. These data allowed us to (1)
better understand the surface circulation of the
Polar Front east of Kerguelen, and (2) provide
evidence for a subsurface current circulating
northwestwardly along the eastern edge of the
Kerguelen Plateau.
Previous studies have indicated that the Polar

Front rounds the Kerguelen Islands from the
south to flow northward just east of the islands
along the 200–500m isobaths. This scheme has
been inferred from the subsurface 2 1C minimum
at 200m based on a few stations available in the
area (Park et al., 1993; Park and Gambéroni,
1997). Supporting information has been also
provided by SeaWiFS satellite images of chlor-
ophyll concentration, showing a plume of chlor-
ophyll-poor waters from the west penetrating the
chlorophyll-rich waters, while meandering around
the eastern flank of the islands along the
200–500m isobaths (Park et al., 2002; black arrow
in Fig. 5). These images depict the path of a strong
current associated with the Polar Front passing
nearby the eastern continental shelf break east of
Kerguelen. Here, our penguin map strongly
supports this pattern by showing a belt of high-
temperature waters advected from the southwest
and following the bottom topography, especially
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the 200-500m isobaths just east of the islands. The
vertical temperature section of Fig. 4c shows more
clearly the Polar Front’s position at �711E, to the
west of which can be seen the deeply penetrating
high-temperature waters 45 1C. The clearest sur-
face signature of the Polar Front in the area is a
slight decrease in temperature at the front, related
to its origin farther south. A steep horizontal
temperature gradient with cold waters to the east
corresponds, by geostrophy, to the subsurface
expression of a northward flow. Since the vertical
section precisely crosses the 200–500m isobaths at
711E, such a northward flow should coincide with
the Polar Front described by (Park et al., 1993;
Park and Gambéroni, 1997). To sum up, the finely
resolved penguin maps confirm previous studies of
the Polar Front, but with a greater refinement of
both horizontal and vertical thermal structures of
the front.
Second, this penguin dataset has evidenced a

subsurface cold water mass flowing northwest-
wardly. The NW flow should exist because cold
waters originate from the south, and the cold
tongue visible on the 100m map follows the NW-
orientated eastern edge of the Kerguelen Plateau
(Fig. 4b). Charrassin et al. (2002) suggested that
this northwestward flow of subsurface cold water
is consistent with the tidal residual circulation
resulting from a tidal current–bottom topography
interaction (Robinson, 1983). This interaction
generating a counterclockwise (in the southern
hemisphere) along slope current should be the
most likely forcing mechanism explaining the
observed subsurface current circulating in the
apparently paradoxical NW direction. Indeed,
the latter is totally opposed to the dominant
direction of both the westerly winds and the ACC.
Here, our vertical section brings a strong

additional support to the existence of this NW
subsurface cold current (Fig. 4c). Indeed, by
geostrophy, the steep inclination of subsurface
isotherms below 80m between 721 and 731E hints
at the existence of a subsurface current flowing
northward. This location corresponds precisely to
the area where the abrupt escarpment
(1000–3000m isobaths) is orientated in the N–S
direction, consistent with the above-mentioned
residual current’s pathway. Charrassin et al.
(2002) argued that the tidal current–bottom
topography could also generate internal tides (Le
Provost et al., 2001) that promote the iron
enrichment process by vertical mixing, leading to
a high primary production over the plateau (see
SeaWifS image in Fig. 5). This is one of the
working hypotheses that will be tested during the
coming oceanographic survey ‘‘KEOPS’’ in 2005
(S. Blain, unpublished document, 2002), which
aims at understanding the role of iron in the
primary production over the Kerguelen Plateau.
Further field experiments and numerical modeling
studies are needed to quantify and understand the
apparently complicated circulation around Ker-
guelen. However, it is worth emphasizing that the
complexity of the circulation within the limited
study area has been revealed largely thanks to the
extremely high-density dataset obtained from
penguins.
To conclude, this study shows that even with

moderately accurate devices, it is possible to
obtain original information using foraging ani-
mals. These data are of particular value because
they concern areas that had previously been only
poorly sampled, but which are important in terms
of biomass and biological activity. Future devel-
opment of better equipment (faster, more accurate,
and sampling other parameters such as salinity
(Daunt et al., 2003; Fedak, 2004; Hooker and
Boyd, 2003) is therefore extremely promising for
both the biological and oceanographic commu-
nities.
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