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ABSTRACT: We investigated the use of Antarctic waters by king penguins in a 2 yr study based on
the satellite tracking of 10 penguins from the Crozet Islands (SW Indian Ocean). All the penguins
travelled towards the pack ice, with 3 of them ending their journey at the edge between the marginal
ice and the dense pack ice. The mean maximum foraging range and minimal distance travelled were
1620 and 4095 km, respectively. The effect of the satellite transmitter (PTT) attachment on foraging
trip duration and colony attendance was much more important in winter in comparison to the sum-
mer. The penguins spent around 24 % of their trip at sea in the marginal ice zone. They explored the
ice-covered habitat non-randomly as revealed by compositional analysis. The marginal ice was more
used than free ice and floes areas. The strategy of travelling towards the marginal ice zone during
winter ensures that the penguins have access to predictable feeding areas at a time when food avail-
ability is very low in the polar frontal zone. The diet of king penguins when foraging in Antarctic

waters is unknown but may be different to their summer food at the Polar Front.
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INTRODUCTION

During the winter period, southern seabirds may
have to endure large drops in marine resources if they
do not migrate to richer waters (Croxall 1984). Little is
known, however, about their foraging ecology at this
time of the year, which is critical for their survival
(Croxall & Davis 1998). Most penguin species gener-
ally desert their colonies as early as the end of summer
and disperse at sea between breeding seasons. They
probably travel to more favourable regions but quanti-
tative data about their foraging zones are still lacking
(Wilson et al. 1998, Kooyman et al. 1999, Davis et al.
2001).

The king penguin is an oceanic, deep diver and one
of the major avian consumers of the southern ocean
(Woehler 1995, Bost et al. 1997, Kooyman et al. 1999,
Charrassin & Bost 2001). The breeding cycle is charac-
terized by a winter period of chick fasting, the parents
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returning irregularly to feed chicks because of the
drastic drop in food availability (Koslov et al. 1991).
From autumn to the end of winter, breeders usually
leave their foraging grounds to spend most of their
time at sea. Previous studies have shown that, during
winter, king penguins considerably increase their
foraging range, travelling as far south as the pack ice
region (Jouventin et al. 1994, Moore et al. 1999, Char-
rassin & Bost 2001). We show here the first detailed
data on the winter migratory movements of breeding
king penguins obtained from a 2 yr study based on
satellite tracking. Our objective was to investigate the
use of Antarctic waters by these subantarctic predators
and especially of the marginal ice edge zone, i.e. the
transitional region between completely ice-free water
and the dense pack ice (Knox 1994). We compare the
at-sea distribution of the penguins with contemporane-
ous sea ice maps and discuss the use of the physical
areas with respect to the potential availability of prey.
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MATERIALS AND METHODS

The study was carried out at La Grande Manchotiere
colony, at Possession Island (46°25'S, 51°45'E), Crozet
Archipelago, SW Indian Ocean. About 30000 pairs of
king penguins breed in this colony, while the whole
Crozet population (1 x 10° pairs) constitutes more than
50% of the world population (Guinet et al. 1996). In
1996 and 1997, 10 penguins were fitted with satellite
transmitters (PTTs) from June to October 1996 (n = 5
birds) and from June to November 1997 (n = 5
birds) (Table 1). We used Telonics ST10 transmitters.
The transmission interval was 60 s with an on-off emis-
sion interval of 6 h. The basic cylindrical shape of the
PTT had a cross sectional area of 4.9 cm and weighed
270 g. The top of the transmitters was hydrodynami-
cally shaped to reduce the drag effect (Bannasch et al.
1994). The transmitters were attached with cable-ties
to a small grid glued to the feathers of the back with
fast epoxy. The penguins were flipper marked with
coloured tape. Fitting took a total of ca. 40 min. All
birds with PTTs attached were rearing a chick. Prema-
ture failure of certain transmitters precluded following
6 of the 10 birds over their entire trip. Eight birds were
successfully tracked until they crossed the limit of the
pack ice area (Fig. 1). During the deployment period,
the colony was checked several times a day to recover
the birds as they came back from the sea. Positional
data were analysed using customized software follow-
ing Charrassin & Bost (2001). The at-sea distribution
was compared with contemporaneous weekly sea ice
maps from ERS data (CERSAT, IFREMER, France).
Four categories of habitats were considered: free water
(no ice), floes (large and flat sheets of sea-ice floating
in open sea), marginal ice (a mixture of small broken
floes) and pack ice (frozen sea water a year or more
old). Habitat use in terms of ice cover was tested

for with a compositional analysis method using cus-
tom software (Resource Selection for Windows®©,
Leban 1999. Available at http://members.xroom.com/
fred_leban). This method takes into account the fact
that an animal's use of one habitat is dependent on its
use of other habitat types (Aebischer et al. 1993).

RESULTS AND DISCUSSION

During the winters of 1996 and 1997, all the tracked
penguins performed long-range foraging trips towards
the Antarctic. The birds dispersed over an area of 4 x
10° km? of ocean (Fig. 1). The mean trip duration of the
4 birds tracked over their whole trip was 91.5 + 8.5 d.
This corresponds to a mean maximum foraging range
and a minimal total distance travelled of 1620 + 176
and 4095 = 635 km, respectively (Table 1). These
birds spent a substantial proportion of their time at
sea below the northern sea ice limit (i.e. south of 55.8 to
57°S), in the marginal ice zone (MIZ, 23.7 + 13 %,
Table 1). In the MIZ, the penguins generally travelled
at a slower speed in contrast to open water conditions
(except bird 600, Table 1).

Among the 7 penguins having crossed the sea ice
limit, 3 reached the edge between the marginal ice
and the dense pack ice. These penguins explored the
ice-covered habitat non-randomly as revealed by com-
positional analysis. The ranking from most to least
explored habitat was marginal ice > free ice > floes,
with significant differences. They used the areas clas-
sified as marginal ice more than free ice (p = 0.02) and
floes areas (p = 0.04). In 1996, the maximal foraging
range of the penguins tracked appeared to be greater
than in 1997 (U= 2, p < 0.05), possibly because the limit
of the pack ice area was extended about 180 km
further south.

Table 1. Details of long distance foraging trips performed by king penguins during winter (Crozet Islands, SW Indian Ocean, 1996-1997). The
minimal distance covered and the time spent in the pack-ice zone have been calculated only from complete trips. Speed values for the same
bird not sharing a common superscript letter are significantly different (p < 0.05, U-test). Marg.: Marginal ice

Bird  Departure Return Track  Locations Maximum foraging range Minimal =~ Mean distance Outward speed Time spent in

(d/mo/yr) (d/mo/yr) duration received Distance Coordinates distance travelled (km h?) marg. zone (d)
(d) (n) (km) covered (km) d! (km) Free water Marg. (% of trip)

597 30/05/96 - 20°¢ 48 1842°¢ 56.55°E-62.77°S - 86 51+38 4225 -

598 02/06/96  20/08/96 79 34 1856 42.01°E-62.13°S 4557 58 59+4.7% 1.8+1.1° 14 (18)

570 09/06/96  12/09/96 95 4 1650 40.50°E-59.64° S 3393 - - - 23 (24)

600 15/06/96 - 51¢ 14 1984°¢ 66.45°E-60.5°S - 41 1.9+03% 24+23° -

315-1 01/07/96  02/10/96 94 154 1475 45.93°E-59.2°S 3729 38 2.2+1.9% 1.7 +1.1° 15 (16)

994 24/06/97 - 25°¢ 80 1419°¢ 65.80°E-55.73°S - 69 - - -

995 02/07/97 - 21¢ 39 1138°¢ 60.01°E-55.29°S - 137 - - -

315-2  06/07/97 - 43¢ 61 1487¢ 63.50°E-57.75°S - 43 2.1+1.6% 1.9+0.9% -

993 18/07/97 - 20°¢ 32 865¢ 63.79°E-52.79°S - 138 - - -

571 02/08/97  08/11/97 98 53 1495 55.17°E-59.76° S 4704 48 41+44% 32+42° 43 (44)

“Premature battery failure excluded following the whole trip
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These data confirm the extraordinarily wide range
covered by breeding king penguins during winter
when attending chicks at their colony. In addition, the
importance of the MIZ as a foraging area for such
subantarctic predators is shown. The mean trip dura-
tion of the penguins successfully tracked was 30 %
longer than found from contemporaneous data based
on the automatic monitoring of penguins fitted with

Fig. 1. Migratory routes of king penguins from Crozet Islands
(SW Indian Ocean) towards Antarctic waters during the winters
of 1996 (n = 5 birds) and 1997 (n = 5 birds). Also shown is the ice
coverage map from 22/08/96 and 08/09/97 (satellite imagery
derived from ERS, CERSAT, IFREMER. Smooth first-year ice: 1,
Pack ice: 2, Marginal ice: 3). The arrows indicate the outbound
leg of the complete tracks

transponders from the same colony (65 d, Descamps et
al. 2002). Additionally, 6 of the 10 birds fitted with
PTTs deserted their breeding colony. As the birds were
unbanded, to limit adverse effects (Culik et al. 1993), it
was impossible to determine whether they returned to
the colony the following breeding season. External
devices can strongly alter the foraging efficiency of
penguins by inducing additional drag (e.g. Bannasch
et al. 1994), which affect the bird's swimming speed
and energy expenditure (Wilson et al. 1986, Wilson &
Culik 1992). The effect is likely to be even more pro-
nounced with PTTs, as the antenna may add sub-
stantially to the drag caused by the backpack. During
summer, i.e. when food availability is high, the trip
duration of king penguins fitted with similar PTTs was
increased by up to 30 %. However, their breeding suc-
cess and colony attendance do not differ significantly
compared to birds without PTTs attached (Charrassin
& Bost 2001, C. A. Bost unpubl. data). During winter,
i.e. when food availability is much reduced, the effect
of the instruments on penguins foraging appears more
important, as indicated by data from other species of
penguins (Pitz et al. 2000, Davis et al. 2001). The
adverse responses observed in terms of trip duration
and colony desertion can result from the cumulative
effects of a higher foraging cost and endocrine
response to stressful conditions, inducing a decrease in
parenting behaviour (Wingfield 1993). Although the
PTTs certainly had a negative effect on the foraging
behaviour of equipped king penguins, it seems un-
likely that their general migratory path would have
been radically affected. Previous studies using minia-
turized Global Location Sensors have also suggested
that king penguins from Heard (53°05'S, 73° 30" E) and
Crozet Islands swim south to 63-65°S (Moore et al.
1999, Piitz et al. 1999).

The extensive use of the MIZ indicates that the pen-
guins had access to a higher prey availability than in
the polar frontal zone where the penguins forage in
summer (Bost et al. 1997). Myctophid fish constitute
the main prey of king penguins (e.g. Cherel et al.
1993). During winter, these fish are found at a much
greater depth in the polar frontal zone (i.e. 49 to 53°S)
than in summer (Koslov et al. 1991). In contrast, several
myctophid species have been recorded in substantial
numbers during winter and spring in the MIZ (Scotia
Sea), with a trend of increasing biomass moving south
to north in the region, followed by a drop north of 58°S
(Torres et al. 1984). The northern part of the MIZ coin-
cides precisely with the main foraging habitat of king
penguins during winter. The fish biomass peak ob-
served there corresponds to a pronounced marine pro-
ductivity in the northern part of the MIZ. The primary
and secondary productions are generally greater at
the pack ice than in open waters because of physical
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features such as a more stable water column and a
decrease in turbulence (Knox 1994).

In the MIZ, Electrona antarctica and Gymnoscopelus
braueri constitute the dominant myctophid fish in
the upper 500 m of the water column during winter
(Lancraft et al. 1991). There, they exhibit vertical diel
migrations as in the other localities of their range
(Duhamel et al. 2000). However, the daytime depth of
distribution of E. antarctica and G. braueri is between
500 and 1000 m (Lancraft et al. 1991), i.e. beyond the
king penguin's diving range (maximal diving depth
440 m, J. B. Charrassin & C. A. Bost unpubl. data).
During the night, these fish are distributed between
depths of 0 and 300 m (Lancraft et al. 1991). King pen-
guins are primarily visual foragers (Wilson et al. 1993,
Bost et al. 2002) and they forage mainly from dawn to
dusk especially during winter (Charrassin et al. 2002).
One can, therefore, hypothesize that king penguins
foraging in the MIZ can catch these prey mostly at
dawn, when the descent migration occurs. Such lim-
ited access to myctophids raises the question of a pos-
sible dependence on other prey species, such as krill
Euphausia superba. Indeed, E. superba is the only
potential prey species to inhabit the mixed layer at all
times of the day (Lancraft et al. 1991). The depth range
actively exploited by king penguins during winter lies
between 200 and 250 m (Charrassin & Bost 2001), pre-
cisely overlapping the depth range of E. superba. Also,
E. superba massively migrates to the upper 0 to 200 m
at night, providing most of the biomass of macro-
zooplankton and micronekton (56 %), in contrast to
E. antarctica (8.5%, Lancraft et al. 1991). Penguins
would, therefore, be able to catch krill during
their descent phase at dawn, when these prey are
detectable.

During summer and autumn, the northern limit of
the Euphausia superba distribution (59°S in the South
Indian Ocean sector, Pakhomov 2000) is not accessible
to the shorter foraging range of king penguins that
feed chick (Charrassin & Bost 2001). No diet data
are available for king penguins foraging in Antarctic
waters. The congeneric Emperor penguin Aptenodytes
patagonicus relies partly on krill when foraging in
winter (Kirkwood & Robertson 1997) but whether or
not king penguins rely partly on krill when foraging in
Antarctic waters remains to be determined. The forag-
ing distribution of king penguins during winter, as
determined by satellite tracking, overlaps with that of
juvenile emperor penguins that travel as far north as
57°S (Kooyman et al. 1996). The 2 species may thus
forage for the same prey. However, the standing stocks
of fish and euphausiid biomass in the MIZ are rela-
tively high compared to other oceanic areas (Weddell
and Scotia Sea regions) and vary little seasonally
(Lancraft et al. 1991), preventing potential competition

for the same food resource. To conclude, the strategy of
travelling towards the MIZ during winter ensures that
the king penguin has access to predictable feeding
areas at a time when food availability is low in the
polar frontal zone. Foraging studies based on the use of
stable isotopes (Cherel et al. 2000) and feeding activity
recorders on individually tracked penguins are still
necessary to better identify the trophic niche of these
subantarctic predators during winter.
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