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Abstract ARGOS satellite telemetry and Global Loca-
tion Sensors (geolocators) were used to identify the moult
locations and the winter foraging dispersal of Adélie pen-
guins after they left their breeding colonies on Signy Island
in the South Orkney Islands. Animals were tracked
during the period December 2004 to October 2005.
All birds displayed a similar pattern of migratory behav-
iour, remaining away from colonies for approximately
9 months, at distances of up to 2,235 km. Moult locations
were within the pack ice. Mean daily travel speeds to the
moult locations were significantly faster when moving
through open water than through pack ice. Moult occurred
during February/March within a narrow latitudinal range
(65-71°S), at a mean distance of 126 km from the ice edge;
the mean duration of individual moult was c. 18.6 days.
After moult, penguins spent the subsequent winter months
moving north or north-eastward within the expanding
winter pack ice, at a mean distance of 216 km from the ice
edge, and in areas with ice cover >80%. The penguins
returned to the vicinity of their colony between September
26 and October 22, 2005. This dependence of Adélie
penguins on sea ice habitat suggests that any further
reductions in sea ice extent in the Weddell Sea region
would potentially have important impacts on the popula-
tion processes of this pagophilic species.
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Introduction

Numerous studies from the West Antarctic Peninsula and
the Scotia Sea have provided strong evidence for recent,
rapid, regional warming across the sector, with conse-
quent reductions in seasonal sea ice (Murphy et al. 1995;
Vaughan et al. 2001; Gille 2002; Cook et al. 2005; Clarke
et al. 2007; Ducklow et al. 2007; Stammerjohn et al. 2008a,
2008b). Further, variations in the timing of sea ice cover-
age have been linked to physical forcing driven by the El
Nifio-Southern Oscillation (ENSO) and Southern Annular
Mode (SAM) (Yuan and Martinson 2000; Yuan 2004,
Turner 2004; Stammerjohn et al. 2008b). Indeed, this
environmental perturbation is now thought to be generating
ecological responses in numerous species, including Ant-
arctic penguin populations (Croxall et al. 2002; Smith et al.
2003; Forcada et al. 2006; Forcada and Trathan 2009).
This situation supports assertions that penguin popula-
tion size can be used as an indicator of ecosystem change
(Fraser et al. 1992; Croxall et al. 2002; Hinke et al. 2007,
Boersma 2008; Forcada and Trathan 2009). Long-term
population studies of Adélie penguins (Pygoscelis adeliae)
breeding at Signy Island in the South Orkney Islands have
shown an irregular annual decline in numbers over the
period 1987-2010 (BAS unpublished data), in parallel with
regional warming and reduction in the seasonal sea ice
(Forcada et al. 2006, 2008; Turner et al. 2009). Thus, as
penguin population size and reproductive performance are
known to be related to sea ice, weather and oceanographic
conditions (Trathan et al. 1996; Forcada and Trathan
2009), understanding how they utilize their environment
and available resources is critical. Indeed, if we are to
understand penguin population processes, we need a
mechanistic understanding of their interactions with their
habitat, rather than simply a correlational analysis.
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As a true Antarctic species, the distribution of Adélie
penguins is closely linked with sea ice (Lishman 1985;
Ainley et al. 1994; Kerry et al. 1995; Trathan et al. 1996;
Croxall et al. 2002; Clarke et al. 2003; Lynnes et al. 2004;
Ballard et al. 2010), and studies have indicated that winter
conditions are a key driver for certain population processes
(Trathan et al. 1996; Jenouvrier et al. 2006; Hinke et al.
2007; Ballard et al. 2010). In particular, Adélie penguins
are associated with the marginal ice zone (MIZ), which
typically extends for c¢. 100 km from the edge of the pack
ice (Croxall et al. 2002). In winter, Adélie penguins are
thought to feed on small fish and Antarctic krill Euphausia
superba, the latter also being one of the key summer diet
species in the West Antarctic Peninsula and Scotia Sea
(Ainley et al. 1994, 1998). The population dynamics of
Antarctic krill are also influenced by environmental con-
ditions, including annual change in sea ice extent and
duration (Quetin and Ross 2001, 2003; Atkinson et al. 2004,
2008; Murphy et al. 2007), so information on their biomass
and distribution is of major importance in understanding
penguin population trajectories in the West Antarctic Pen-
insula and Scotia Sea sectors (Lishman 1985; Fraser and
Hofmann 2003; Lynnes et al. 2004; Forcada et al. 2006;
Hinke et al. 2007). Consequently, knowledge of the winter
foraging distribution and behaviour of Adélie penguins
is important if the relationships between sea ice, prey
abundance and population mechanisms, together with
climate-mediated change, are to be properly understood.

Although there are a number of studies examining the
summer foraging range of Adélie penguins (e.g. Kerry
et al. 1995; Clarke et al. 1998, 2003; Wienecke et al.
2000; Lynnes et al. 2002), until recently little was known
about the winter movements of this species (Ballard et al.
2010). Previous studies have deployed ARGOS satellite
transmitters (Platform Transmitter Terminals or PTTs) on
small numbers of adult and fledgling Adélie penguins to
investigate their post-breeding dispersal (Kerry et al.
1995; Davis et al. 1996, 2001; Clarke et al. 2003) but
limited battery life and the need to attach such devices to
feathers which are subsequently shed at moult has meant
that complete movement over the winter period cannot be
documented. In recent years, however, technological
advances have resulted in the production of miniature
Global Location Sensor (GLS) loggers; battery-powered
devices that enable the movements of seabirds to be
tracked on a year round basis (Phillips et al. 2004; Bost
et al. 2009; Ballard et al. 2010).

This study involved the deployment of both PTTs and
GLS loggers to determine the at-sea winter dispersal of
post-breeding adult Adélie penguins at Signy Island, South
Orkney Islands. The aim was to identify the key habitats
used by this species during the non-breeding period.
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Materials and methods
Sea ice concentration and extent

Regional daily sea ice concentration maps at 6.25 km
resolution, calculated with the ARTIST Sea Ice (ASI)
algorithm using AMSR-E (Advanced Microwave Scanning
Radiometer) data (Spreen et al. 2008), were obtained
from the Institute of Environmental Physics at Bremen
University (http://iup.physik.uni-bremen.de:8084). Daily
and monthly composite maps of marginal sea ice extent in
the Weddell Sea area, corresponding to 15% ice concen-
tration, were derived from the daily images.

Study site and species

The study was carried out on Adélie penguins breeding at
Gourlay Peninsula and North Point, Signy Island, South
Orkney Islands (60°42’S, 45°36'W, Fig. 1). Approximately
16,900 pairs of Adélie penguins breed on Signy Island, of
which 10,200 and 4,600 pairs breed on the Gourlay Pen-
insula and at North Point, respectively (BAS unpublished
data 2006).

Deployment of devices

During the late créche period (December 17, 2004—January
17, 2005), five adult Adélie penguins were captured at
North Point, immediately after feeding their chicks. We
attached one of two types of PTT to the lower medial
portion of the back of each penguin using Tesa® tape,
plastic cable ties and two part quick-set epoxy resin, using
methods similar to those of Wilson et al. (1997). PTTs
were either KiwiSat 101 transmitters (125 x 43 x 20 mm,
107 g) or KiwiSat ST10 transmitters (135 x 32 x 18 mm,
107 g). All PTTs were hydrodynamically shaped to reduce
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Fig. 1 Map showing the location of the study site
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drag (Culik et al. 1994). Each was set to transmit every
45 s and was equipped with a saltwater switch. These
switches stop the instrument from transmitting after a 3-h
period out of water (a means of conserving battery power)
and only reactivate after re-submergence. Following the
attachment procedure, the penguins were released close to
their nest sites. All devices were lost during the moult.

During the late créche period, we also deployed 54
combined Global Location Sensor (GLS-immersion) data
loggers (Afanasyev 2004) on adult Adélie penguins cap-
tured immediately after feeding their chicks at Gourlay
Peninsula. We used 15 MK4 (25 x 21 x 7 mm, 5 g) and
39 MK3 (22 x 19 x 12 mm, 9 g) loggers which were
secured by metal cable tie to plastic leg bands fitted to the
tarsus. Care was taken to ensure that there was sufficient
freedom of movement to prevent constriction of the leg by
the band or abrasion of the skin. GLS devices were
recovered during the brood guard and créche periods the
following breeding season.

Location data analysis

PTT location data were obtained from the ARGOS system.
Following the approach adopted in previous studies
(Barlow and Croxall 2002; Lynnes et al. 2002), only PTT
fixes of ARGOS Location Class (LC) 3, 2, 1 and O were used,
corresponding to a radius of error of better than 1,500 m
for LC 1-3 and over 1,500 m for LC 0 (www.argos-
system.org). An iterative filter (McConnell et al. 1992) was
applied to remove unlikely locations based on a maximum
travel speed of 8 km h™' (Ainley 2002). The validated
fixes of LC 1-3 were then used in the calculation of
cumulative travel distance and maximum distance from the
colony for each bird. Due to the considerable levels of
variability in the interval between fixes, a single fix per day
(the fix closest to midnight) was used to compute overall
daily travel speeds for comparison between birds, and for
comparison during periods when the entire day was spent
within sea ice (>15% ice concentration) or entirely in open
water.

The GLS loggers measured the intensity of visible light
every minute and tested for saltwater immersion every
three-seconds. At the end of each 10-min period, the
maximum (truncated) light reading and the sum of posi-
tive saltwater tests (between 0 and 200, where O indicates
that the logger was always dry and 200 that it was always
wet) were recorded (Afanasyev 2004). Light level data
were processed following the approach of Phillips et al.
(2004). The times of sunrise and sunset were determined
from thresholds in the light curves and converted to
location estimates using TransEdit and BirdTracker
(British Antarctic Survey, Cambridge, UK); latitude was
derived from day length and longitude from the time of

local noon. Obvious interruptions to the light curves
around dawn and dusk were noted during processing and
the resulting locations were later excluded if obviously
erroneous. During the equinoxes (20 March-22 September),
it is difficult or nearly impossible to estimate latitude using
this method, so locations were unavailable for up to
4 weeks around these times. The mean accuracy of
the GLS loggers has been shown to be around 186 km
(Phillips et al. 2004) and, although the location data are
highly effective for tracking large scale migration, calcu-
lations of distance and velocity should be considered as
approximate.

Plots of immersion data allowed for the easy identifi-
cation of long periods when the loggers were continuously
dry, indicating that the bird was on ice or on dry land. In all
cases, there was an extended dry period during February
and March that we assumed to indicate the moult. As there
was considerable interference in light data collected during
this period, presumably because birds were sitting on the
logger or feathers were obscuring the sensor, few valid
locations were obtained. The moult location for each
penguin was therefore estimated from between 1 and 7
(mean of 3, n = 19) locations collected immediately prior
to, during, or following this period.

Weekly location estimates (the average of all valid
locations) were used in calculations of the maximum
distance travelled from the colony, travel speed, mean
distance from the ice edge (indicated by the 15% contour
for the mid-week daily sea ice map) and ice concentration
(the mean value of all cells within a circle of radius 50 km
for the mid-week daily sea ice map). Mean values for these
parameters are presented for birds for which we have
complete GLS tracks from April to August (n = 15); val-
ues from all appropriate weekly locations were used for the
monthly estimates. The mean distance from ice edge and
ice concentration for each moult location was averaged
from the values calculated for each week of the 3-week
moult period.

Most phenological information (departure from the
colony, start of return migration, arrival in the vicinity of
the colony etc.) were derived from the geolocation data
(from longitude only, if latitudes were unavailable because
of the equinox). Exceptions to this were the onset and
completion of moult and the first night spent on land (i.e.
return to the nest site), which were based on the immersion
data. No personnel were present on Signy Island during
September—October 2005 preventing direct observation of
returning birds.

Great-circle distances were used for all distance calcu-
lations, and statistical calculations were performed using
Minitab®14.1 Statistical Software for Windows (www.
minitab.com). Results are presented as means + SD unless
otherwise stated.
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Results
Sea ice extent

Regional seasonal sea ice was at its minimum extent in
February 2005, and restricted to the western Weddell Sea
south of 63°S and west of 32°W. In mid-March, the ice in
the Weddell Sea began to extend northward and eastwards,
joining with the seasonal sea ice spreading northwards
from the continent, until it reached 60°S by mid-May.
Northward expansion was maintained during the sub-
sequent months and the sea ice reached its maximum
extent, at approximately 56°S, in mid-September.

Satellite-tracking

Migration tracking data were obtained from all five PTTs
although the track for bird 5 was partial (no locations were
obtained for the first 7 days after the bird departed the
colony, on January 28, 2005, and the instrument ceased to
transmit after 12 days). The other four penguins departed
the colony between December 25, 2004, and January 3,
2005, and were tracked for an average of 49 days
(Table 1). As they travelled south, these four penguins
encountered a band of sea ice at approximately 63°S at
which they took a more easterly route as they travelled
along and then through the northern edge of the ice
(Fig. 2a). Once in open water again their tracks converged
and all five birds entered the main pack at approximately
67.5°S within a narrow longitudinal range (43.7-41.4°W,
mean 42.4°W, Fig. 2b). The birds continued south through
the eastern edge of the ice until a prolonged period out of
water and/or battery failure caused the instruments to cease
transmission.

During the tracking period, birds travelled between
823 and 2,172 km, at a mean daily travel speed of

342 + 25.5 km d_l, to reach locations at a mean maxi-
mum distance of 1,000 km from the colony (Table 1). All
birds achieved travel speeds of over 100 km per day within
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Fig. 2 Routes of five Adélie penguins (1 partial), tracked using
PTTs, from Signy Island during the post-breeding winter dispersal
(December 2004-February 2005) overlaid on representative ice
concentration maps for the a early (9 January 2005) and b latter
(6 February 2005) stages of the journey

Table 1 Trip characteristics of 5 adult Adélie penguins tracked using PTTs from North Point, Signy Island

Bird Departure Last Trip Total Max. Travel speed Open water travel Within ice travel
date transmission duration distance  distance (km d_l) speed (km d_l) speed (km d™h
date (d) tracked from colony
(km) (km)
1 03/01/ 15/02/2005 43 2,130 827 32.0 + 284 40.8 + 35.6 (2.2-113.0) 20.7 + 9.7 (3.2-30.4)
2005 (2.2-113.0) (n = 43) (n =22) n=29)
2 28/12/ 25/02/2005 59 1,712 1,093 313 +21.3 46.8 + 30.9 25.5 + 16.2 (4.7-56.1)
2004 (4.7-103.4) (n = 41) (10.9-103.4) (n = 10)  (n = 23)
3 26/12/ 17/02/2005 53 1,869 979 26.7 + 21.6 39.0 £+ 28.1 (7.7-122.8) 23.5 £ 18.9 (2.5-55.9)
2004 (2.5-122.8) (n = 52) (n = 15) (n=19)
4 25/12/ 07/02/2005 44 2,172 1,309 423 £ 243 49.1 + 29.1 (4.9-102.0) 35.1 &+ 21.1 (3.9-61.2)
2004 (3.9-102.0) (n = 39) n=11) (n = 22)
5 28/1/ 09/02/2005 12 823 791 38.5 + 33.6 (4.6-76.3) 47.0 £ 32.1 (11.7-76.3) 46 (n=1)
2005 (n=25) n=4)

Travel speeds are mean £ SD with range in parenthesis
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Fig. 3 Moult locations of 19

adult Adélie penguins from
Signy Island overlaid on a
representative ice concentration
map for the mid-moult period
(mean of daily maps for 21
February, 28 February and 7
March 2005)
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a few days of their departure from Signy Island (excluding
bird 5 for which there are no data). Daily travel speeds
were significantly faster when moving through open water,
compared to sea ice (Kruskal-Wallis Test H1 = 9.62,
P <0.05, median = 33.6 = 31.0 km d~' open water,
21.8 &+ 18.5 km d~! within sea ice).

Global location sensor tracking

During November and December 2005, 28 (52%) of the
penguins that had been fitted with GLS loggers were
recaptured and 21 loggers were recovered; seven birds had
lost their logger and only the leg band remained. 20 GLS
loggers downloaded successfully, although the data were
incomplete in six cases, and one device was found to have
completely failed. Twenty-three of the 28 penguins showed
evidence of skin abrasion and in some cases feather loss
caused by the bands.

Birds departed the colony between January 12 and
February 4, 2005 (mean 24 January, n = 18). Their route
south overlapped the migratory route taken by the five
PTT-tracked Adélie penguins and their average travel
speed from the point of departure to the estimated moult
location was similar (31 + 10 km dfl). Penguins started
their moult approximately 4 weeks after departing the
colony (mean start date 19 February, range 7 February-3
March, n = 19) and completed it in 18.6 & 1.6 days
(range 15-22). All birds moulted on the pack ice at loca-
tions between 65-71°S and 41-50°W, at a mean distance
of 888 £ 153 km (range 538-1,081 km) from Signy Island
(Fig. 3). During this period, birds were on average
126 £ 45 km from the ice edge in areas of very high ice
concentration (93.7 £ 7.2%).

During the winter months (April to August), all pen-
guins moved north or north-eastward and were mostly
(93% of 286 weekly GLS locations) located within the

40°W

advancing sea ice but not in the MIZ in general (Fig. 4);
although in the case of four birds, activity data combined
with GLS locations suggested that these individuals spent a
limited period of time in open water to the north—east of the
ice edge (mean period of 16 days, range 3-28 days,
between March 29 and May 7, 2005, Fig. 4a). Considering
only the complete tracks during this period (n = 15), on
average, penguins travelled at 109 4 23 km week ' and
were found 216 + 133 km from the ice edge in areas of
high sea ice concentration (87.8 £ 10.5%). There was no
significant monthly difference in distance of the penguins
to the ice edge between April and August (Kruskal-Wallis
Test H4 = 3.84, P = 0.428, Table 2). However, during
the same time period, there was a significant monthly
decrease in the median sea ice concentration in the
area occupied by the penguins (Kruskal-Wallis Test
H4 = 35.88, P < 0.05, Table 2) and a significant monthly
difference in penguin travel speeds (Kruskal-Wallis Test
H4 = 11.14, P < 0.05); the fastest median travel speeds
were attained in August (105 £ 77 km week_l) and the
slowest median travel speeds in May (74 + 80 km week ™ ').
Between April and August, there was considerable variation
in the location of penguins; four birds were within 600 km of
their colony and six birds were more than 1,000 km from
their breeding site. By the end of August, birds were widely
dispersed in the Weddell Sea, their range extending east to
6°W and north to 56°S, although most individuals (80%)
remained west of 25°W.

Birds started their return migration during August and
September (mean September 9, 2005, n = 12). Travel
speeds during the return west to the colony tended to be
greater than during their initial journey south to the moult
location (41 £ 15 km d~' compared to 31 £ 10 km d™"),
although this was only marginally statistically significant
(ANOVA F 57 =4.2, P =0.05), possibly because of
the low sample size. All penguins returned to the vicinity
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Fig. 4 Distribution of adult Adélie penguins tracked from Signy
Island (shown as a white star) during the winter 2005 migration:
a April, b May, ¢ June, d July and e August. Also shown are the
approximate locations of the southern boundary of the Antarctic
Circumpolar Current (ACC) and the southern ACC front (SACCB
and SACCEF, respectively), reproduced from Orsi et al. (1995)

of the colony between 26 September and 22 October (mean
return date 9 October, n = 12, based on GLS data) and
spent their first night on land between 8 and 31 October
(mean date 19 October, n = 14, based on immersion data),
almost 9 months after departing the colony. There was
no significant relationship between distance from col-
ony and start date of return journey (regression analysis
Fi10=0.87, P =0.373). The mean maximum distance
travelled from the colony was 1,092 & 371 km (max.
2,235 km).

Discussion

This study shows that all the post-breeding Adélie penguins
that were tracked wintered within the sea ice, travelling
distances of between 538 and 1,081 km south of the South
Orkney Islands to reach their moult locations. Taking into
account the total distances these penguins continued to
travel during the rest of the winter before finally returning
to their breeding colonies on Signy Island (a mean maxi-
mum distance from Signy Island of 1,092 km), it is clear
that Adélie penguins are capable of travelling considerable
distances during the winter, a result also found by previous
studies (Davis et al. 1996, 2001; Clarke et al. 2003; Ballard
et al. 2010).

Device attachments to diving birds are known to affect
aspects of swimming (Wilson et al. 1986, 1997, 2002;
Culik and Wilson 1991; Culik et al. 1994). However, the
potential influence of our devices on the behaviour of the
penguins we tracked is unlikely to be important. Long-term
deployment of large tags may have cumulative impacts on
behaviour; however, our PTT deployments were relatively
short (maximally 59 days after which the devices were lost
during moult). In support of this premise, we note that,
during the period for which we have comparable tracking
data, the movements of all birds carrying PTTs closely
resembled those of birds carrying the much smaller GLS
tags.

Adélie penguin survival rates vary with gender and age,
but are normally between 81 and 97% (Williams 1995;
Ainley et al. 1983). Their breeding status in consecutive

Table 2 Winter migration

Ice concentration (%)

Travel speed
(km week™ I)

characteristics of adult Adélie Month Dlstacrllce tl(()
penguins tracked using GLS ice edge (km)
loggers from Gourlay Peninsula, April 173 + 104 (46)
Signy Island in 2005

May 242 + 194 (63)

June 232 4 183 (58)
Data are means & SD with July 212 + 160 (67)
sample size (number of weekly August 181 + 156 (45)

GLS locations) in parentheses
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93.7 4 8.3 (46)
90.3 + 16.9 (63)
89.1 & 15.1 (58)
86.8 £ 17.4 (67)
76.7 £ 23.5 (42)

126 + 78 (35)
100 £ 80 (63)
124 + 88 (56)

84 £ 52 (62)
115 &= 77 (44)
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years (year n and year n + 1) also varies; for males con-
secutive breeding is above 74%, and for females it is above
82% (Ainley et al. 1983). Expected GLS recovery rates for
Adélie penguins should therefore vary between 59% (for
returning males that do not breed and do not remain near to
the nest site) and 97% (for returning birds that breed)
(Williams 1995).

In our study, we only recovered 28 (52%) devices,
marginally less than the minimum expected return rate.
However, the seven birds that were recovered with missing
GLSs were only identified by their leg bands, and this with
difficulty, due to leg feathers covering the bands. Conse-
quently, it is probable that some of the GLS-equipped birds
that were not recovered may have been present at their
colonies, but that they remained unobserved. The recovery
rate is approximately similar to that reported by Ballard
et al. (2010) for devices that were retrieved still functioning
(42%).

All study birds displayed a similar migratory behaviour,
travelling southward from Signy Island to the edge of the
sea ice. Each logger recorded an extended dry period
during February and March, at a mean distance of 126 km
from the ice edge within a narrow latitudinal range of
66-70°S, suggesting that this is the locality where penguins
underwent their post-breeding moult (Penney 1967; Ainley
2002). Most Adélie penguins are known to moult on sea ice
and not on land (Ainley 2002; Ballard et al. 2010). Con-
sequently, stable sea ice in this region on an annual basis is
likely to be an important resource for moulting Adélie
penguins. Further, Kooyman et al. (2000) also noted that
Emperor penguins (Aptenodytes forsteri) moulted on sea
ice in this sector of the Weddell Sea. Thus, this region
within the Weddell Gyre may be important for a variety of
species in autumn. Sea ice concentration is known to be
changing in this region (Turner et al. 2009).

All study birds spent the subsequent post-moult winter
months within the expanding sea ice, in areas of similar ice
concentration (>80%) to those of penguins in the Ross Sea
region (75-85%; Ballard et al. 2010). All penguins in our
study occupied a narrow boundary region, on average
216 km from the ice edge. This was a similar distance to
the areas used by wintering penguins in the north western
Weddell Sea (Ainley et al. 1993) but less than the 500 km
distance from ice edge reported for penguins in the Ross
Sea (Ballard et al. 2010). No birds returned to their colo-
nies during winter, all remaining continuously at sea until
September/October, a period of approximately 7 months
after the end of the moult in February/March. The large
variation in dispersal distance during this period may
reflect differences in extrinsic influences, in particular the
speed and direction of ice advance in that region, or
intrinsic factors such as age, quality or preferences of
individuals (Phillips et al. 2005, 2006).

We found that penguins travelled more slowly whilst
moving through sea ice than when travelling through open
water. We suggest that this may result because of a number
of reasons: (a) penguins may be actively foraging whilst
travelling through ice—sea ice being their preferred forag-
ing habitat (Kerry et al. 1995; Davis et al. 1996, 2001;
Clarke et al. 2003)—causing them to travel more slowly;
(b) penguins may have difficulty in negotiating ice flows
and may have to take a circuitous route; (c) birds may
spend some of their time travelling out of water, walking
over dense pack ice; or, (d) penguins may actively avoid
apex predators such as leopard seals by hauling out on ice
floes. Although only marginally statistically significant, the
mean travel speeds tended to be greater for individuals
during the return journey to Signy Island, compared with
those recorded during the outward migration. After birds
leave their colony they need to rebuild their reserves after
the breeding season and prior to their moult when they will
undergo considerable physiological demands (Penney
1967; Williams 1995). Increased foraging effort therefore
potentially results in a reduction in penguin travel speed; a
similar result has also been noted previously by Wilson
(1995).

During the time period that penguins begin to move away
from their colonies (approximately late December to early
February), day length shortens; this cue has been suggested
to be the stimulus that Adélie penguins use to initiate post-
breeding migratory behaviour (Ainley 2002; Ballard et al.
2010). Conversely, the return migration is also thought to be
initiated by a lengthening of the photoperiod in many high
latitude bird species (Murton and Westwood 1977; Ainley
2002). Thus, all penguins begin their return journey towards
Signy Island around the approximate time of the spring
equinox (August/September).

Previous work has shown that Adélie penguins feed on
krill, fish and cephalopods during winter months in the
Scotia-Weddell Confluence region (Ainley et al. 1992), and
consequently rely upon successful krill recruitment
(Croxall et al. 1988; Murphy et al. 2004). Antarctic krill
may be found at high concentrations near the ice edge in
winter (Marschall 1988; Tynan 1998; Nicol et al. 2000).
Further, krill have also been located under winter sea ice
(Marschall 1988; Daly and Macaulay 1991), with the
highest concentrations found within 200 km of the outer
edge of the pack (Daly and Macaulay 1991; Brierley et al.
2002). As such, it is plausible that the high concentration of
prey in the outer edge of the pack would explain the pen-
guins’ preference for this zone.

Adélie penguin movements throughout the winter
months appeared to be very closely related to the distri-
bution of sea ice, a point noted previously by many authors
(Ainley et al. 1998; Davis et al. 2001; Clarke et al. 2003;
Ballard et al. 2010), and also noted from ship-based
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observations (Ainley et al. 1993, 1994; Fraser et al. 1992;
Van Dam and Kooyman 2004). During the middle of the
winter (April to August), all of our GLS study birds moved
north or north-eastward staying approximately at the edge
of the expanding sea ice. Our result therefore confirms
earlier assertions that this habitat is preferred (Joiris 1991;
Ainley et al. 1993, 1994).

We suggest that Adélie penguins breeding in the South
Orkney Islands have a common winter dispersal strategy,
moving first southward to moult locations within the sea
ice, before moving northwards with the advance of the
pack. Certainly, all penguins travelled in a common
direction and occupied a broadly similar latitudinal band of
sea ice. This suggests the possibility of Adélie penguins
from Signy Island sharing a common moulting location and
winter feeding ground. Similar assertions have also been
suggested for Adélie penguins breeding in the Ross Sea
(Davis et al. 1996, 2001; Ballard et al. 2010) and East
Antarctica (Kerry et al. 1995; Clarke et al. 2003).

This study provides the first indication of both the moult
locations and winter dispersal of Adélie penguins for this
sector of the Antarctic. The clear dependence of Adélie
penguins on sea ice for both moulting and foraging means
that any further reductions in either sea ice distribution
or concentration, resulting from climate change, would
potentially impose increased pressure upon these popula-
tions (Forcada et al. 2006; Hinke et al. 2007; Forcada and
Trathan 2009). Predicted future declines in krill numbers in
the Scotia Sea, associated with more frequent warm periods
and the shorter duration of winter sea ice (Quetin and Ross
2001, 2003; Atkinson et al. 2004, 2008; Murphy et al.
2007) may reduce birds’ abilities to rebuild body reserves
in time for the succeeding breeding season. Continued
future declines in breeding success and over-winter sur-
vival are likely consequences (Fraser and Hofmann 2003;
Smith et al. 2003; Lynnes et al. 2004; Forcada et al. 2006;
Forcada and Trathan 2009). Further research will be nec-
essary to determine whether or not Adélie penguins con-
sistently utilize the same migratory routes and wintering
grounds in different years. Such knowledge will be nec-
essary to predict the vulnerability of Adélie penguins in
this region, both now and into the future.
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