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ABSTRACT: How top avian predators are distributed at sea during the inter-breeding period remains
poorly known. Here we focused on the pelagic seabird that is the single greatest avian consumer of
marine resources: the macaroni penguin. Our aims were (1) to investigate where these penguins are
distributed whilst at sea during winter, and (2) to determine how their distribution and trophic ecol-
ogy varies in 1 colony between successive years and between 2 colonies from neighbouring localities
at the same time. We surveyed a total of 30 penguins from Crozet and Kerguelen Islands (southern
Indian Ocean). Penguins from Kerguelen were tracked in 2006 and 2007, and those from Crozet in
2007. Habitat use was investigated using miniaturised light-based geolocators, and trophic ecology
by the use of stable isotope analyses. Results showed large-scale patterns of distribution over deep
oceanic waters of the Polar Frontal Zone characterised by a temperature of 3.0 to 3.5°C during July.
Birds from Kerguelen had a consistent inter-annual winter distribution at the population level. Birds
tracked from Crozet were distributed in distinct areas, separate from the birds from Kerguelen.
Trophic ecology (blood §'°N value) was very similar between years and colonies, and indicated that
these penguins preyed upon low trophic level prey, most probably swarming crustaceans, at the end
of winter. We conclude that inter-annual fidelity in winter habitat provides evidence of highly
favourable and predictable foraging areas, while the distinct inter-colony distributions suggest very
heterogeneous distribution of profitable feeding areas for this species in the southern Indian Ocean.
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INTRODUCTION

For over 2 centuries, marine predators and their
planktonic prey have been a major focus in attempt-
ing to describe and understand pelagic ecosystems
(Hardy 1936, Murphy 1936). These 2 trophic groups
provide complementary approaches into marine sys-
tems, with different insights deriving from different
ends of the pelagic food web. For example, even
before the existence of satellite-derived data, marine
predators were used as cues or bio-indicators to eval-
uate the biological productivity of certain pelagic
areas, with implications for both oceanography and
fishing (Pocklington 1979, Furness & Camphuysen
1997). Today, surface indicators gained from satellite
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remote sensing are generally recognised as extremely
valuable to such studies of oceanography and fishing
(e.g. Behrenfeld & Falkowski 1997, Grémillet et al.
2008). However, all such proxies suffer from a number
of drawbacks under certain conditions (see Timmer-
mans et al. 2008 and references therein), and many of
these adverse conditions are particularly concentrated
in the winter period. Therefore, using pelagic preda-
tors may be a unique opportunity to reveal high-seas
productive foraging areas that are available during
winter (Bost et al. 2004).

The activity schedules of most land-based marine
predators are unconstrained by the nutritional status of
either their mate or their offspring during winter
(Phillips et al. 2005). During this period, these animals
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no longer behave like central-place foragers, and their
winter movements may therefore better reflect the
large-scale spatial distribution of predictable foraging
areas according to the theory of ideal-free distribution
(Fretwell & Lucas 1969). The use of electronic devices
deployed on marine animals to track their at-sea
movements has considerably increased our knowledge
of pelagic ecosystems (see review by Ropert-Coudert
& Wilson 2005). More recently, even the more
challenging winter inter-breeding period is becoming
better understood, thanks to device miniaturisation
and technological advances (Grémillet et al. 2000, Bost
et al. 2009, Ballard et al. 2010, Egevang et al. 2010).

In the present study we focused on the single largest
marine consumer among seabirds: the macaroni pen-
guin Eudyptes chrysolophus (Brooke 2004). We evalu-
ated whether the winter foraging areas available to
these predators when free from breeding constraints
were (1) predictable between successive years, and (2)
distributed homogeneously. Penguins are difficult to
reliably monitor through direct observation during at-
sea surveys due to their short surface time and low pro-
file above the sea surface, which make them cryptic
organisms when foraging. Understanding their at-sea
distribution and investigations of their feeding habits
over long temporal scales (months) has therefore
required technological advances and miniaturisation.

To address our principal hypotheses, we used move-
ment data collected using miniaturised electronic
geolocation devices, together with ecotrophic interac-
tion data using stable isotope analyses. The combina-
tion of the 2 methods was tested on macaroni penguins
from the Kerguelen Islands in winter 2006 and proved
to be successful (Bost et al. 2009). This allowed us to
compare the at-sea distribution, habitat use and
trophic ecology of wintering birds from the same local-
ity between 2 successive years, and between 2 neigh-
bouring localities during the same year. Seabirds from
the same colony generally exhibit a highly coherent at-
sea distribution within years and foraging site philo-
patry between years (Phillips et al. 2005, Trathan et al.
2006), often resulting in better food localisation and
exploitation (Ward & Zahavi 1973, Clark & Mangel
1984), perhaps due to cultural effects (e.g. Grémillet
et al. 2004). Conversely, conspecifics from different
colonies often show divergent patterns (Grémillet et
al. 2004, Trathan et al. 2006). Our first prediction was
that a constant ecological niche is targeted by these
animals. We therefore investigated their foraging
habitat using available environmental variables and
information about the trophic ecology of these popula-
tions during winter. Our second prediction was that
parapatric birds may exhibit a mutually exclusive
spatial distribution in order to mitigate high levels of
potential intraspecific competition. Therefore, tempo-

ral and spatial variation in the distribution of penguins
should reveal site philopatry between successive
years.

MATERIALS AND METHODS

Study sites and species. Macaroni penguin colonies
were studied at Kerguelen and Crozet, 2 archipelagos
situated 1400 km apart in the southern Indian Ocean.
Together with the neighbouring Heard Island, these
islands are the main breeding localities known for this
species in the southern Indian Ocean (ca. 1 to 1.8 mil-
lion pairs each, BirdLife International 2010). This
region is strongly influenced by the Antarctic Circum-
polar Current, flowing eastward and including a latitu-
dinal succession of oceanographic fronts (e.g. Belkin &
Gordon 1996, Park et al. 2009). In this study, we
focused on 4 of them (from north to south): the Sub-
tropical Front (delimited here by its southern limit,
SSTF), the Subantarctic Front (SAF), the Polar Front
(PF) and the southern boundary of the Antarctic Cir-
cumpolar Current (SACC). These boundaries delimit
4 main water masses in the studied area (from north to
south): the Subtropical Zone (STZ, north of the SSTF),
the Subantarctic Zone (SAZ, between the SSTF and
SAF), the Polar Frontal Zone (PFZ, between the SAF
and PF) and the Antarctic Zone (AZ, between the PF
and SACQC). It is noteworthy that the location of these
oceanographic fronts varies seasonally and their sur-
face definition is not always absolute; moreover, the
SAZ is actually poorly defined in the Crozet region,
where other oceanic influences such as the Agulhas
Current retroflexion take place (Belkin & Gordon 1996,
Park et al. 2009).

The macaroni is a relatively small and sexually
dimorphic penguin (Warham 1975). The species is very
numerous on a global scale (Woehler 1993) consuming
about 9.2 million t of marine resources each year, i.e.
more than 13 % of the total amount of food taken by the
world's seabirds (Brooke 2004). It feeds mainly on crus-
taceans and myctophid fish (Croxall & Prince 1980,
Ridoux 1994, Cherel et al. 2007, Deagle et al. 2008).
Macaroni penguins breed on subantarctic islands, in
small to huge colonies, such as those found at South
Georgia and at the Crozet and Kerguelen archipela-
gos. They spend their entire inter-breeding season
(5 to 7 mo) exclusively at sea (Warham 1975). The habi-
tat that they exploit during this period is poorly docu-
mented, with only occasional at-sea sightings of birds,
usually with unknown status and origin (J. C. Stahl et
al. unpubl. obs.). To date, only one study has success-
fully tracked the species throughout the winter over a
single season, demonstrating the usefulness and rele-
vance of the method (Bost et al. 2009).
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Tracking technique. To track animals during the
complete winter inter-breeding period, we used light-
based geolocation techniques (Wilson et al. 1992, Hill
1994) deploying BAS MK4 miniaturised geolocators
(global location sensing loggers, GLS, British Antarctic
Survey), following Bost et al. (2009). These devices
measure dim light level every minute and record
the maximum value at the end of every 10 min period,
together with time, enabling geolocation to be deter-
mined. In addition, ambient sea temperature is re-
corded once during every 20 min period of continuous
immersion with a resolution of 0.0625°C and an accu-
racy of £0.5°C. At both study colonies, we equipped
moulting birds with GLS using specially designed leg
bands (see Bost et al. 2009). On the east coast of Ker-
guelen (‘Cap Cotter' colony), we selected 21 birds in
April 2006 (11 male and 10 female; identified using bill
morphometrics given by Williams & Croxall 1991), and
16 birds in April 2007 (8 male and 8 female), without
targeting the same nests between years. On Crozet at
the 'Jardin Japonais' colony (north coast of Possession
Island), we selected a total of 18 birds in April 2007
(9 male and 9 female). We did not retain reference tags
on the colonies (for ground-truthing) over winter in
order to maximise the number of equipped birds. Fol-
lowing Cherel et al. (2007), animals were blood-sam-
pled on their recapture with the aim of measuring their
foraging area and trophic level during the previous
months using stable isotopic ratios of carbon (§**C) and
nitrogen (8!°N), respectively. Control birds (i.e. not car-
rying a GLS device) were also sampled when they
returned to land (n = 6, 20 and 10 for Kerguelen 2006,
2007 and Crozet 2007, respectively). Tracked birds
were weighed before the winter trip (except for ani-
mals from Kerguelen in 2006) and on their return, to
evaluate their mass gain. Control birds were also
weighed at their return on Crozet (n = 20, 10 males and
10 females) to test for a possible effect of the device on
the foraging success of the equipped birds.

Analysis of the tracks: description and comparison.
Geolocation data were analysed following Thiebot &
Pinaud (2010), assuming a mean travel speed of
2 km h™! in order to estimate the most probable track,
using the package ‘tripEstimation’ in R 2.9.0 (R Devel-
opment Core Team 2009, http://cran.r-project.org/web/
packages/tripEstimation/index.html). Two fixes per day
(1 every 12 h) were produced along the tracks, with a
mean spatial accuracy of 180 km calculated on alba-
trosses (Phillips et al. 2004) that may be better for the
slower penguins (114 km, estimated by Thiebot & Pin-
aud 2010). Tracks were described and compared using
a set of common parameters, based on the start and end
dates of the trip; these dates were derived from the time
of the first and last temperature records from each log-
ger. Knowing the duration of the trip allowed us to cal-

culate the time spent at sea, the minimum distance trav-
elled, the maximum distance reached from the colony
(hereafter called ‘maximum range') and the proportion
of time spent in each water mass calculated from the in-
dividual location estimates. Values are expressed as the
mean + SD. Parametric (f-test) and non-parametric
(Wilcoxon and Kruskal-Wallis rank sum tests) statistical
tests were used to detect significant differences among
years, localities, sexes and time spent in each water
mass; the statistical threshold was set at p = 0.05. The
spatial overlap of the winter home ranges for the
2 colonies was evaluated from the 95 % kernel density
contours (Wood et al. 2000). Kernels were relevant to
capture the utilisation distribution of the birds, since
similar tracking duration between individuals and
identical frequency of locations produced by the geolo-
cation technique provide similar numbers of locations
per individual: consequently, no individual was over-
represented on the common grid used for the density
contours. The package ‘adehabitat’ (http://cran.r-
project.org/web/packages/adehabitat/index.html) was
used for the kernel calculations, with a constant
smoothing parameter (search radius) h = 2°, as recom-
mended for these data (BirdLife International 2004). We
used the function ‘kerneloverlap’ in this package, with
the method ‘Utilization Distribution Overlap Index’
(UDQI), as recommended by Fieberg & Kochanny
(2005). A maximum theoretical overlap was calculated
in each case between both home ranges to serve as a
yardstick to evaluate how much the observed distribu-
tion differed from it. This was made by simulating an
opposite bearing for the trips from one colony, Kergue-
len 2007. In this simulated situation, longitude only was
modified in order to conserve the thermal preference of
the birds (i.e. latitude); we then calculated the respec-
tive overlap between this simulated distribution and the
2 other tracking datasets, from birds instrumented at
Kerguelen in 2006 and at Crozet in 2007.
Identification of the wintering period. To char-
acterise the wintering foraging areas, commuting/
migration periods had to be distinguished along the
tracks. To achieve this, we first had to determine what
we considered to be the wintering period. This was a
trade-off between having a sufficiently large period
enabling us to describe a significant habitat use by the
birds, but which was not too large to result in temporal
smoothing and homogenisation of the habitat parame-
ters. We therefore used a 1 mo window according to
the spatial likelihood of the locations obtained by the
geolocation technique (Wilson et al. 1992, Hill 1994,
Thiebot & Pinaud 2010), and the level of environmen-
tal change usually found between seasons (Clarke
1988). To determine which month to consider, we re-
lied on changes in mean swimming speed. Since peri-
ods of intense foraging behaviour can be detected via
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a decreased mean speed of the animal along its track
and an increased time spent per sector, or increased
sinuosity (Weavers 1992, Wilson 1995), we used the
monthly mean speed of the birds we tracked to distin-
guish the migration phases from the wintering forag-
ing areas (see Bost et al. 2009). One-way analysis of
variance (ANOVA) was used to determine if there
were significant differences (with p < 0.05) in the
monthly speeds. Due to the inherent inaccuracies asso-
ciated with the geolocation technique, sinuosity could
not be investigated in this study.

Habitat use during winter. We used the concept of
the ecological niche defined as a hyper-volume delin-
eated by environmental variables (Hutchinson 1957).
To quantify marine habitat utilisation specifically dur-
ing winter, we extracted the values of mapped vari-
ables from the 95, 75 and 50 % kernel density contours.
These variables used were bathymetry (BATHY) and
its gradient (BATHYG), sea surface temperature (SST)
and its gradient (SSTG), SST anomalies (SSTA), sea
surface chlorophyll a (chl a) concentration (CHLA),
mixed-layer depth (MLD) and eddy kinetic energy
(EKE). MLD was a mean of the annual data obtained
since 1941. The temporal resolution selected for
dynamic variables was 1 mo, and the spatial grid was
1° in accordance with the geolocation technique accu-
racy. These spatial data were obtained from the
NOAA's ETOPO (www.ngdc.noaa.gov/mgg/gdas/gd_
designagrid.html?dbase=GRDET?2), the Bloomwatch
180 (http://coastwatch.pfel.noaa.gov/coastwatch/CW
BrowserWW180.jsp), the LOCEAN (www.locean-
ipsl.upmec.fr/~cdblod/mld.html) and the AVISO (http://
las.aviso.oceanobs.com/las/servlets/dataset) websites.
Differences between variable utilisation among years
and colonies were investigated in the available envi-
ronment. This available environment was defined as
the rectangle containing the maximum foraging dis-
tance from the colony in both longitudinal directions,
and the maximum latitudinal extension of the ob-
served distribution. The temperature differences from
the GLS devices were compared over monthly time-
scales using Tukey's honestly significant difference
multiple comparison of means test, with a 95 % family-
wise confidence level.

RESULTS

GLS devices were recovered when macaroni pen-
guins returned to their colonies at the beginning of the
next breeding season. Minimal recovery rates of the
equipped birds were 67 % (14/21) and 63 % (10/16) on
Kerguelen in 2006 and 2007, respectively, and 67 %
(12/18) on Crozet. These recoveries depend upon the
opportunities to visit the colonies, which were less fre-

quent at Kerguelen in 2007. Recapture rates were not
significantly different between sexes for all animals
studied (W = 415, p = 0.462). Data were successfully
extracted from 12 devices from Kerguelen in 2006
(7 from males, 5 from females) and 7 in 2007 (3 from
males, 4 from females), and from 11 devices from
Crozet (4 from males, 7 from females). While no sexual
differences in their winter distribution was obvious,
the low numbers of males and females precluded sta-
tistical investigation of potential sexual differences in
the inter-breeding behaviour of birds in relation to
years and localities.

Overview of the whole tracks

The at-sea distribution of all tracked macaroni pen-
guins is shown in Fig. 1, using kernel density contours.
This indicates large-scale movements of the birds over
deep oceanic waters with no return to land during the
inter-breeding period. Individual tracks showed that
birds went neither to warmer waters north of the SSTF
nor to colder waters south of the SACC.

Importantly, macaroni penguins from Kerguelen and
Crozet were completely segregated whilst at sea
during the inter-breeding period. Individuals from
Kerguelen in 2006 and 2007 dispersed eastwards,
mostly between 45 and 55°S with a limited latitudinal
range. This eastward movement appeared relatively
coherent both at the individual level within the same
year, and at the population level between 2 successive
years (2006 and 2007). Tracks were generally linear,
suggesting a commuting strategy. Conversely, individ-
uals from Crozet generally headed south-westwards,
although one dispersed southwards and another
almost eastwards. They consequently exhibited a
greater latitudinal range than Kerguelen birds.

Timing and statistics of the migrations

There was no significant difference in the timing of
departure between years for individuals from Kergue-
len (mode on 19 April in both years; W = 28.5, p =
0.141, Table 1). Conversely, the timing of departure
peaked on 30 April 2007 at Crozet, a date significantly
later than at Kerguelen in the same year (W =285, p =
0.001, Table 1,). Within each population, the timing of
departure was similar between sexes. Dates of return
were also similar between the 2 years at Kerguelen
(24 and 22 October 2006 and 2007, respectively; W =
56, p = 0.560), while it was significantly later at Crozet
(31 October, t = 3.45, p = 0.004). Within each colony,
males tended to return before females, but this had no
significant effect on their overall mean trip duration
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Fig. 1. Eudyptes chrysolophus. At-sea distribution of macaroni penguins during the winter inter-breeding period for birds from
2 colonies, 1 at Kerguelen (2006: red; 2007: yellow) and 1 at Crozet (green) in the southern Indian Ocean. Stars indicate location of
colonies. Depth contours are displayed in the background. The 95% (thin lines) and 50 % (bold lines) kernel density contours are
also displayed. Within the inset boxes (one for each study site and year), 2 representative interpolated tracks are shown. Black lines
represent the mean positions of the oceanographic fronts, from north to south: southern boundary of the Subtropical Front (SSTF),
Subantarctic Front (SAF), Polar Front (PF), and southern boundary of the Antarctic Circumpolar Current (SACC)

(t=0.82, p = 0.422) which lasted ~6 mo (186 + 10 d).
The time spent at sea was similar between years at
Kerguelen (t=0.43, p = 0.670) and between the 2 local-
ities (t=-0.88, p = 0.399).

The total distance travelled during the whole winter
averaged 9671 + 1280 km. It was similar between years
(W =58, p=0.196) and localities (W = 18, p = 0.069),

and was almost identical between sexes within each
colony. The maximal foraging range averaged 1778 +
902 km from the colony. At Kerguelen, it was signifi-
cantly greater in 2006 than in 2007 (¢ = 2.38, p = 0.029),
but it was similar between Kerguelen and Crozet in
2007 (t=-1.74, p = 0.106). No major difference in max-
imal foraging ranges was found between sexes.

Table 1. Eudyptes chrysolophus. Winter migration parameters for tracked birds from Kerguelen (2006 and 2007) and Crozet
(2007). In the Gender column, the number of individuals is given in brackets. Values are mean + SD

Locality and Gender Departure date Return date Days at sea Min. distance Mazx. range from
year (dd/mm) (dd/mm) travelled (km) colony (km)
Kerguelen 2006 All (12) 19/04 + 14 24/10 = 6 189 + 15 10431 + 1278 2417 + 1008
Males (7) 20/04 = 16 19/10 + 6 185 + 16 10229 + 1060 2331 + 1019
Females (5) 19/04 + 13 30/10 = 3 194 + 13 10714 + 1622 2536 + 1099
Kerguelen 2007 All (7) 19/04 + 5 22/10 £ 5 187 +9 9782 + 1111 1597 + 485
Males (3) 15/04 + 4 21/10+ 3 185+9 9194 + 457 1871 £ 611
Females (4) 21/04 £ 5 23/10 £ 6 189 = 7 10223 + 1312 1392 + 302
Crozet 2007 All (11) 30/04 =1 31/10+ 5 184 =5 8772 + 789 1196 + 462
Males (4) 30/04 + 2 28/10 = 8 181 =7 8930 + 1205 1241 + 328
Females (7) 30/04 =1 01/11 =2 185+ 3 8682 + 536 1170 + 547
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Regarding the proportion of time spent in each
oceanic water mass, it is noteworthy that no bird went
into the STZ (Fig. 2). There were substantial differ-
ences in the time spent in each of the 3 water masses
for birds from Kerguelen in 2006 (Kruskal-Wallis y? =
28.2, p < 0.0001) and 2007 (Kruskal-Wallis 32 = 16.4,
p = 0.0003), and from Crozet in 2007 (Kruskal-Wallis
x? = 13.9, p = 0.001). On average, birds spent the
bulk of their migration time (60 to 70 %) within the
PFZ. The proportion of time spent within each water
mass was consistent among years (Wilcoxon tests,
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Fig. 2. Eudyptes chrysolophus. Proportions of locations in the different

water masses for tracked birds from Kerguelen (2006 and 2007) and
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p > 0.38 for each water mass) and was also similar
between colonies (Wilcoxon tests, p > 0.12 for each
water mass).

The UDOI was calculated between the 95% kernel
density contours of paired localities. Spatial overlap
was very high (0.82) between the 2 successive years of
study for Kerguelen, but no overlap was found with
Crozet (UDOI = 0). Overlap of the longitudinally
reversed distribution of Kerguelen 2007 data was very
weak (0.01) with observed data of 2006, while it
amounted to 0.22 with observed data from Crozet.

Habitat use during the winter period

In each colony there were substantial differ-
ences in the monthly travel speeds along the
track (ANOVAs, Kerguelen 2006: F; =4.65, p =
0.0002; Kerguelen 2007: F; = 2.07, p = 0.007;
Crozet 2007: F; = 4.71, p = 0.0003). Mean indi-
vidual travelling speeds were 50.9 (42.8-69.0)
km d°'. Fig. 3 shows that penguins generally
travelled faster when they were leaving and
returning to their colonies, and conversely,
they were slower in August and July for Ker-
guelen 2006, and in June and July for Kergue-
len 2007 and Crozet 2007. For comparative
purposes, we therefore focused on July to
characterise the winter habitat of macaroni
penguins in the southern Indian Ocean.

Available habitats of the macaroni pen-
guins were similar between the 3 contexts
(Table 2). However, large SD in the utilised
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111551 -
ol | I, W | I%.WM | ',
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Fig. 3. Eudyptes chrysolophus. Mean monthly deviation from mean trip speed of the tracked individuals from Kerguelen (2006
and 2007) and Crozet (2007). Values are mean + SD
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Fig. 4. Eudyptes chrysolophus. Monthly temperatures recorded by geolocator devices during the inter-breeding dispersal of maca-
roni penguins from Kerguelen in 2006 and 2007, and from Crozet in 2007. Symbols of the same shape indicate the same origin for
the birds; the same colour indicates the same year. In each month, values not sharing the same superscript letter are significantly
different. The low numbers of tracked individuals in November precluded any statistical comparisons. Values are mean + SD

DISCUSSION

The pioneering inter-annual and inter-colony com-
parisons carried out in this work support and gener-
alise the previous finding that macaroni penguins
undergo large-scale movements during winter (Bost et
al. 2009). Our study highlights 2 new major findings.
Firstly, macaroni penguins show strong inter-annual
fidelity to their wintering site at the population level
(Kerguelen in 2006 and 2007). Secondly, Kerguelen
and Crozet birds were completely segregated at sea
during the 2007 inter-breeding period. Tracked pen-
guins did not radiate equally around their colonies;
rather, they followed coherent, directional patterns of
movement that were more typical of migration phe-
nomena (Dingle & Drake 2007). Our results (Figs. 1, 3
& 4) suggest that macaroni penguins target predictable
foraging areas in winter, thus concentrating their for-
aging effort within a restricted part of their potential
range and suitable habitats (Wilson 1995, Bost et al.

Table 3. Eudyptes chrysolophus. Stable isotopic signature of whole blood
from tracked birds on their spring return to the breeding colonies. Values

are mean *= SD

1997). It is also worth noting that none of the tracked
birds came ashore during the winter, thus remaining at
sea for over ~6 mo, confirming previous studies based
on land-based observations (Warham 1975) and winter
diving data (Green et al. 2005).

Methodological comments

Our instrumentation of birds appears to have pro-
duced no adverse effects of device attachment, despite
the very long trip duration, and in comparison with
non-instrumented birds (Stahl et al. 1985). Leg-
attached devices do not modify the diving perfor-
mances of foot-propelled diving seabirds (Ropert-
Coudert et al. 2009), also suggesting very low impact
on flipper-propelled species. The percentage of instru-
mented macaroni penguins resighted after their winter
trip was close to the return rates observed for a con-
generic species (Raya Rey et al. 2007). We could not
check the return rate of instrumented birds
more than 3 times at the beginning of the
breeding season due to logistic constraints.
Further, resighting was compromised
because the colour marking of birds with

Locality n  Blood 83C (%)  Blood 8N (%)
Kerguelen 2006 14 -21.4+0.3 7.6 + 0.6
Kerguelen 2007 7 -21.6+£0.3 7.4 +0.3
Crozet 2007 10 -21.6 £0.7 7.5+0.8

C:N dye (see Bost et al. 2009) was partly erased
after ~6 mo of immersion at sea, and leg-

3502 mounted devices could be hidden by the
gi f gé feathers. Consequently, as colonies are
large and site fidelity is not complete in this
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species (Warham 1975), it is likely that some instru-
mented penguins were missed. Thus, the recapture
rates were conservative and should be seen as mini-
mum values.

Environmental differences between vyears and
colonies are possibly less significant from an ecological
point of view than from a statistical point of view, leading
to the conclusion that macaroni penguins exhibit a
strictly oceanic habitat use during winter. Fig. 4 strongly
suggests that even though temperature conditions var-
ied during departure and return, due to colony location
or inter-annual variability, birds nevertheless targeted
similar winter thermal conditions between years and
between colonies. The GLS device temperature data
suggest that macaroni penguins are thermal specialists,
utilising predictable temperature ranges in winter.

Our study reveals only weak differences between
the sexes in the horizontal movements of winter
migrating penguins (cf. Ballard et al. 2010), thus sug-
gesting a similar spatial niche for males and females.
However, more subtle differences between sexes may
appear when the vertical dimension of their niche is
investigated (Green et al. 2005), indicating that sexual
segregation may occur through a differential depth use
by macaroni penguins.

Inter-annual comparison

All macaroni penguins tracked from Kerguelen went
eastwards from the Kerguelen Plateau and exhibited a
coherent migratory pattern both within and between
years, suggesting site philopatry in this species in win-
ter as well as in summer (Trathan et al. 2006). Winter
site philopatry has already been shown for some flying
seabirds (Phillips et al. 2005), but it was not known
whether diving ones, which may potentially have a
greater impact on marine resources (Woehler 1993,
Brooke 2004), behaved in the same way. The highly
coherent migration paths observed for the individuals
from Kerguelen suggest a low impact of intra-specific
competition on the exploitation of resources (Fretwell
& Lucas 1969). Consequently, the area located within
the PFZ eastwards from Kerguelen is expected to host
high levels of productivity and marine resources that
are able to sustain hundreds of thousands to millions of
macaroni penguins. Interestingly, the wintering area
highlighted for these birds from Kerguelen (mostly
spanning over 70 to 120°E and 45 to 55°S) is encom-
passed within that of post-moult female elephant seals
Mirounga leonina from the same locality, another
major diving predator of the Southern Oceans (Bailleul
et al. 2010). This strengthens the hypothesis that these
are very profitable winter foraging areas for apex
predators in this oceanic region.

There was a significant difference in the maximal
range reached between the 2 study years, possibly due
to individual differences in the sampled animals (as
suggested by the difference in SD in both years, see
Table 1). Nevertheless, the strong consistency in the
post-breeding migration pattern obtained from Ker-
guelen birds suggests a long-term foraging strategy
during the extended wintering period, which might be
a general pattern in long-lived marine predators (Brad-
shaw et al. 2004, Phillips et al. 2005). According to
Mueller & Fagan (2008), a species’ use of memory
mechanisms that assume prior knowledge of a target
location is explained both by life history traits and
resource dynamics, which together shape population-
level patterns. Resources with little spatial variability
should facilitate sedentary ranges, whereas resources
with predictable seasonal variation in spatial distribu-
tions should generate consistent migratory patterns,
such as those obtained in this study. Consistent inter-
breeding migratory patterns exhibited by macaroni
penguins from Kerguelen in 2 successive years there-
fore suggest the existence of a highly profitable, pre-
dictable but maybe non-permanent foraging ground
available to apex predators in the area located within
the PFZ eastwards from Kerguelen during winter.

Inter-colony comparison

Latitudinal predictability of the winter distribution of
macaroni penguins was highlighted previously (see
'Methodological comments’' above). However, even if
tracked birds globally spent about two-thirds of their
inter-breeding period within the PFZ, those from
Crozet tended to be distributed more widely in latitude
(Figs. 1 & 2), as previously suggested by their isotopic
signature (Cherel et al. 2007). Macaronis from Crozet
probably benefited from the greater width of the PFZ
in the Crozet region (Fig. 1), allowing them to diversify
their trip heading when compared to animals from
Kerguelen. Nevertheless, it must be remembered that
oceanic fronts are dynamic structures, with seasonal as
well as inter-annual movements, and their location
during winter is less-well documented than during
summer (Belkin & Gordon 1996, Park et al. 2009).

Conversely, the longitudinal distribution of macaroni
penguins during winter can be totally distinct at neigh-
bouring breeding sites. Birds from Kerguelen and
Crozet were completely segregated in their longitudi-
nal range during the complete winter inter-breeding
period, with individuals from Kerguelen heading east-
wards and those from Crozet mostly departing in a
south-westward direction. Interestingly, this absolute
segregation was not the result of 2 distant home
ranges, but rather appeared as a mutual exclusion
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leading to a tight juxtaposition (Fig. 1). However, this
pattern was mainly due to a single individual from
Crozet which foraged between the 2 archipelagos
during winter. Consequently, the area between the
2 archipelagos was virtually free of tracked birds
during the inter-breeding period. Why macaroni
penguins did not forage there is difficult to interpret,
but the most likely explanation may be because of
unfavourable oceanographic conditions and conse-
quent low abundance and/or availability of the main
targeted marine resources in this area in winter, since
animals from both colonies foraged at the same trophic
level. Such spatial heterogeneity of prey in the south-
ern Indian Ocean during winter is largely supported by
the few studies that have been carried out outside the
austral summer, which strengthened the link with con-
trasted local oceanographic regimes (e.g. Pakhomov &
Froneman 2000). However, the 2 Crozet birds that
respectively exhibited a south-eastward and eastward
trajectory came back to breed in time, and one of them
showed a high body mass gain (data not shown). These
results strongly suggest that marine secondary produc-
tion during winter cannot be reliably inferred from
surface chlorophyll concentrations, as chl alevels were
low within the highlighted foraging areas (Table 2). On
the other hand, we cannot exclude the presence of
penguins from other colonies in the area between
Crozet and Kerguelen (see below).

Finally, spatial segregation of marine populations
and species (e.g. Grémillet et al. 2004, Cherel et al.
2007) is generally attributable to the evolution of niche
shifts in order to reduce local competition that then
increases an individual's probability of foraging suc-
cess (Schoener 1986). Our study shows that 2 neigh-
bouring populations of marine predators whose con-
comitant at-sea distributions are mutually exclusive
(Fig. 1) can have the same trophic niche (Table 3). This
strongly suggests parsimony in segregation mecha-
nisms involved between parapatric organisms.

Stable isotopes

Taking into account the protein turnover rate in
whole blood, the isotopic signature of macaroni pen-
guins provided dietary information over the last 2 to
3 winter months at sea (Cherel et al. 2007). Geolocation
analyses indicated that all tracked birds began their
return migration <2 mo before they arrived back at the
colony. Most birds returned to the colony with an
approximately linear trajectory and with high travel-
ling speeds (Fig. 3). Hence, the blood isotopic signa-
ture integrates the feeding ecology over the last weeks
on the wintering areas and along the return pathway.
Overall, the 3 groups of tracked birds showed identical

83C and §'°N values, which were similar to those of
macaroni penguins previously sampled in 2002 at Ker-
guelen and Crozet Islands (Cherel et al. 2007, 2008).
Such consistency in the isotopic niche of consumers
suggests little inter-annual variation in their trophic
niche, which is in agreement with the consistent
migratory behaviour of Kerguelen penguins that were
tracked over 2 consecutive winters. Given this result, it
is interesting that macaroni penguins from Kerguelen
and Crozet had identical 8'3C values (reflecting their
foraging habitat), even though they wintered in differ-
ent areas. The Southern Ocean is marked by a latitudi-
nal, not a longitudinal, 8'*C gradient at the base of the
food chain that is reflected in consumers at higher
trophic levels (Jaeger et al. 2010). Hence, the spatial
accuracy of consumer 8'°C values operates at the
spatial scale of water masses (Cherel & Hobson 2007).
Indeed, the 8'3C values of macaroni penguins are in
agreement with both Kerguelen and Crozet birds for-
aging within the PFZ in winter.

GLS devices record valuable spatial information, but
provide no indication of the feeding habits of the
tracked birds. In spring, macaroni penguins arrive at
the colony after a period of hyperphagia during which
they build up large energy reserves in anticipation of
their subsequent breeding fasts. The low blood 8N
values at this time indicate that birds from Kerguelen
and Crozet feed on low trophic-level prey during this
critical period of their annual cycle (Cherel et al. 2007).
It is likely that wintering macaroni penguins prey upon
swarming crustaceans, including the euphausiids
Euphausia vallentini and Thysanoessa spp. and the
hyperiid amphipods Themisto gaudichaudii and
Primno macropa. These pelagic crustaceans form the
bulk of the food of the species in summer at both Ker-
guelen and Crozet (Ridoux 1994, Cherel et al. 2007,
2008). Since the macaroni penguin is a major seabird
consumer (Brooke 2004), our study highlights the
importance over winter of some sub-Antarctic crus-
taceans that have a trophic role similar to that of Ant-
arctic krill E. superba farther south, in high-Antarctic
waters (Bocher et al. 2001).

CONCLUSION AND PERSPECTIVES

We compared the inter-breeding distribution of
30 macaroni penguins from 2 successive years and
2 neighbouring breeding sites. We firstly revealed that
macaroni penguins showed a strong inter-annual
fidelity to their wintering site at the population level.
Secondly, parapatric birds were completely segre-
gated at sea during the same winter period. Finally,
this study adds strength to the use of marine predators,
such as seabirds, to investigate the distribution of pela-
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gic resources during winter. Our study also highlights
that the PFZ is a major feeding habitat of marine top
predators during the winter period.

One exciting question is to know where other popula-
tions of macaroni penguins are similarly distributed and
to what extent they are segregated. Studies from neigh-
bouring colonies on Crozet and Kerguelen archipelagos,
as well as from neighbouring localities where numerous
macaroni penguins also breed, such as at Heard and
Prince Edward Islands (see Fig. 1), would reveal whether
those birds mix with the birds reported here. In the same
way, the winter food and feeding ecology of the huge
population of macaroni penguins that breed in South
Georgia (southern Atlantic Ocean) remain essentially
unknown (but see Green et al. 2005), although these
birds also seem to be distributed in the PFZ during win-
ter (British Antarctic Survey unpubl. data). Such studies
would allow us to refine our predictions about the spatial
distribution of marine resources in winter within the
Southern Ocean.

Macaroni penguins currently show a global decline,
the causes of which are not well understood (Cresswell
et al. 2008, Crawford et al. 2009, BirdLife International
2010). One important factor seems to be their body
condition at the start of breeding, i.e. the level of body
reserves accumulated during their winter inter-breed-
ing trip (Crawford et al. 2006). The areas frequented
during the inter-breeding period and the levels of sec-
ondary production encountered within these areas are
probably key factors in this phenomenon. Therefore, in
an era of rapid environmental change, studies of such
areas are urgent. Hence, future studies should focus on
marine productivity in the areas used by wintering
predators to better understand the recent decline of
macaroni penguins.
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