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ABSTRACT: Marine environments experience seasonal variation in physical and biological parame-
ters, with consequent changes in predator distributions. During the breeding period, proximity to
suitable feeding sites is essential for central place foragers, whereas during the non-breeding period
their distribution is relatively unconstrained. We combined light-based geolocation and satellite
tracking to investigate seasonal variation in foraging grounds and behaviour of white-chinned
petrels from Kerguelen Island. Birds were associated with highly productive areas throughout the
year. During breeding (summer), they performed long commuting trips from the colony to distant,
productive Antarctic waters. Thereafter, birds migrated 5200 km westwards to the Benguela
upwelling system off Namibia and South Africa to spend the winter. This seasonal shift of foraging
grounds coincides with a change in activity patterns; much less time was spent in flight in winter than
in summer. Individual variability in the locations of foraging zones and seasonal/daily activity pat-
terns was low. Trip durations were shorter during chick-rearing than incubation, although birds often
travelled as far or farther, tracking the gradual break up of pack ice. Habitat use models revealed an
association with distance to sea-ice edge and chlorophyll a gradient during incubation, whereas sea
surface temperature and chlorophyll a gradient best explained habitat use during chick rearing.
White-chinned petrels are likely to overlap with other marine predators and fisheries throughout the
year. Fishery bycatch constitutes the most significant direct threat to petrels at sea. Moreover, future
climate-induced reductions in productivity could affect birds year-round.
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INTRODUCTION

Within dynamic environments, animals track highly
productive habitats, changing their foraging grounds
and strategies depending on food availability in order
to fulfil their energetic requirements and, conse-
quently, maximize fitness. Marine environments un-
dergo seasonal patterns in primary productivity, espe-
cially at higher latitudes; hence, resources available to
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marine species are heterogeneous in space and time,
leading to changes in predator distribution (Polovina et
al. 2001). Foraging grounds are also determined by
species dispersal capacity and energy requirements,
which may vary during the annual cycle (Green et al.
2009). Seabirds are central place foragers during the
breeding season, having to commute between their
colonies and feeding zones at sea to provision their off-
spring. This strategy imposes energetic constraints
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which limit foraging range and thus accessibility of
certain marine habitats. Breeding occurs generally
during summer, when productivity is highest. During
the non-breeding season, birds can disperse over wide
areas or migrate to completely different habitats as
they do not have to return to the colony (Shaffer et al.
2006, Bost et al. 2009, Egevang et al. 2010).

An increasing number of studies apply habitat use
models to provide insights into the oceanographic cues
that drive marine top predator distribution (Tremblay
et al. 2009). To date, few studies have quantified how
key oceanic habitats exploited by marine top predators
change year-round across the dynamic marine envi-
ronment (Phillips et al. 2006, Gonzdalez-Solis et al.
2007b). Yet, providing information on spatial distribu-
tion and habitat use of a species throughout the year is
essential to identify and predict regional effects of
climate change over the species’' entire range and to
assess direct population-level threats such as fishery
bycatch. These potential threats could then be inclu-
ded in demographic models to assess their relative
influence on population dynamics (e.g. Rolland et al.
2008). Tracking data now enable the exploration of
relationships between animal movements/behaviour
and oceanographic variables at different spatial scales
(Pinaud & Weimerskirch 2007). These can be com-
bined in models to predict potential habitats at sea for
birds from untracked sites and populations (Louzao et
al. 2009). The purposes of habitat modelling are to
(1) explain species—habitat relationships through
robust mathematical description, and (2) provide spa-
tially explicit habitat predictions based on key vari-
ables. They are becoming essential tools to drive
marine conservation initiatives and guide the estab-
lishment of marine protected areas (Canadas et al.
2005, Louzao et al. 2006).

Until recently, most studies of seabird distribution
focused on the breeding season (Weimerskirch et al.
1994, Hyrenbach et al. 2002, Pinaud & Weimerskirch
2007), when birds are central place foragers and
more amenable to short-term deployment and recov-
ery of tracking devices (Phillips et al. 2004). The
recent advent of miniaturized light-based geolocators
(Global Location Sensors, weight <3 g) has enabled
tracking of individuals of known origin and status for
long time periods. Despite reduced accuracy (Phillips
et al. 2004), this method allows the investigation of
seabird migration patterns and non-breeding distrib-
utions, traditionally based on rare and opportunistic
band recoveries or ship-based observations (Tuck et
al. 1999). Moreover, continuous recordings of wet/dry
activity (immersion) provides additional information
on at-sea activity patterns by day and night along
the whole track (Phalan et al. 2007, Phillips et al.
2007).

Here, we focused on a species of high conservation
concern, the white-chinned petrel Procellaria aequi-
noctialis. Although one of the most abundant seabirds
in the Southern Ocean, occurring throughout mid and
high latitudes, this petrel is classified as Vulnerable in
the IUCN red list (BirdLife International 2010). Their
ship-following behaviour (Ryan & Moloney 1988) and
ability to feed actively during both night and day make
them highly susceptible to fisheries bycatch (Weimer-
skirch et al. 2000a). As a consequence, tens of thou-
sands of individuals are killed each year when
attempting to secure bait from longline hooks, or in
interactions with trawl-net warps (Barnes et al. 1997,
Watkins et al. 2008). This species experiences amongst
the highest bycatch rates of any seabird in the South-
ern Ocean (Phillips et al. 2006). Long-term population
declines inferred from analysis of at-sea observations
in the southern Indian Ocean (Woehler 1996, Péron et
al. 2010) are corroborated by land-based censuses at
Marion, South Georgia and Crozet Islands (Berrow et
al. 2000, Nel et al. 2002, Barbraud et al. 2008, Martin et
al. 2009). In addition to being susceptible to fisheries
bycatch, white-chinned petrels are affected by climatic
variability in the marine environment (Barbraud et al.
2008), and it is thus essential to better understand the
habitats used by this species throughout its annual
cycle.

By combining tracking data from geolocators and
satellite transmitters, we assessed how petrels cope
with seasonal changes in food availability throughout
the year, at large and medium spatial scales, respec-
tively. We investigated seasonal and daily variation
in at-sea activity patterns to provide new insights on
foraging strategies. Using habitat modelling, we iden-
tified the key oceanographic determinants of white-
chinned petrel summer foraging distribution and gen-
erated spatially explicit predictions of petrel habitat
utilisation.

MATERIALS AND METHODS

Study site and species ecology. The study was car-
ried out at the ‘Canon des Sourcils Noirs', a colony of
white-chinned petrels, located at the south-east of
Kerguelen Island (70°15'43E, 49°36'21S). This sub-
antarctic island holds the largest population of white-
chinned petrels in the southern Indian Ocean, esti-
mated recently at 186000 to 297000 breeding pairs
(Barbraud et al. 2009). White-chinned petrels (mass
1.0 to 1.2 kg) are burrow-nesting seabirds that breed
annually. Their breeding season lasts ~5 mo. Adults
arrive at the colony in October to copulate, and after a
pre-laying exodus of 2 to 3 wk at sea, females lay a
single egg in late November (Mougin 1968, Jouventin
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et al. 1985, Phillips et al. 2006). Chicks hatch in Janu-
ary and fledge in April (Jouventin et al. 1985). At other
breeding localities, male and female white-chinned
petrels alternate incubation duties, performing long
foraging trips lasting approximately 2 wk; in contrast,
during chick-rearing at South Georgia, trips are much
shorter, and at Crozet, birds alternate between long
and short trips (dual strategy) (Catard et al. 2000,
Phillips et al. 2006). Chicks are left alone in their bur-
row after they have acquired thermal independence
(2to 6 d).

Tracking with geolocators. For the large scale study
of movements we used Global Location Sensing (GLS)
loggers that allow estimates of latitudes and longitude
from light measurements (Wilson et al. 1992) and pro-
vide low accuracy locations (Phillips et al. 2004). We
deployed 30 GLS loggers (developed by the British
Antarctic Survey, Cambridge) on breeding adults in
late November 2005 (10 ind.) and December 2007
(20 ind.). Loggers were mounted on plastic leg bands
and weighed 5 g (Mk4), 2.5 g (Mk9) or 1.5 g (Mk13),
which are well below the 3% limit recommended for
flying birds (Phillips et al. 2003). The recovery rate was
80 %; 2 individuals were left with loggers during 3 con-
secutive years and 1 individual was equipped for 1 yr
in 2005 and 2007 (see Table S1 in the supplement
at www.int-res.com/articles/suppl/m416p267_supp.pdf
for details on GLS equipment). The loggers operate
with an internal clock and measure the light level
every minute, recording the maximum reading within
each 10 min block (Afanasyev 2004). Two positions per
day can be inferred from the light signal with an aver-
age accuracy of 186 km (+114 km), estimated for free-
ranging albatrosses (Phillips et al. 2004). Positions
were calculated using MULTITRACE 3/16 light (www.
jensen-software.com/) based on timing of dawn and
dusk, noting any transitions that may have been unre-
liable because of interruptions to light curves. Filtering
procedure and statistical analyses were performed
using the R software (R Development Core Team
2009). We removed unrealistic positions that were
obtained: (1) from light curves showing major interfer-
ences at dawn or dusk, (2) those yielding unrealistic
flight speeds (McConnell et al. 1992; speed threshold =
20 m s') and (3) those around equinox periods
(20/21 March and 22/23 September), when latitude
cannot be estimated (Wilson et al. 1992). The high pro-
portion of erroneous locations (50, 68 and 81 % during
the non-breeding, breeding and pre-laying exodus
period, respectively) are mainly attributable to equi-
nox periods and interferences to the light curve
because of intermittent shading of the sensor when
birds tuck their leg in their plumage. Interference in
the light signal was evident throughout the year but
greatest during breeding and the pre-laying exodus,

when birds spent more time in flight. The speed
threshold was set to 20 m s~ !, based on the maximum
mean velocity of white-chinned petrels estimated from
fine resolution GPS (Global Positioning System) tracks
(H. Weimerskirch unpubl. data) and speed estimates
reported by Spear & Ainley (1997).

Routes taken to and from wintering areas and accu-
rate departure/return dates could not be determined
because birds migrated during equinox periods. We
thus separated locations during the non-breeding pe-
riod, as distinct from the pre-laying exodus and breed-
ing periods, by identifying rapid shifts in latitude and
clear changes in activity patterns around April and
October (see Fig. S1 and Table S2 in the supplement at
www.int-res.com/articles/suppl/m416p267_supp.pdf).
Seasonal changes in foraging distribution were inves-
tigated by generating fixed kernel density maps using
a search radius of 200 km (Phillips et al. 2006) and a
cell size of 0.2°. All individuals were pooled (n = 24)
and, considering the inherent error in geolocation,
locations over land masses were kept for kernel calcu-
lations. Given the higher frequency of light curve
interference at different times of year (which leads to
range inflation), maps show the 25, 50, 70 and 90 %
kernel contours for the non-breeding period, and the
25 and 50% contours during the breeding and pre-
laying exodus. Habitats were investigated by deter-
mining the oceanographic parameters (bathymetry:
BAT,; sea surface temperature: SST; chlorophyll a con-
centration: CHLA; and their gradients: BATG, SSTG,
CHLAG) within kernel utilization distribution contours
separately for each stage of the annual cycle.

Activity data analysis. GLS loggers also test for salt-
water immersion every 3 s and store the sum of positive
tests at the end of each 10 min block (e.g. a value of
0 indicates that the logger was always dry and a value
of 200 indicates that the logger was always wet). The
mean percentage of time spent on water was calcu-
lated daily and monthly during each stage of the
annual cycle to provide information on seasonal varia-
tion in foraging behaviour. Time budget calculations
excluded periods spent in burrows (prolonged periods
of darkness and dry records). Furthermore, we exam-
ined number and duration of periods spent on the
water (i.e. ‘water bouts’), defined as any continuous
sequence of 10 min blocks during each of which the
bird spent at least 3 s sitting on the water (Phalan et al.
2007), thus including short periods of flights within the
10 min blocks. This method is likely to underestimate
the true number of landings and overestimate their
duration; however, Phalan et al. (2007) found a close
correlation between the number of water bouts and the
number of landings estimated using high resolution
wet/dry loggers. Daylight and darkness periods were
assessed using sunset and sunrise times estimated
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from the light signal. We compared activity character-
istics between stages, and according to daylight versus
darkness using either parametric tests (ANOVAs) or
non-parametric tests when variables differed from
normal distributions (Kruskal-Wallis or Wilcoxon tests).
For activity data, the annual cycle was divided into
the relevant stages using fixed dates (non-breeding:
31 March to 1 October; pre-laying exodus: 1 October to
1 December; incubation: 1 December to 15 January;
chick rearing: 15 January to 31 March).

Satellite tracking. In addition, white-chinned petrels
were tracked using Argos satellite platform transmitter
terminals (PTTs) to obtain more detailed data on dis-
tribution and habitat associations during the breeding
season. Fieldwork was conducted during incubation
(16 December 2007 to 9 January 2008) and chick rear-
ing (15 January to 21 February 2006). Burrows were
marked with wooden stakes and checked regularly to
detect shifts in parental attendance and to equip/re-
trieve devices at the start/end of foraging trips. The 7
individuals tracked during incubation were equipped
with battery-powered PTTs working in continuous
mode. During the chick-rearing period, 8 individuals
were equipped with PTTs powered by battery and
working in continuous mode, and 6 individuals with
PTTs recharged using a solar panel and a duty cycle of
12 h ON and 24 h OFF. Transmitters were attached to
the back feathers using TESA® tape and weighed 18,
20 or 30 g, which corresponded to 1.6 to 2.9 % of bird
body mass. Previous studies conducted on white-
chinned petrel at Crozet Island demonstrated that the
equipment increased long trip durations (Catard et al.
2000). As time intervals between transmissions varied
greatly (range: 1 to 179 min), locations were resampled
at 30 min intervals and filtered in order to remove unre-
alistic positions using the speed-distance-angle (sda)
filter developed by Freitas et al. (2008), without con-
straint on turning angle and based on a maximum
mean velocity of 20 m s™! (Spear & Ainley 1997). We de-
fined outward/inward commuting journeys as periods
where birds were flying rapidly in direct routes be-
tween their foraging grounds and the colony. Compar-
isons of trips parameters (with the exception of trip du-
ration) were only made on birds equipped with
battery-powered PTTs for which we had continuous
data. ANOVAs were used to compare trip character-
istics between stages and short/long trips.

Modelling habitat use. We focused on the breeding
season and used a hierarchical modelling approach to
relate oceanographic variables to residence times esti-
mated via Argos data. Residence time was defined as
the proportion of time spent by each bird within a
0.25° x 0.25° cell. We postulate that a bird actively
exploiting a prey patch would spend more time in a
certain area than when commuting between foraging

patches (Area Restricted Search; Kareiva & Odell
1987). Residence time was calculated using the trip-
Grid function in R, which resamples each individual
track at a higher temporal resolution by linear interpo-
lation (every 60 s) and calculates the time spent in each
spatial unit. Then, we assigned the corresponding per-
centage of time spent in relation to the total trip dura-
tion. We kept the estimated percentage of time spent
calculated from linear interpolation of the tracks dur-
ing the OFF-period of the solar PTTs. Ultimately, envi-
ronmental data (see ‘Oceanographic data’ below) were
temporally and spatially matched to this index of spa-
tial usage at the same spatial scale. Long foraging trips
performed during incubation and chick rearing were
modelled separately. Short trips (range = 4 to 78 h)
were excluded because birds probably used different
oceanographic cues when foraging on the Kerguelen
continental shelf, and trip durations were in any case
too short to model habitat use using the monthly com-
posite data on oceanography that were available.
Environmental variables were selected depending
on their biological relevance and availability in the
study area (52 to 102°E, 45 to 66°S). We selected both
fixed (BAT) and dynamic variables (SST, SSTG, CHLA,
CHLAG and distance to daily sea-ice limit, DIST-ICE;
see '‘Oceanographic data’ for details), because they are
likely to influence foraging behaviour. These explana-
tory variables were standardised (centered and scaled)
to improve algorithm convergence and scale the range
of the predictors. We checked for colinearity by calcu-
lating all pairwise Spearman rank correlation coeffi-
cients (rs). When pairs of predictor variables were
strongly correlated (Irgl > 0.6), we ran 2 univariate mod-
els with each of these predictors and selected the pre-
dictor that led to the lowest Akaike Information Crite-
ria (AIC) (Burnham & Anderson 2002). We used linear
mixed models with the log-transformed percentage of
time spent as response variable, and non-correlated
oceanographic parameters as explanatory variables.
Models were fitted with a Gaussian error distribution
and an identity link function. We included individual
identity as a random intercept term (during incubation)
and trip nested within individual (during chick rear-
ing) to account for the hierarchical structure of the data
(Bolker et al. 2009). Non-independence of the error
due to spatial autocorrelation was accounted for by
adding an autoregressive term (Dormann et al. 2007).
We tested multiple autocorrelation structures and
selected the one that provided the lowest AIC and best
fitted the experimental variogram (Zuur et al. 2009).
An exponential correlation structure was thereby
selected. We performed all possible linear combina-
tions of explanatory variables and ranked the models
based on their AIC values. We then calculated the
Akaike weight (w;) for each model, which represents
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the relative likelihood of candidate models (Burnham
& Anderson 2002). Predictive performances of the best
models were assessed by cross-validation. In each sim-
ulation (n = 1000), models were fitted to a training
dataset (70 % of each trip, selected randomly) and the
predictive performance was assessed by comparing
observed and predicted time spent of the test dataset
(remaining 30 %). We used Pearson correlation coeffi-
cients to assess model predictive performance for each
simulation. Ultimately, we mapped the predicted spa-
tial distribution of foraging habitat during both incuba-
tion (December 2007) and chick rearing (January 2006)
within a spatial extent in accordance with the observed
range of long trips performed by white-chinned petrels.
The standard deviation of the random intercept terms
in the models indicated the level of inter- and/or intra-
individual variability. Predictions were made for each
trip and then averaged to take into account inter-
and/or intra-individual variability and so draw infer-
ences at the population level.

Oceanographic data. BAT was retrieved from the
ETOPO2v2 database at a spatial resolution of 0.033°.
SST (NOAA POES AVHRR GAC 0.1°) and CHLA
(Aqua MODIS NPP 0.05°) were obtained using the
Xtractomatic routine (http://coastwatch.pfel.noaa.gov/
xtracto/), allowing data extraction from BloomWatch
website (http://coastwatch.pfel.noaa.gov/coastwatch/
CWBrowserWW360.jsp). As these environmental vari-
ables were not available at the same spatial resolution,
we aggregated cells to match a standard grid of
0.25° cell size. Cloud cover prevented use of weekly
data; we thus created our own monthly composite
grids by averaging the 4 wk centred at the middle date
for each track. Additionally, we calculated spatial
gradients: BATG, SSTG and CHLAG, respectively.
Satellite-based observations of sea ice (resolution:
25 km) were obtained from the National Snow and
Ice Data Center (http://nsidc.org/data/docs/daac/nsidc
0051_gsfc_seaice.gd.html; Cavalieri et al. 1996). We
used ArcGIS 9.2 (ESRI) to transform sea-ice concentra-
tion (SIC) data from the NSIDC's polar stereographic
projection into a geographic coordinate system
(WGSB84). The sea-ice edge is usually defined as the
transition region where sea ice covers more than 15 %
of the ocean surface (Zwally et al. 2002). Thus, we cal-
culated the sea-ice edge as the maximum latitude of
the >15% SIC and used a loess filter to create a smooth
contour representing this continuous feature. Given
the dynamic nature of sea-ice extent during the austral
summer, we used daily SIC to identify the sea-ice edge
and calculate the distance between each centroid of
the grid cell and this limit (DIST-ICE). Moreover, we
matched daily bird locations with concurrent daily SIC
to quantify associations with pack ice. The general
positions of most fronts and the Southern Boundary of

the Antarctic Circumpolar Current (SB-ACC) were
provided by Orsi et al. (1995) and Harris & Orsi (2001,
updated 2006), and that of the polar front was provided
by Moore et al. (1999). Sea surface height and eddy
kinetic energy are known to influence seabird forag-
ing distributions (Nel et al. 2001), but they were not
available south of 62° S, where white-chinned petrels
spend most of their time, and hence could not be
included in our models.

RESULTS
Seasonal variation in foraging grounds

White-chinned petrels tracked with GLS loggers
showed a clear separation in foraging grounds during
the breeding and non-breeding seasons, and pre-lay-
ing exodus (Fig. 1). They utilised 3 distinct waters
masses with contrasting SST depending on the period:
neritic subtropical upwelling zone off South Africa in
winter (14 to 16°C), oceanic subtropical (12 to 15°C)
and subantarctic waters (6 to 12°C) during the pre-
laying exodus, and Antarctic/subantarctic waters
(~1 to 5°C) during breeding. During the pre-laying
exodus (October), white-chinned petrels dispersed
widely, exploiting mainly subtropical and subantarctic
waters of the Indian Ocean (Fig. 1). Five individuals
returned to the Benguela Current system and 3 others
headed towards the western coast of Australia. As
birds migrated during the equinox periods (2 to 3 wk
around 21 March and 22 September), we were not able
to describe migration pathways or individual migration
schedules. However, based on the rapid shift in activ-
ity patterns, mean estimated dates of departure and
arrival from breeding sites were 7 April and 25 Sep-
tember, respectively. Overall, birds travelled a mini-
mum distance of 15000 km during the non-breeding
period. All birds migrated to neritic waters off South
Africa and Namibia (Benguela Current) during the
non-breeding period (April to October) and shifted to
forage in subantarctic waters surrounding Kerguelen
Island, and Antarctic waters, during the breeding
period (Fig. 1). In both years, all tracked individuals
wintered in the Benguela region off southwest Africa,
with the exception of one bird that wintered off south-
east Africa (Agulhas Current) in 2008. The 3 individu-
als equipped during both years showed fidelity to their
wintering grounds. Interestingly, some light peaks
were observed during the night for several individuals
during the winter months, suggesting the presence of
artificial light, potentially from fishing vessels. The
contours of the 90% kernel density distributions
encompassed a large area from 5°S to 40°S in winter,
but the core areas (25% contours) delimited more
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specifically the coastal upwelling zone of the Benguela
Current and were characterized by cold upwelling
(SST ~16°C) and high levels of productivity (Figs. 2 &
3). CHLA and all gradients (BATG, SSTG and CHLAG)
were greater in core than peripheral areas, whereas
mean depth was much lower (500 m), corresponding
to the continental shelf (Fig. 2). Habitat preferences
were for areas of high primary productivity (CHLA and
CHLAG) and SSTG during the breeding and non-
breeding seasons, whereas birds were dispersed in
less productive waters during the pre-laying exodus
(Fig. 2).

Seasonal and daily variations in activity patterns

The seasonal shift in foraging areas was associated
with a change in flight activity (Fig. 4). White-chinned
petrels spent more time sitting on the water during the
non-breeding period (Table 1) than during the pre-

laying exodus (F; 49 = 398.9, p < 0.001) and breeding
periods (F; 36 = 235.2, p < 0.001 and F; 4o = 648.8, p <
0.001 for incubation and chick rearing, respectively).
Moreover, there were significant differences in the
number and duration of bouts spent on the water
between the non-breeding and breeding periods (p <
0.001). During the non-breeding period, bouts on the
water were fewer and, on average, longer, than during
breeding (Table 1). Birds rearing chicks spent less time
on the water than incubating birds (F; 36 = 21.9, p <
0.001). We found no differences in the proportions of
time spent on the water in daylight and darkness
except during chick rearing (Wilcoxon rank sum test,
W =116.0, p < 0.01), when birds spent more time on
water during daylight (Table 1).

Diel activity revealed contrasting seasonal patterns
(Fig. 5). All birds tracked over the Benguela Current
in winter exhibited the same typical daily pattern:
they increased their flight activity at dawn and dusk
(Fig. 5a). In contrast, there were no typical daily
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activity patterns during the pre-laying exodus and
breeding periods (Fig. 5b).

Breeding foraging trips

A total of 32 foraging trips were recorded by satellite
transmitters: 7 long trips from incubating birds and
25 long or short trips from 14 birds rearing chicks (see
Table S3 in the supplement for details on PTT deploy-
ments; www.int-res.com/articles/suppl/m416p267_supp.
pdf). Among the birds equipped during the chick-rear-
ing period, 9 individuals made repeated foraging trips,
generally alternating between long and short trips. Not

surprisingly, the distance travelled and the maximal
ranges differed significantly between short and long
trips for adults rearing chicks (Table 2). In contrast, the
maximum range and the average flight speed of long
foraging trips performed during incubation and chick
rearing did not differ significantly (F; 19 = 0.8, p > 0.05
and F, 1, = 2.2, p > 0.05, respectively). All birds trav-
elled towards a 50° longitudinal section along the sea-
ice edge of the Antarctic continent, approximately 1900
km from the colony. They spent most of the time (76 and
58 % during incubation and chick rearing, respectively)
south of 60° S within a 500 km strip along the pack ice.
Birds foraged 1° farther south during the chick-rearing
period (up to 66° S) and their longitudinal range was 10°

Table 1. Procellaria aequinoctialis. Summary of activity parameters for each stage of the annual cycle of white-chinned petrels

(mean + SD)
Time spent Duration of Number of Time spent on water (%) during:
on water (%) water bouts (min) water bouts Daylight Darkness
Winter 654 +0.8 164.4 +24.1 6.7+0.8 66.2 + 5.4 64.9 +6.8
Pre-laying exodus 26.2+7.3 45.0+9.3 13.9+1.8 253+ 7.7 27.9+9.8
Incubation 32.2+8.0 57.7 + 14.7 129+ 1.8 33.3+114 28.8 +10.3
Chick rearing 21.8+5.8 41.1+93 13.2+1.5 244 +7.8 189 + 5.7
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Table 2. Procellaria aequinoctialis. Comparisons of foraging trip parameters (mean +
SD) of white-chinned petrels between breeding stages and long versus short trips
during chick rearing. ***Values were significantly different (p < 0.001) between

were no differences in the duration
of the outward/ return journeys be-
tween stages (Table 2), but incubat-

incubation and chick rearing. —: not calculated

ing birds spent less time commuting

Incubation
Long (n=7)

Type of trip
Long (n =15)

Chick rearing

during the outward journey (1.6 +
0.5 d), following their recent incuba-

Short (n = 10) . K
tion fast, than during the return

1965.7 + 278.8
10005.8 + 1731.4***

Maximal range (km) 1847.6 = 170.7

Distance travelled (km)

Trip duration (d) 16.3 +1.9*** 8.9+ 19**
Mean speed (km h™Y) 26.4+4.6 29.6 + 2.6
Latitudinal range (°S) 49.4-64.3 49.0-65.8
Longitudinal range (°E) 62.3-101.4 52.7-100.8
Outward trip duration (d) 1.6 £0.5 1.7+0.6
Inward trip duration (d) 3.2+15 1.8+0.7

6381.8 + 1625.5*** 761.5 + 641.1

252.8 +238.8 (8.2x1.5d, F;,1,=6.7, p<0.05).
During both breeding stages,
;90; f g; birds spent most time within the sea-
56.6-49.3 sonal ice zone (SIZ), south of 60°S
70.1-81.3 (Fig. 6). All incubating birds rapidly

- headed straight towards the sea-ice
- edge and then concentrated for-

wider to the west compared with incubating birds. Trip
durations among incubating birds were twice those
recorded during chick rearing, and birds travelled
greater distances (~16.3 £+ 1.9 d; 10006 + 1731 km ver-
sus ~8.9 + 1.9 d; 6382 + 1626 km, respectively). There

aging effort in different patches
between 61 and 64°S (~10 d). The core area where
birds spent maximum time corresponded to offshore
waters (isobath =-4000 m) located ~200 km away from
the edge of the pack ice in December (Fig. 6a), where
SST was 0°C on average. In contrast, birds rearing
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chicks allocated their time more homo-
geneously throughout the foraging trips
and exploited waters ~300 km away
from the January sea-ice edge (Fig. 6b),
where SST was 1°C on average. This for-
aging zone overlies the SB-ACC (Fig. 6).

Modelling of foraging habitat during
incubation and chick rearing

Cross-correlation analysis indicated
that SST and DIST-ICE were highly cor-
related, as were CHLA and GCHLA (see
Table S4 in the supplement at www.int-
res.com/articles/suppl/m416p267_supp.
pdf). Univariate ranking led to the re-
moval of CHLA from both models,
whereas SST was discarded from the in-
cubation model and DIST-ICE from the
chick-rearing model. The models with
lowest AIC had relatively high support
(Akaike weight, w; ~90%) and the AAIC
between these models and the second
best models were greater than 5 (see
Table S5 in the supplement; www. int-
res.com/articles/suppl/m416p267_supp.
pdf). Consequently, we did not apply an
averaging procedure but retained the
most parsimonious model (Table 3). The
most important predictors explaining
residence time of incubating birds were
DIST-ICE and CHLAG (Table 3), indicat-
ing that birds foraged preferentially in ar-
eas close to the pack ice and character-
ized by high CHLA variability. During
chick rearing, residence time was nega-
tively related to SST and positively asso-
ciated with CHLAG. SST appeared to be
a better predictor of residence time than
distance to pack ice later in the breeding
season. SSTG was retained by the model
selection procedure but its influence on
residence time was minor during both
stages (Table 3). Model ranking indicated
that BAT and BATG had weak influences
on spatial allocation of time spent at sea.
The standard deviations of the random
effects included in the 2 models were
relatively small, which suggests low be-
tween and within individual variability
in response to oceanographic variables
(Table 3). Despite the high Akaike
weights of the models with the lowest
AIC, indicating low parameter uncertain-


http://www.int-res.com/articles/suppl/m416p267_supp.pdf
http://www.int-res.com/articles/suppl/m416p267_supp.pdf
http://www.int-res.com/articles/suppl/m416p267_supp.pdf
http://www.int-res.com/articles/suppl/m416p267_supp.pdf
http://www.int-res.com/articles/suppl/m416p267_supp.pdf
http://www.int-res.com/articles/suppl/m416p267_supp.pdf

276 Mar Ecol Prog Ser 416: 267-284, 2010

100 - ® |ncubation

Chick rearing

* Non-breeding
Pre-laying
exodus

Local sunrise
Local sunset

80

Time spent on water (%)

T T T T T T T T T

0 5 10 15 20 0 5 10 15 20
24 h period
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Table 3. Procellaria aequinoctialis. Coefficient estimates and
standard errors for environmental variables included in the
best candidate models of white-chinned petrel habitat use
during incubation and chick rearing. Coefficients are in log-
scale because the dependent variable (% time spent) was log-
transformed to meet the requirements of linear modelling.
The most important oceanographic variables for each breed-
ing stage are marked in bold, by comparing (absolute) nor-
malized estimated coefficients. SST: sea surface temperature;
SSTG: SST gradient; CHLAG: chlorophyll a gradient; DIST-
ICE: distance to summer limit of pack ice; AIC: Akaike Infor-
mation Criteria; w;: Akaike weight

Time spent (%)
Incubation Chick rearing
Intercept —2.297 £ 0.048 -1.652+ 0.064
+ SST - -0.085 = 0.037
+ SSTG 0.0005 + 0.029 0.0008 + 0.018
+ CHLAG 0.101 = 0.034 0.022 + 0.026
+ DIST-ICE -0.215 = 0.041 -
SD random intercept:
Individuals 0.069 0.0004
Trips - 0.1303
r? 0.33 0.35
AlIC 8048.46 12209.08
w; (%) 89.68 90.88
Cross-validation (n = 1000) — (r2, mean [Clgs,])
70 % train dataset  0.29 [0.26-0.31] 0.32 [0.30-0.33]
30 % test dataset 0.28 [0.23-0.33] 0.30 [0.26-0.34]

ties, the cross-validation procedure revealed poor pre-
dictive performance (r? test = 0.28 and 0.30 for incuba-
tion and chick rearing, respectively, Table 3). However,
the averaged spatial predictions of the percentage of
time spent matched well with the observed patterns
(Fig. 7). During incubation, white-chinned petrel forag-
ing zones were restricted to a narrow latitudinal strip
along the pack ice, and zones of maximal CHLAG (Fig.
7a), whereas during chick rearing, sea ice retreated
and SST was the most important predictor leading to
much larger potential habitat (Fig. 7b). The habitat
model for chick-rearing birds identified a key foraging
area—the Kerguelen plateau—which was visited
during short trips but not included in the modelling
process.

DISCUSSION

Our study demonstrates that Kerguelen white-
chinned petrels forage within highly productive zones
throughout the year and suggests that they adapt their
foraging strategy and behaviour to seasonal variation
in prey availability and energetic demand. Their habi-
tats at-sea ranged from subtropical waters of the
Benguela Current system during winter, to the Antarc-
tic seasonal ice zone during breeding. In these regions,
prey concentrations are relatively high and predictable
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in time, because they are tied to seasonally forced cold,
upwelling waters (Benguela Current) or the sea-ice
edge, respectively; both conditions are responsible for
elevated levels of primary and secondary production
(Longhurst 2007). The seasonal increase in krill abun-
dance associated with the spring/summer retreat of
sea ice appears to drive the southerly shift in distribu-
tion of white-chinned petrels after egg laying in the
southern Indian Ocean.

Foraging in the Benguela Current

In common with many other albatrosses and petrels,
white-chinned petrels migrate from their breeding
grounds to exploit rich, productive waters in winter
(Phillips et al. 2005, 2006, Shaffer et al. 2006,
Gonzalez-Solis et al. 2007a). Our study revealed that
the typical winter migration of white-chinned petrels
breeding at Kerguelen Island is to the Benguela Cur-
rent system, one of the 4 major eastern boundary
upwelling systems of the world (Hutchings et al. 2009).
Indeed, white-chinned petrel has been reported as one
of the most abundant pelagic seabirds over the conti-
nental shelf in that region between May and Septem-
ber (Summerhayes et al. 1974), but information on
their colony of origin was limited to a few band recov-
eries (Weimerskirch et al. 1985, Barbraud et al. 2008).
Only one individual (3.7 % of birds tracked) wintered
in the Agulhas Current. The relatively narrow shelf
zone surrounding Namibia and South Africa is charac-
terised by intense upwelling of nutrient-rich deep
waters, associated with strong southerly winds and
complex current systems (Shannon 1985). This up-
welling enhances primary and secondary production,
and supports high abundances of epipelagic fishes,
notably anchovies Engraulis encrasicolus and sardines
Sardinops sagax. At the top of the trophic web, a vast
community of predatory fish, seabirds, and marine
mammals feed upon these pelagic species, which are
also targeted by intensive commercial fisheries
throughout the year (Shannon 1985, Grémillet et al.
2008). Several migrant seabirds visit this region in
winter, including non-breeding black-browed alba-
trosses Thalassarche melanophrys from South Georgia
(Phillips et al. 2005), and Cory's shearwaters Calonec-
tris diomedea from the Atlantic and Mediterranean
Islands (Gonzdlez-Solis et al. 2007a).

Despite the relatively low accuracy of geolocators,
which inevitably results in some range inflation
(Phillips et al. 2004), and the high proportion of fixes
that had to be discarded in our study because of light
level interference, the large number of birds tracked
nevertheless provided sufficient locations to describe
oceanographic habitats reliably. The core area of

white-chinned petrel distribution corresponds to the
northern region of the Benguela Current off Namibia
and encompasses the perennial Liideritz upwelling
cell situated between 26 and 27°S. This cell is charac-
terized by maximum wind stress from the south and
the coldest nutrient-enriched waters along the south-
west African coast (Lett et al. 2007). The range of SST
in the core white-chinned petrel wintering area (12 to
17°C) corresponds to the zone of maximum productiv-
ity between freshly upwelled water (9 to 11°C) and the
offshore divergence (>19°C) (Lett et al. 2007). Hence,
we also found that white-chinned petrels were associ-
ated with high CHLA concentrations and bathymetric
gradients. The kernel density distribution indicated
that petrels exploit neritic waters over the narrow con-
tinental shelf (<500 m), in agreement with conclusions
reached in a recent stable isotope study (Jaeger et al.
2010). Moreover, a previous study conducted by Jack-
son (1988) reported higher white-chinned petrel densi-
ties close to the shelf break (500 m), a bathymetric fea-
ture also targeted by longliners and trawlers operating
in the region throughout the year (Grémillet et al.
2008). White-chinned petrels are known to attend fish-
ing vessels during both night and day (Ryan & Moloney
1988) and the peaks of light observed during the night
when processing our logger light records indicated
night interactions with fishing vessels. Although white-
chinned petrels experience high rates of bycatch, par-
ticularly in August and September in the southern
Benguela (Grantham et al. 2008, Watkins et al. 2008),
fishing vessels provide food to seabirds in the form of
bait or continuous flow of offal during fish processing
(Barnes et al. 1997). Indeed, discards (Cape hake Mer-
luccius capensis and rat-tail Coelorhynchus fasciatus)
comprise a high proportion of the diet of white-
chinned petrels in the region (Jackson 1988). Local
depletion of food resources (anchovies and sardines)
by fisheries has had dramatic effects on populations of
Cape gannets Morus capensis breeding on the coast of
Namibia and Southern Africa (Okes et al. 2009). How-
ever, this effect may be less severe for birds that over-
winter in the area because they are not central place
foragers at that time and, with no spatio-temporal
constraints, can move freely to find profitable prey
patches. Hence, both local availability of natural food
resources and locations of fishing vessels will influence
white-chinned petrel distribution (Ryan & Moloney
1988). Similarly, white-chinned petrels breeding at
South Georgia winter in highly productive subtropical
waters on the Patagonian Shelf and Humboldt up-
welling system off Chile, where they are known to
interact a great deal with fisheries (Phillips et al. 2006).

Our study revealed that white-chinned petrels spent
a greater proportion of time sitting on the water during
the non-breeding period than during the breeding
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period, a behaviour shared with others procellariiforms
(Mackley et al. 2010). Interestingly, they sat on the
water for longer periods and reduced their number of
landings/take-offs during the non-breeding period.
We suggest several, non-exclusive hypotheses to ex-
plain reduced flight activity during the non-breeding
period: (1) lower energy requirement compared to the
breeding season, (2) an opportunistic sit-and-wait for-
aging strategy in highly productive waters, (3) inter-
action with other marine top predators or fisheries that
facilitate foraging (Au & Pitman 1986, Bartumeus et al.
2010) or (4) a reduced flight ability due to moult. The
diel activity pattern of wintering birds revealed a peak
in flight activity at dawn and dusk. This accords with
observations by Barnes et al. (1997) of an increase in
white-chinned petrel foraging activity (flying, diving
or competing for food) ca. 2.5 h prior to sunrise, inde-
pendent of fishing operations. This observation led to a
recommendation that line shooting be completed be-
fore this period to reduce bycatch. The diel winter
activity pattern was surprisingly consistent among
individuals. This synchronization may be enforced by
changes in prey availability linked to diel vertical
migration of small pelagic schooling fish (Beckley &
van der Lingen 1999), which often move towards the
surface during the night in response to similar move-
ment of their prey. This might allow an optimal forag-
ing window for petrels when prey are still accessible
and light intensity is great enough to allow visual
predation.

Foraging in Antarctic waters

The breeding period coincides with increased ener-
getic demands when birds need to benefit from pre-
dictable resources to maintain their own condition
while also provisioning the chick (Weimerskirch 2007).
Kernel density distributions and habitat use models
highlighted 2 areas of increased utilisation during the
breeding season; one corresponding to the continental
shelf around Kerguelen Island and the other to Antarc-
tic waters. White-chinned petrels from Kerguelen for-
aged in subtropical/subantarctic waters during the
pre-laying exodus and made long trips to Antarctic
waters during both incubation and chick rearing.

This contrasts with white-chinned petrels from Cro-
zet and South Georgia, which exploit mainly subtropi-
cal and subantarctic waters during the early breeding
season (Benguela Current and Patagonian Shelf,
respectively) and shift to Antarctic waters only after
chicks hatch (Weimerskirch et al. 1999, Catard et al.
2000, Phillips et al. 2006). Satellite transmitters re-
vealed that adults rearing young performed shorter
long trips, but were able to commute rapidly and

directly to areas at similar distances to those used dur-
ing incubation. However, our results suggested that
they forage more continuously along the outward por-
tion of the journey than incubating birds, which con-
centrated their foraging effort at the southernmost lat-
itudes. They targeted the SIZ, where melting sea ice is
gradually broken into floes, and foraged almost exclu-
sively in open water (<1% of total locations were in
pack ice), consistent with at-sea observations in this
region (Woehler et al. 2003, 2010). All long trips were
performed clockwise, a direction favoured by the east-
ward winds prevailing south of 60°S, close to Antarc-
tica (Weimerskirch et al. 2000b).

Habitat models indicated that the distance to the
pack ice was an important determinant of white-
chinned petrel foraging zones during incubation,
whereas SST was the most important factor during
chick rearing. The change in the main predictors be-
tween the 2 breeding stages resulted in a less exten-
sive foraging zone during incubation than during chick
rearing, as highlighted by predictive maps. It may be
driven by changes in oceanographic conditions as
summer progresses and/or changes in energetic con-
strains. As summer progresses, sea-ice cover decrea-
ses, the SIZ becomes larger, important resources be-
come increasingly available at large spatial scales and
birds are forced to increase foraging efficiency to fulfil
their breeding obligations. Predictions of spatial usage
made during incubation and chick-rearing periods in
the same breeding seasons (2005/06 and 2007/08) con-
firmed that this spatial pattern was consistent and did
not result from inter-annual variability in oceano-
graphic parameters. In contrast to winter distribution,
petrels did not occur in areas of steep bathymetric gra-
dients, but instead exploited deep, oceanic waters. The
linear interpolation of the tracks during the OFF-
period of the solar PTTs may have introduced some
noise in the chick-rearing model, because we assumed
that birds flew in a straight line at a constant speed
between 2 locations separated by several hours. How-
ever, model selection performed on a dataset exclu-
ding the OFF-period retained the same explanatory
variables; the directions of the relationships were sim-
ilar, and coefficients differed only slightly.

During both stages, birds were associated with the
main frontal features of Antarctic waters (i.e. high
CHLA and SST variability) characterized by local con-
vergence and prey aggregation (Hunt et al. 1981). The
predicted foraging areas matched well with the distri-
bution of Antarctic krill Euphausia superba, a key food
resource in the Southern Ocean ecosystem, found
south of 59°S in our study area (Miquel 1991, Nicol et
al. 2000, Jarvis et al. 2010). The analysis of chick diet
samples collected during the same period at the same
colony confirms the importance of Antarctic krill as
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food resource during long trips towards Antarctica
(Delord et al. in press). Indeed, the SIZ supports large
concentrations of Antarctic krill that depend on the
extent and duration of sea-ice cover, summer phyto-
plankton blooms, and sea-ice-affiliated algae that pro-
mote early adult spawning in spring, and survival of
the larvae the following winter (Atkinson et al. 2004).
The predictability of krill for foraging petrels may be
favoured by its concentration in a few high-density
swarms, at scales of tens of metres and larger aggrega-
tion within patches at a scale of km (Atkinson et al.
2008). Moreover, this foraging area overlaps with the
SB-ACC, which corresponds to the poleward extent of
the Antarctic circumpolar current, considered to be a
seasonally predictable and productive foraging loca-
tion for many marine top predators feeding on krill
during the austral summer (Tynan 1998, Nicol et
al. 2000). Information on large-scale distribution and
abundance of Antarctic krill on a monthly basis would
therefore be a useful addition to our models, but unfor-
tunately, such data are currently unavailable. Never-
theless, concurrent diet analyses have indicated that
white-chinned petrels also feed on fish, squid and
others crustaceans while rearing chicks (Delord et al.
in press).

In contrast with behaviour during the non-breeding
period, breeding white-chinned petrels spent less time
sitting on the water and did not exhibit a distinct diel
activity pattern. The absence of a typical diel activity
pattern during the pre-laying exodus and breeding
stages may be due to the high variation in daylight
length depending on the latitude of the foraging
grounds (e.g. >23 h daylight near Antarctica in Janu-
ary). The high proportion of time in flight is likely to
reflect increased energetic demand and higher forag-
ing effort in summer compared to winter (i.e. active
search versus sit and wait strategies, respectively).
Prolonged summer daylight in Antarctic waters may
also explain part of the differences in foraging strate-
gies, potentially making prey available all day long
(Phalan et al. 2007). The high frequency of short water
bouts indicated that white-chinned petrels were more
active during summer and alternated between short
periods on water (probably feeding) and longer peri-
ods in flight (searching).

Future climate and conservation implications

White-chinned petrels from Kerguelen Island face
different threats depending on the stage of their
annual cycle, as they target distinct foraging grounds
that are subject to varying anthropogenic pressures.
Seabird bycatch by longline fishing vessels and traw-
lers off South Africa has historically been extremely

high, with annual estimates of 33850 birds killed
in longline fisheries (Petersen et al. 2007) and
18000 birds killed in interactions with trawlers
(Watkins et al. 2008). A considerable proportion of this
bycatch consists of white-chinned petrels with an esti-
mated 8000 birds per year in the hake longline fishery
in the 1990s (Barnes et al. 1997), and 1500 birds per
year in the recent study of trawl mortality (Watkins et
al. 2008). Although improved mitigation measures are
now in place in South African fisheries (Anonymous
2008), the bycatch threat remains critical for white-
chinned petrels. Although bycatch mortality is possibly
lower in summer, longline fisheries targeting Pata-
gonian toothfish Dissostichus eleginoides over the Ker-
guelen Shelf, and more recently Antarctic toothfish
D. mawsoni in Antarctic waters, could contribute to
additional mortality especially near breeding colonies
(Weimerskirch et al. 2000a, Tuck et al. 2003, Delord et
al. 2005). Since there is no demographic monitoring for
white-chinned petrels breeding at Kerguelen Island, it
is impossible to quantify the effect of bycatch on their
population dynamics. Nevertheless, given that both
bycatch and large-scale climatic phenomena (e.g.
El Nino Southern Oscillation, ENSO) contributed to
population decline of white-chinned petrels breeding
at Crozet (Barbraud et al. 2008), it is possible that birds
from Kerguelen Island are similarly affected.

The foraging areas highlighted herein are highly
productive and characterized by complex oceano-
graphic processes. The effects of climate change on the
Benguela Current system are poorly known, but
declines and eastward shifts in pelagic resources
observed during the past decades indicate the direc-
tion of ongoing changes (Hutchings et al. 2009). The
prevailing climate change models predict continued
ocean warming, earlier break-up of annual sea ice,
and large-scale reduction in overall Antarctic sea-ice
cover (Gross 2005). The recent loss of sea ice in the
Antarctic Peninsula coincided with a decline in abun-
dance of Antarctic krill (Loeb et al. 1997, Atkinson
et al. 2004)—a clear signal of major environmental
changes that could occur throughout the Southern
Ocean and within our study sector. If krill becomes
increasingly scarce, competition will intensify. More-
over, fisheries operating in these highly productive
zones negatively affect seabirds by reducing abun-
dance of marine resources and/or causing additional
mortality by direct interactions. Although the white-
chinned petrel may be less susceptible than other spe-
cies given its versatility in foraging methods (greater
diving ability, capacity to feed during both day and
night, and extensive foraging range), they remain one
of the most common casualties of fisheries. Habitat
modelling provides new insights on the spatial distrib-
ution of potential threats and key foraging areas that
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could be incorporated into demographic models to
assess their relative influence on population dynamics
and to predict future population trends. Given the
increasing anthropogenic pressures in this region and
evidence of wide-scale population declines of white-
chinned petrels, there is little room for complacency.
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