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ABSTRACT: Foraging and provisioning strategies of the light-mantled sooty albatross (LMSA) Phoe-
betria palpebrata were studied during chick-rearing at Bird Island, South Georgia, in January to May
2003. Virtually all trips of satellite-tracked birds were restricted to Antarctic waters. Individual birds
followed a diversity of foraging routes, the majority to shelf and shelf-slope areas along the southern
Scotia Arc or to oceanic waters in the mid Scotia Sea, with only a few trips extending as far south as
the marginal ice zone in the Weddell Sea. Sympatric white-chinned petrels Procellaria aequinoctialis,
black-browed Thalassarche melanophrys and grey-headed albatrosses T. chrysostoma also exploit
these areas. Unlike LMSA, these species and the wandering albatross Diomedea exulans, also forage
on the shelf and shelf-slope waters surrounding South Georgia, or at the Antarctic Polar Front (APF),
where the larger albatrosses and smaller, more manoeuvrable white-chinned petrel may out-com-
pete LMSA for access to prey. As a consequence, foraging distances and maximum ranges are
greater, chick-feeding frequencies are lower and chick growth rate is slower in LMSA than in sym-
patric Thalassarche albatrosses, and adult LMSA appear to have little capacity to regulate provision-
ing according to chick condition. Nonetheless, LMSA seem well-adapted to exploitation of distant
foraging grounds, apparently using the wind to reduce flight costs and, in comparison with other
albatrosses, spending more of the night on the wing and returning with food loads that represent a
greater proportion of adult mass.
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INTRODUCTION

Early studies of niche partitioning in seabirds con-
centrated on north temperate and tropical communi-
ties (Ashmole & Ashmole 1967, Pearson 1968, Cody
1973, Bédard 1976). These suggested a variety of
mechanisms, including differences in timing of
breeding, diet and foraging habitat, which might
limit the intensity of inter-specific competition for
marine resources. In the subantarctic, marine higher
predator communities are particularly species-rich
and include many exceptionally mobile taxa compet-
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ing for often remote, patchy and unpredictable prey.
Applying the above framework in this context, Crox-
all & Prince (1980) concluded that although temporal
and spatial differences were of some relevance,
dietary specialisation was probably the primary
determinant of ecological isolation. This was prior to
the advent of satellite-tracking technology, which
allows the precise determination of foraging areas.
Therefore, the extent to which diet differences
reflected spatial segregation rather than preferen-
ces for particular types of prey or feeding techniques
was, at the time, uncertain.
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Subsequently, a number of comparative studies of
closely-related and morphologically-similar species
have related differences in diet composition during the
breeding season to preferences for particular oceano-
graphic domains, frontal zones or bathymetric regions
(e.g. shelf or shelf-slope waters) (Prince et al. 1998,
Waugh et al. 1999, Cherel et al. 2002, Hyrenbach et al.
2002). In theory, this could result from the competitive
exclusion of subordinate by dominant species from a
particular habitat, such as neritic waters close to the
colony (Cherel et al. 2002), and/or reflect foraging
niche-specialisation by birds differing in morphology
or feeding technique (Waugh & Weimerskirch 2003). In
the broadly analogous situation of sexual segregation
in highly sexually size-dimorphic seabirds, latitudinal
or habitat segregation at sea was usually attributed to
larger males out-competing females for access to local
resources (Weimerskirch et al. 1993, Gonzélez-Solis et
al. 2000b). More recently, however, it was suggested
that dimorphism in body mass and wing morphology
plays a functional role in determining flight perfor-
mance, and that the sexes might, therefore, have
active preferences for more, or less, windy ocean habi-
tats (Shaffer et al. 2001). Indeed, this is perhaps the
only satisfactory explanation to why sexual segrega-
tion is apparent in 2 Thalassarche albatross species
during incubation, but not during brooding or later
chick-rearing when competition for nearby prey is
likely to be more intense (Phillips et al. 2004).

At South Georgia (South Atlantic), the seabird com-
munity includes a guild of medium-to-large, highly
mobile, opportunistic, polyphagous, aerial predators
with large feeding ranges and potentially overlapping
prey preferences. To a large extent, the foraging ecol-
ogy of these species is well established, particularly
that of wandering Diomedea exulans, and black-
browed Thalassarche melanophrys, grey-headed alba-
trosses T. chrysostoma, northern Macronectes halli,
and southern giant petrels M. giganteus, and white-
chinned petrel Procellaria aequinoctialis, including
determination of at-sea distribution using satellite-
tracking for at least part of the breeding season (Prince
et al. 1998, Berrow et al. 2000, Gonzdalez-Solis et al.
2000a). The exception is the light-mantled sooty alba-
tross (LMSA) Phoebetria palpebrata. Indeed, this is
amongst the least known of any albatross, with de-
tailed studies of breeding biology and demography
from just 3 and 1, respectively, of the 9 breeding sites
(Mougin 1970, Berruti 1979, Thomas et al. 1983,
Weimerskirch et al. 1986). Movements at sea are
poorly described, with only 7 complete foraging tracks
from incubation or brooding published to date (Wei-
merskirch & Robertson 1994, Weimerskirch 1998,
Akkers 2002). Similarly, chick-provisioning rates have
only fully been investigated at 1 site (South Georgia:

Thomas et al. 1983) and these were derived from daily
mass increments, a technique that usually underesti-
mates feeding frequency (Phillips & Hamer 2000a).

The aims of the current study were to examine the
provisioning and feeding strategies of LMSAs at South
Georgia and, for the first time at this site, to charac-
terise the at-sea distribution of adults using satellite-
tracking. Results were compared with those from the
other sympatric albatrosses and petrels in the same for-
aging guild, particularly in terms of assessing spatio-
temporal overlap in habitat utilisation. With the excep-
tion of wandering albatrosses, which rear chicks
during the austral winter, and northern giant petrels,
which hatch chicks a month earlier, these species over-
lap extensively in timing of breeding (chicks hatch in
late December to mid January and fledge in late April
to late May). A subsidiary purpose of the study was,
therefore, to identify which other proximate mecha-
nisms might underpin any observed spatial segrega-
tion or habitat specialisation, and serve to promote
resource partitioning within this potentially highly
competitive foraging environment.

MATERIALS AND METHODS

This study was carried out at Bird Island, South
Georgia (54°00'S, 38°03'W) from January to May
2003. Although no recent counts of LMSAs are avail-
able for South Georgia, an estimated 5000 breeding
pairs were present in 1976-1977 (Thomas et al. 1983).
Given the typically biennial breeding pattern in this
species, but with some re-nesting in consecutive years
by failed breeders, the total size of the population at
South Georgia is considered to be ca. 7500 pairs, rep-
resenting 30 to 35% of the world population (Thomas
et al. 1983, Marchant & Higgins 1990).

On 25 January 2003, shortly before the predicted
end of brood-guard (at ca. 20 d after hatching: Thomas
et al. 1983), 1 unsexed adult at each of 4 study nests
was captured by hand and a satellite-transmitter
weighing 20 or 30 g (PTT 100; Microwave Telemetry)
attached to between 6 and 8 mantle feathers using
Tesa® tape. In addition, a combined geolocator and
immersion logger weighing 9 g (MKk. IV; British Antarc-
tic Survey), attached to a plastic band, was fitted to
1 tarsus of each bird. This logger tests for salt-water
immersion every 3 s, integrates such events over
10 min intervals and, thereby, provides the proportion
of time spent sitting on the sea as opposed to flying
during this period. Total instrument mass correspon-
ded to between 1.0 and 1.4% of the average mass
(2880 g) of 8 breeding LMSAs weighed at the same
stage of the season in 2001, a load unlikely to have any
deleterious effect on the bird's performance (Phillips et
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al. 2003b). Capture, handling and release of the birds
took less than 10 min. Two individuals were later
recaptured after the PTT batteries had depleted, and
the 2 Mk. IV loggers and 1 PTT retrieved.

All satellite-transmitter locations in ARGOS System
LC (Location Class) 3,2,1,0, A and B were filtered
using an iterative forward/backward-averaging filter
(McConnell et al. 1992) to remove any that required
unrealistic flight speeds (filter velocity >90 km h7! to
allow for occasional rapid commuting flights that were
clearly genuine, based on visual examination). This
resulted in the exclusion of 13.7 % of the original 7046
locations. For each trip, we calculated the duration,
maximum range (furthest distance reached from the
colony) and total (cumulative) travel distance along the
route (all using great-circle distances). Activity (pro-
portion of time spent in flight) and travel speed (cumu-
lative travel distance/total day or night length) during
daylight compared with darkness were calculated
from the PTT and Mk. IV logger data. Timing of civil
twilight (sun 6° below the horizon) was determined
according to standard astronomical algorithms (Mon-
tenbruck & Pfleger 1994).

Foraging trips were plotted individually and overlaid
on maps of strong sea surface temperature (SST) gradi-
ent, sea ice extent, and wind strength and direction.
SST gradient maps were used to delineate the surface
expression of the subAntarctic Front and were derived
from weekly Terra MODIS Level 3 mapped SST prod-
ucts (4.6 km resolution) according to Moore et al.
(1997). A strong gradient was defined as a temperature
change of 21.35°C across a distance of ca. 45 km.
Monthly composite maps of marginal sea ice extent,
corresponding to 15 % ice concentration, were derived
from Special Sensor Microwave Imager (SSMI) passive
microwave satellite data courtesy of NOAA (National
Ocean and Atmospheric Administration) and NCEP
(National Centre for Environmental Prediction). Wind
vectors were calculated using a numerical weather
prediction model based on the European Centre for
Medium Range Weather Forecasts (ECMWEF) 40 yr
reanalysis of historical meteorological data (ERA-40),
providing a snapshot every 6 h at a spatial resolution of
ca. 100 km. Following Weimerskirch & Robertson
(1994), birds were considered to be flying with tail,
side and head winds when the wind direction relative
to the bearing of the bird was 0° to 60°, 61° to 120° and
121° to 180°, respectively.

Fixed kernel home range analysis was performed on
the tracking data using the Animal Movement exten-
sion (Hooge & Eichenlaub 1997) in ArcView GIS 3.2
(ESRI). In order to reveal relatively small-scale detail,
the smoothing parameter (h) was set to 25 km. Al-
though locations were not serially independent, this is
not a requirement for kernel analysis (De Solla et al.

1999). Density contours corresponding to 95, 85, 75
and 50% kernels were calculated for locations in a
Lambert Equal-Area Azimuthal (South Pole) pro-
jection.

A few days after brood-guard had ceased and the
chick was left unattended, automated nest balances
were deployed at the study nests. These record chick
mass to the nearest 10 g every 10 min, allowing the
determination of chick growth rate, meal mass and
timing of feeding from mass increments (Huin et al.
2000). Colony visits of instrumented birds were deter-
mined from the satellite locations cross-referenced to
the timing of feeding and all meals were allocated to
individual parents (and trip durations calculated
accordingly) until PTT batteries failed. During this
period, the maximum meal mass delivered by a non-
instrumented bird was 1.05 kg and the only 2 mass
increments greater than this value (1.28 and 1.38 kg;
both delivered later in the season) were assumed to
represent closely spaced meals from both parents. Late
in the season, a few days of mass data were lost
because of equipment failure, in which case the feed-
ing interval prior to the subsequent meal was not cal-
culated.

Chick age was estimated by assuming hatching took
place on 6 January (the mean in 3 previous years:
Thomas et al. 1983, British Antarctic Survey unpubl.
data). Hatching in LMSAs at Bird Island is highly syn-
chronous (range 31 December to 10 January, i.e. +4 to
6 d of the mean), and consequently, the error associ-
ated with this approach is likely to be minor, particu-
larly as all chicks appeared to be of similar size when
the automated nest balances were set up. Potential
age-related changes in meal mass and chick-feeding
interval were examined for chicks aged 30 to 139 d,
and adult trip duration was examined for the period
that the PTTs were transmitting. These analyses
exclude the first 1 to 3 trips by instrumented birds prior
to deployment of the nest balances; hence, the slight
variation in sample sizes. An index of chick condition
was calculated as the residual from separate quadratic
regressions for each chick of mass on age (Weimers-
kirch et al. 20004, Phillips & Croxall 2003), based on
the mass of chicks at 05:00 h each day (i.e. the time
when mass was likely to be least influenced by recent
feeding history; see ‘Results’). Potential relationships
between chick condition at departure of the adult, sub-
sequent trip duration and meal mass, chick condition
on arrival, and the interval since the last meal (from
either parent) were investigated. Survival to fledging
at the 4 study nests was compared with a control sam-
ple of 23 other nests with chicks in mid to late January.
Unless indicated otherwise, parametric tests were used
throughout the paper and data are presented as arith-
metic means + SD.
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RESULTS
Satellite-tracking

Tracking data were obtained from each adult for 27
to 86 d, corresponding to all or part of 3 to 19 foraging
trips. The overall foraging area (minimum convex
polygon enclosing all points) was 3.7 x 10° km?. Virtu-
ally all trips were restricted to Antarctic waters (i.e.
south of the Antarctic Polar Front or APF), with none
extending north of the subAntarctic Front (according
to the weekly strong SST gradient maps), and only
1 passing over the Patagonian Shelf on the western
Burdwood Bank (Figs. 1 & 2). Each bird showed a con-
siderable diversity of foraging routes (Fig. 2). Of the 38
complete trips, 10 (26 %) were direct to deep waters in
the mid Scotia Sea, 20 (53 %) were to shelf (<1000 m
deep) and shelf-slope (1000 to 3000 m deep) areas
along the southern Scotia Arc, where the bird either
foraged in a relatively restricted area (n = 12) or trav-
elled some distance east-to-west (n = 8), 2 (5%) were
long looping tracks over oceanic waters and 2 (5%)
were short trips to the local shelf, with 4 tracks (11 %)
either a combination of or not otherwise falling into
these categories. Only 2 trips extended into the mar-
ginal ice zone (>15 % sea-ice cover) in the Weddell Sea
(Fig. 2b,c) and only 1 trip appeared to involve foraging
in the region of Shag Rocks (ca. 200 km west of South
Georgia; Fig. 1).

Tracks over oceanic water (>3000 m deep) were not
associated with any discernable bathymetric or hydro-
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graphic features, and although a few birds crossed the
APF, none spent any appreciable time in its vicinity
(Fig. 1). According to the wind vector maps, LMSA
almost always travelled with side and tail winds while
commuting, and very rarely against head winds. Side
winds from the right were the most common en route
to the Antarctic Peninsula and southern Scotia Arc
region, and tail winds from the left on the return jour-
ney. Travel along the southern Scotia Arc was exclu-
sively in a westerly direction. Wind strength and direc-
tion were important determinants of the flight route,
with the few looping tracks and almost all abrupt
changes in flight path in apparent response to the pre-
vailing wind conditions (usually strong head winds
encountered on the original bearing).

Kernel analyses confirmed high usage of patches of
shelf and shelf-slope waters extending from west of
King George Island (South Shetlands) to east of the
South Orkney Islands (Fig. 3). Areas of deep oceanic
water to the southwest of South Georgia were also
highlighted, presumably reflecting the direct trips to
the central Scotia Sea as well as the commuting routes
of birds in transit from and to the Antarctic Peninsula
and southern Scotia Arc. There were also 2 apparent
concentrations east of the South Sandwich Islands and
1 other in the Weddell Sea, reflecting the activities of a
single bird (Fig. 2b).

Considering only complete trips (Table 1), on aver-
age, LMSAs travelled an overall distance of 3795 =+
2432 km to a mean maximum range from the colony of
921 + 447 km, in trips that lasted 115 + 86 h. However,

foraging routes were sometimes much
longer, with a total of 14 (37 %) covering
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an overall distance >5000 km and 20
(53 %) to destinations >1000 km from
the colony. There was a highly signifi-
cant correlation between trip duration
and both travel distance (Spearman
correlation r; = 0.98, n = 38, p < 0.001)
and maximum range (Spearman corre-
lation 1y = 0.76, n = 38, p < 0.001). The
tracked birds made extensive move-
ments during the night, with a mean
travel speed during darkness (27.6 km
h~') equivalent to 70 % of that achieved
during daylight (39.1 km h™!). On aver-
age, 86.5% of daylight and 46.3% of
darkness was spent in flight.

50°S

F60°S

Provisioning rates

Fig. 1. Map of study area indicating the 200, 500 and 1000 m depth contours, the

approximate long-term positions of the Antarctic Polar Front (APF) based on
Moore et al. (1999) and sea ice cover in the Weddell Sea during February (dot-
ted plus hatched areas) and March (dotted area only) 2003. For further details

see text

Two of the chicks on automated nest
balances fledged successfully (aged ca.
145 and 158 d) and the other 2 killed
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Fig. 2. Phoebetria palpebrata. Routes of the light-mantled sooty albaross (LMSAs) satellite-tracked from Bird Island, South
Georgia, during chick-rearing, January to April 2003. (a) Bird 1, (b) Bird 2, (c) Bird 3 and (d) Bird 4

v (aged ca. 135 and 136 d) by predators
Kernel density (probably brown skuas Catharacta
I 50% [ ]85% antarctica lonnbergi). This survival rate
B 759 ] 95% from late brood-guard to fledging

(50%) was similar to chicks in control
nests (48 %, n = 23).

Chicks were never fed during dark-
ness, with the earliest meal delivered at
05:16 h, the latest at 20:44 h and the
great majority (96 %) between 08:00
and 20:00 h. The frequency distribution
of foraging trip durations of the 8 adults
(limited to the period that the PTTs
were transmitting) is shown in Fig. 4.
The overall arithmetic mean foraging
' y trip duration was 3.88 + 2.52 d (n = 69).

60°W 30°W Over the whole season, the overall
mean chick-feeding interval was about
Fig. 3. Phoebetria palpebrata. Kernel density contours for LMSAs satellite- half this value, 2.02 + 1.70 d (n = 158)

tracked from Bird Island, South Georgia, during chick-rearing, January to ~and the overall mean meal mass
April 2003 was 547 + 177 g (n = 167). With data

50°S4

60°54
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Table 1. Phoebetria palpebrata. Foraging trip characteristics of light-mantled sooty albatrosses tracked from Bird Island, South
Georgia, during chick-rearing in January to April 2003. Values are means + SD with range in parentheses

Bird Complete Trip Maximum Distance Speed during Speed during % of % of
trips duration range travelled daylight darkness daylight spent darkness spent
(h) (km) (km) (km h™1)? (km h™1)? in flight® in flight®

1 5 130 + 84 1091 £ 594 5021 + 3025 29.1+5.0 21.0+7.8 914 +1.0 50.0 £21.1
(11-241) (66-1502) (320-8547) (25.6-32.7) (15.5-26.5) (90.2-92.3) (30.0-76.9)

2 18 107 + 83 881 +465 3392 + 2208 394 +5.1 30.1 +10.2 - -
(20-289) (94-1613) (373-7456) (32.5-46.3) (13.3-49.5)

3 13 101 = 65 915 +420 3582 = 2290 39.7 £ 8.6 24.7 +10.5 - -
(26-211) (326-1708) (977-7110) (26.2-57.9) (7.1-51.2)

4 2 236 893 5744 40.5+£2.5 34.1+11.8 78.3+9.4 40.1 £13.0
(89-383) (868-918) (2761-8726) (37.9-44.1) (21.0-49.5) (71.2-89.0) (28.2-54.0)

All 38 115 + 86 921 + 447 3795 + 2432 39.1+7.0 27.6 + 10.7 86.5+8.5 46.3 + 18
(11-383) (66-1708) (320-8726) (25.6-57.9) (7.1-51.2) (71.2-92.3) (28.2-76.9)

“Results also include data from incomplete trips (1 per bird)

16

14 A

10 A

Number of trips

ther meal mass or trip duration (1-way
ANOVAs, F;61 = 1.2, p = 0.32 and
F; 61 = 0.3, p = 94, respectively), with
the mean meal mass for each adult
ranging from 456 to 680 g and mean
trip duration from 3.4 to 5.1 d; nor was
there a significant effect of PTT
attachment, with no significant differ-
ences between instrumented birds and
their partner in mean trip duration
(Paired t-test, t3 = 0.5, p = 0.65) or
mean meal mass (paired t-test, {3 =
1.9, p = 0.15).

There was no correlation between
chick condition on one visit and the
subsequent foraging trip duration by

Foraging trip duration (d)

Fig. 4. Phoebetria palpebrata. Frequency distribution of foraging trip durations
by LMSAs on Bird Island, South Georgia during chick-rearing

grouped into 10 d periods, there was no significant
effect of chick age on feeding interval (1-way ANOVA,
Fy 145 = 1.0, p = 0.45) or foraging trip duration (1-way
ANOVA, F; 4, = 0.7, p = 0.65), but there was on meal
mass (1-way ANOVA, F 157 = 2.0, p < 0.05). However,
meal mass showed no consistent pattern of increase or
decrease over time, nor any significant pairwise differ-
ences between 10 d periods as indicated by Scheffé
ranges tests.

Considering potential individual effects, there were
no consistent differences among the 8 adults in ei-

the same adult (Pearson correlation
Iss = 0.14, p = 0.26), nor the mass of
the meal delivered at the end of that
trip (14 = 0.18, p = 0.15). However,
there was a significant positive corre-
lation between meal mass and both
the duration of the foraging trip (14 =
0.36, p < 0.005) and the interval since
the previous meal from either parent
(164 = 0.35, p < 0.005), but not the mass of the previ-
ous meal (rz3 = 0.02, p = 0.89). Chicks that had been
left unfed for longer were in significantly poorer
body condition (155 = -0.51, p < 0.001), but the corre-
lation between meal mass and the condition of the
chick on arrival of the adult was not significant (154 =
-0.21, p = 0.09). In a stepwise multiple regression,
with all appropriate variables available for entry,
meal mass showed the strongest relationship with
foraging trip duration (F; ¢4 = 9.8, p < 0.005), with no
other variables entering the model.
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DISCUSSION
Foraging site preferences

This, the first detailed study of the foraging strate-
gies and at-sea distribution of LMSAs breeding at
South Georgia, revealed a diversity of foraging routes
and feeding sites used by adults during chick-rearing
(Fig. 2). The most important habitats were shelf and
shelf-slope waters of the southern Scotia Arc, and
deep water in the central Scotia Sea (in total account-
ing for 79% of all trips). LMSA also visited the mar-
ginal ice zone in the Weddell Sea and were occasion-
ally tracked on long, looping routes to the north and,
in one case, over the southeast portion of the Patag-
onian Shelf, but such trips were rare. This distribution
conforms fairly well to the pattern of at-sea observa-
tions (Thomas 1982). The latter suggested slightly
more use of waters to the west and north of South
Georgia, but as the origin, age and reproductive sta-
tus of birds seen at sea is unknown, such records
could easily be attributable to juveniles, failed breed-
ers or non-breeding birds.

The locations and feeding habitats typical of the
tracked birds were in accordance with the single diet
study carried out in the late 1970s (Thomas 1982). At
that time, the major prey by mass were squid (46 %),
crustacea (40%; predominantly Antarctic krill Eu-
phausia superba) and fish (11 %; mainly lanternfishes
Myctophidae and some Antarctic cods Nototheni-
idae). The principal squid by frequency of occurrence
were Galiteuthis glacialis (60%) and Psychroteuthis
glacialis (20 %) (Prince & Morgan 1987). Both are typ-
ically Antarctic species and regularly recorded in sci-
entific net hauls at the Antarctic Peninsula and Scotia
Arc (Xavier et al. 1999), i.e. co-extensive with the
core foraging areas of LMSA in this study. Diet sam-
ples from grey-headed albatrosses returning from the
Antarctic Peninsula region, and from white-chinned
petrels returning from near the South Orkneys, also
include krill (Berrow et al. 2000, Xavier et al. 2003).
The LMSA probably also target krill when they visit
these regions.

The low incidence of the squid Martialia hyadesi and
Kondakovia longimana, and the absence of Illex
argentinus in the diet of LMSA (Thomas 1982, Prince &
Morgan 1987) is equally informative. M. hyadesi is
common close to the APF, and consumed in large num-
bers by grey-headed and black-browed albatrosses
that visit this area (Rodhouse et al. 1996). K. longimana
dominates the diet of wandering albatrosses, which
feed predominantly (although not exclusively) in
warm, pelagic waters to the north and northwest of
South Georgia (Prince & Morgan 1987, Prince et al.
1998), and I argentinus is taken by white-chinned

petrels at the Falklands Shelf and Patagonian Shelf
(Berrow et al. 2000). The rarity or absence of these
3 squid species in LMSA diet agrees with the results of
our tracking study: the almost exclusively Antarctic
direction of the tracks, the rarity of trips to the Pata-
gonian Shelf and the absence, despite its close proxi-
mity, of foraging at the APF (Fig. 2).

Comparison with other studies

The few previous published satellite-tracks from
LMSA at Macquarie, Crozet and Marion Islands
were from the incubation or brooding periods (Wei-
merskirch & Robertson 1994, Weimerskirch 1998,
Akkers 2002). These studies show several parallels
with the South Georgia data. At all sites, LMSA
tended to commute fairly rapidly to specific areas in
Antarctic/subAntarctic waters, where they spent
most of their foraging time, and only rarely under-
took the long, looping tracks typical of several other
albatross species (Weimerskirch 1998). Foraging
ranges were usually very large, with LMSA appear-
ing to maximise travel speeds (also see Weimerskirch
& Robertson 1994) by exploiting the prevailing
winds. The airflow is predominantly easterly in the
Scotia Sea region and birds from South Georgia
exploit this by following a stereotypical flight path
involving a clockwise route to and from the southern
Scotia Arc. In this way, they avoid head winds when
heading south and take advantage of tail winds from
the left to facilitate rapid return from the Antarctic
Peninsula. LMSA from Macquarie Island similarly
avoid head winds wherever possible (Weimerskirch
& Robertson 1994). Finally, it is worth noting that
LMSA never make extensive use of well-defined
frontal systems.

One striking departure from previous studies was
the extensive use of Antarctic shelf and shelf-slope
waters by LMSA from South Georgia. This is also
reflected in dietary variation among birds from differ-
ent colonies, with krill much more important at South
Georgia than elsewhere (Ridoux 1994, Cooper &
Klages 1995, Green et al. 1998). In terms of squid spe-
cies, there is only moderate overlap, with Kondakovia
longimana considerably more important at Heard,
Macquarie, Marion and Crozet Islands, and several
taxa recorded elsewhere absent from the diet at South
Georgia (Berruti & Harcus 1978, Ridoux 1994, Cooper
& Klages 1995, Green et al. 1998). By comparison, the
dominant taxon by mass at South Georgia is the squid
Psychroteuthis glacialis, which presumably reflects the
closer proximity of Antarctic ice edge habitat to LMSA
at this breeding location than to those from the other,
more northerly colonies.
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Activity pattern

On average, the LMSA spent 86 % of daylight and
46 % of darkness in flight, with mean travel speeds of
39.1 and 27.6 km h™!, respectively. Relative speed was,
therefore, not in proportion to the level of flight activ-
ity, perhaps because during daylight, foraging birds
were more likely to engage in area-restricted search-
ing for prey and, hence, took more sinuous flight paths
between satellite fixes. Compared with other alba-
trosses during the post-brood period, LMSA spend a
proportion of daylight in flight that is similar to grey-
headed albatrosses, and slightly more than yellow-
nosed Thalassarche chlororhynchos and black-browed
albatrosses, but much more of the night in flight than
in any other species (Weimerskirch & Guionnet 2002,
Catry et al. 2004). This may allow them to reach distant
foraging grounds more rapidly and to spend a greater
proportion of their time actively searching for prey.
Further inter-specific comparisons of activity pattern
are confounded by differences in methodology, includ-
ing stage of the season, the use of sunset/sunrise or
civil/nautical twilight to discriminate between day and
night, the approach used to filter the bird locations and
calculate travel speed and distance etc., as well as the
potential influence of moon phase.

Given this high degree of nocturnal activity, it is
noteworthy that the majority of squid by number
(although not mass) consumed by LMSA at Marion
Island is bioluminescent (Berruti & Harcus 1978),
hence, the suggestion that LMSA may feed predomi-
nantly at night, when many squid and Antarctic krill
(their other main prey at South Georgia) perform
extensive diel vertical migrations that bring them
closer to the surface (Thomas 1982). However, other
authors have argued that the importance of biolumi-
nescence in facilitating prey capture has probably
been over-stated, and that it is more pertinent that the
majority of squid in the diet is large and positively
buoyant, and hence, potentially scavenged near the
surface when dead or moribund after spawning (Crox-
all & Prince 1994, Cooper & Klages 1995). Although
wandering albatrosses feed relatively little at night
(Weimerskirch & Wilson 1992), grey-headed alba-
trosses consumed 26 % of their prey by mass during
darkness, mostly using a sit-and-wait tactic whilst on
the sea surface (Catry et al. 2004). As the nights were
shorter, this equated to an intake rate in grey-headed
albatrosses during darkness of 61 % of that achieved in
daylight (Catry et al. 2004). It would clearly be instruc-
tive to have independent records of the timing of
ingestion events in LMSA and to determine whether
they behave similarly. At present, without higher reso-
lution data, it is difficult to determine whether LMSA
high flight activity during the night mainly reflects

commuting between prey patches (within which birds
then switch to area-restricted searching or to sitting-
and-waiting) or is essentially a linear searching
method to locate bioluminescent prey whilst on the
wing.

Provisioning strategies

The meal mass of LMSA at South Georgia in 2003
(647 + 177 g) was very similar to the mass of food
regurgitated by adults about to feed chicks in 1977
(657 £ 175 g: Thomas et al. 1983). Mean adult trip dura-
tion was 3.9 d and chick-feeding interval was 2.02 d in
2003, with the latter, as expected, slightly shorter than
that calculated from daily chick weights in previous
studies both at South Georgia (2.2 d: Thomas et al.
1983) and Marion Island (2.6 d: Berruti 1979). There-
fore, although our sample size (in terms of the number
of nests) was relatively small, the results match previ-
ous work very well. Compared with the other medium
to large albatrosses and petrels breeding at South
Georgia, LMSA chicks are fed less frequently, al-
though with relatively larger meals (Table 2). They
also gain weight less rapidly than do other species of
albatross and, given their smaller mass, take relatively
longer to fledge (Thomas et al. 1983). This disparity is
not related to intrinsic physiological constraints, as
there are no fundamental differences in mass-specific
metabolic rates of LMSA, grey-headed or black-
browed albatross chicks during the linear phase of
development (Phillips et al. 2003a). Therefore, the
inter-specific variation in growth up until peak mass
should be attributed almost exclusively to variation in
the rate of energy delivery by parents.

The average mass of a chick feed corresponds to
19 % of mean adult mass (2880 g), a greater percentage
than in any other albatross or large petrel (Phillips &
Hamer 2000b; Table 2). Adult LMSA, therefore, partly
compensate for their low feeding frequency by provid-
ing relatively large meals. There is no evidence that
they increase energy delivery rate by providing meals
of unusually high caloric value compared with other
albatrosses. The ratio of solid:liquid in adult regurgi-
tates is similar in LMSA, black-browed and grey-
headed albatrosses (Thomas 1982). In addition, the
ratio of lipid:water in the liquid portion is determined
primarily by food type, with meals of krill having the
highest lipid content (Clarke & Prince 1980), and the
diets of LMSA and black-browed albatrosses at South
Georgia include similar proportions of krill (Thomas
1982, Croxall et al. 1997).

There was no correlation in our study between chick
body condition and the subsequent foraging trip dura-
tion or meal mass delivered by the adult on its return;
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Table 2. Mean foraging trip characteristics and provisioning rates of medium to large, summer-breeding albatrosses and petrels
at Bird Island, South Georgia

Species Adult Chick-  Chick Meal Daily Distance Maxi- Source
mass® feeding  meal mass food travelled® mum
(9) interval® mass® (% adult intake® (km) range!
() @ mass)  (gd) (km)

Light-mantled sooty albatross

Phoebetria palpebrata 2880 2.02 547 19.0 271 3795 921 This study
Black-browed albatross

Thalassarche melanophrys 3460 1.22 569 16.4 466 1726 421 Huin et al. (2000)
Grey-headed albatross

Thalassarche chrysostoma 3460 1.26 616 17.8 489 1861 550 Huin et al. (2000)
Northern giant petrel

Macronectes halli 4790 (males) 0.48 269 5.6

3390 (females) 7.9 560 - - Hunter (1983)

Southern giant petrel

Macronectes giganteus 4720 (males) 0.52 345 7.3

3340 (females) 10.3 663 - - Hunter (1983)

White-chinned petrel

Procellaria aequinoctialis 1300 1.47 198 15.2 135 2808 751 Croxall et al. (1995),

Berrow et al. (2000)
4Cited reference or unpubl. data
PExcludes chicks <20 d old
‘Calculated from feeding frequency x meal mass
dUnpubl. analyses of 19 to 238 foraging trips (depending on the species) by birds fitted with satellite-transmitters during
post-guard chick-rearing

nor did meal mass correlate significantly with chick
condition on arrival of the adult. LMSA, therefore,
seem to have little leeway to modify provisioning pat-
terns according to the nutritional demands of the
chick. The inability to increase the feeding rate of
poorly fed chicks, in particular, implies either the
absence of alternative feeding sites closer to the colony
with sufficiently high and predictable prey concentra-
tions, or if such areas do exist, that adult LMSA are
unable to exploit them effectively. In Procellariiformes
in general, species which feed the chick relatively fre-
quently (every 1 to 3 d) often show some capacity to
respond to chick condition, whereas those that return
less often generally do not (Bolton 1995, Granadeiro et
al. 1998, Weimerskirch et al. 2000a, Phillips & Croxall
2003). With an average trip duration of 3.9 d, LMSA
therefore fit with this general pattern.

Spatial segregation

The overall foraging range utilised by LMSA during
chick-rearing is more or less co-extensive with most
other albatrosses and large petrels breeding at South
Georgia (Prince et al. 1998, Berrow et al. 2000). The
exceptions are wandering albatrosses, which tend to
be distributed further to the north and west in Febru-
ary to April, corresponding to their late incubation and
brooding period (Xavier et al. 2003, British Antarctic

Survey unpubl. data), and probably giant petrels,
which given their high feeding frequency (see Table 2)
and reliance, to a large extent, on seal and penguin
carrion during chick-rearing (Hunter 1983), presum-
ably feed closer to the colony. The latter needs to be
confirmed by satellite-tracking of giant petrels during
chick-rearing, as their foraging areas during incuba-
tion do overlap with those of LMSA (Gonzélez-Solis et
al. 2000a).

The greatest areas of overlap are within shelf and
shelf-slope waters on the southern Scotia Arc, of which
the western portion is exploited by sympatric black-
browed and grey-headed albatrosses, and the eastern
by white-chinned petrels (Prince et al. 1998, Berrow et
al. 2000). Unlike LMSA, black-browed albatrosses and
white-chinned petrels also commonly exploit the sur-
rounding South Georgia shelf and shelf-slope, and
both black-browed and grey-headed albatrosses rou-
tinely forage at the APF. Hence, the average travel dis-
tance and range of LMSA during chick-rearing is con-
siderably greater than in these other species (Table 2).

All 4 species show considerable overlap in diets,
which consist of squid, fish and krill in various propor-
tions (Thomas 1982, Croxall et al. 1997), and they can
be regarded as belonging to the same broad guild of
highly mobile, generalist predators. It is, therefore,
surprising that LMSA do not utilise these alternative
local sites that are obviously key foraging grounds for
the other species, as well as for wandering albatrosses,
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particularly during brooding (Xavier et al. 2003). One
possible explanation relates to the considerable inter-
specific disparities in body mass (see Table 2). Cherel
at al. (2002) postulated that size inequalities probably
accounted for the different proportions of neritic versus
oceanic prey in the diet of 3 sympatric albatrosses from
Kerguelen. Larger albatrosses tend to out-compete
smaller species when foraging (Weimerskirch et al.
1986), and there is empirical evidence that black-
browed albatrosses initiate and then dominate multi-
species feeding flocks close to South Georgia (Harrison
et al. 1991). Moreover, compared with other species,
LMSA rarely attend fishing vessels (Weimerskirch et
al. 2000b), suggesting that they do not compete effec-
tively in dense predator aggregations. It is, therefore,
likely that LMSA would lose in competitive interac-
tions with other albatrosses in waters close to South
Georgia and are, thus, forced to use more distant
foraging grounds.

Of course, size-mediated dominance cannot explain
why white-chinned petrels (which weigh only 1300 g),
but not LMSA, are able to exploit local neritic waters.
However, other mechanisms could regulate the degree
of inter-specific competition. Although both feed main-
ly by surface-seizing (Harper 1987), and there is little
disparity in diving capability (both regularly dive to
5 m and are able to achieve 12 m; Huin 1994, Prince et
al. 1994), white-chinned petrels probably feed even
more at night than LMSA, and being so much smaller
are probably much more manoeuvrable (Harper 1987),
each of which is likely to broaden their foraging niche
and reduce competition with Thalassarche albatrosses.

In conclusion, the co-existence of LMSA with other
highly mobile, generalist seabird predators at South
Georgia is facilitated to a large extent by spatial segre-
gation in foraging areas. This segregation is, however,
far from absolute. Although LMSA is the only species
that routinely concentrates its foraging effort during
chick-rearing in distant Antarctic shelf and shelf-slope
waters, sympatric Thalassarche albatrosses and white-
chinned petrels also exploit these sites. At least for
grey-headed albatrosses, this is in response to poor for-
aging conditions encountered close to South Georgia
and is associated with poor breeding success (Xavier et
al. 2003, Catry et al. 2004). LMSA, by contrast, can
exploit such remote sites and still rear chicks success-
fully, perhaps because they are the most aerial of the
South Georgia albatrosses, with particularly low wing
loading and high aspect ratio (Warham 1977) and are,
therefore, able to cover greater distances more effi-
ciently. Whether or not such adaptations mean that
LMSA from South Georgia show similar habitat prefer-
ences during the winter, when adults are no longer
constrained to be central-place foragers, has yet to be
revealed; nor is it known whether they allow LMSA to

fledge chicks in years of low krill abundance in the
north Scotia Sea, when the other krill-dependent
predators tend to fail completely.
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