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ABSTRACT: The marine habitat exploited by black-browed Diomedea melanophrys and grey-headed
albatrosses D. chrysostoma breeding at Campbell Island, New Zealand, was studied using satellite
telemetry. Data were analysed in relation to the bathymetry and sea-surface temperature of the forag-
ing zones. Black-browed albatrosses spent 55% of their time on the Campbell Plateau but also carried
out long foraging trips to the Polar Front and Antarctic Zone at a distance of over 2000 km. They relied
heavily on juvenile Micromesistius australis, a schooling fish, during foraging trips to the shelf but over
oceanic waters the squid Martialia hyadesi was the main prey taken. Grey-headed albatrosses spent
71 % of their time foraging over the deep waters of the Polar Frontal Zone where M. hyadesi comprised
over 90 % of the mass of prey taken. No satellite-tracked birds fed over the shelf, but data from the
duration of foraging trips and dietary analysis suggests that shelf-feeding is important for this species.
Significant inter-species differences in the time spent in neritic and oceanic zones show that black-
browed albatrosses are reliant primarily on shelf resources while grey-headed albatrosses are primar-
ily oceanic feeders. In addition, the 2 species overlapped little in the zones used over oceanic waters,
with black-browed albatrosses feeding in more southerly waters than grey-headed albatrosses. How-

ever, both species feed on M. hyadesi when foraging in association with the Polar Front.
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INTRODUCTION

Productivity varies non-randomly in large marine
ecosystems, typically being concentrated over shelves,
shelf slopes and at frontal zones (Ashmole 1971, Hunt
1990, 1991, Schneider 1990). This productivity is usu-
ally closely associated with concentrations of biomass
at all trophic levels (Abrams 1985, Lutjeharms et al.
1985). This is particularly so for top-level predators
where advection and/or upwelling processes also con-
tribute to increased prey densities (Genin et al. 1988,
Murphy 1995). However, conventional techniques
relating the density of wide-ranging top predators (e.g.
seabirds, marine mammals) to marine-environmental
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features have often failed to reveal strong relationships
(Schneider 1990, Hunt 1991, Veit & Hunt 1991, Pakho-
mov & McQuaid 1996). This is partly due to the diffi-
culties of observing individual predators while forag-
ing (Brown 1980) and the fact that top predators can
move considerable distances between feeding events
and thus may often be seen in non-productive areas.
There are also problems of measuring simultaneously
hydrographic structure and process, as well as the dis-
tributions of predators and their prey (Hunt 1990, Mur-
phy 1995).

Recently, satellite-tracking studies of large seabirds
have enabled the development of new approaches for
understanding predator-environment (Jouventin &
Weimerskirch 1990, Weimerskirch et al. 1994b, 1997c)
and predator-prey relationships (Rodhouse et al. 1996,
Veit & Prince 1997). The spatial and temporal distrib-
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ution of birds of known status can be studied in rela-
tion to variables in their environment (Wilson et al.
1994). For example, foraging of both penguins and
albatrosses has been found to be concentrated at the
Polar Front (PF) (Rodhouse et al. 1996, Guinet et al.
1997, Hull et al. 1997, Prince et al. 1998). Wandering
albatrosses Diomedea exulans rely heavily on
resources at shelf-breaks during brooding and some
parts of the chick-rearing period, as do black-browed
albatrosses D. melanophrys from Kerguelen Island,
Indian Ocean (Weimerskirch et al. 1997a, c). Several
species of seabird exploit prey patches which are
unrelated to physical oceanographic features (Veit &
Prince 1997, Prince et al. 1998, Weimerskirch 1998a).
Further to examining the location of foraging areas by
diet-sampling satellite-tracked individuals, the distri-
bution of prey species can be examined (Cherel &
Weimerskirch 1995).
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The influence of the marine physical environment
on seabird ecology and resource usage can be exam-
ined by comparing the foraging strategies of species
studied across several sites. Satellite-tracking studies
of seabirds have so far been concentrated in the At-
lantic and Indian Oceans (Weimerskirch et al. 1993,
1997a, b, ¢, Bost et al. 1997, Prince et al. 1998,
Weimerskirch 1998a). Relatively little research has
been focused on the Subantarctic Zone (SAZ) of the
Pacific Ocean (Weimerskirch & Robertson 1994,
Sagar & Weimerskirch 1996, Hull et al. 199%),
although this region supports major commercial fish-
eries (Annala & Sullivan 1997) and a high diversity of
petrels and albatrosses (Ainley et al. 1984, Warham
1996). This richness of top predators has been linked
to the productivity of the waters south of the New
Zealand mainland (Robertson & Bell 1984). The
hydrography of the Southern Pacific Ocean is compli-
cated by the large area of the Camp-
bell Plateau (Heath 1981). However,
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the constraints imposed on currents
by this large sub-marine feature mean
that there is little temporal variation
in the 3 major oceanic fronts that sub-
divide this area (Heath 1981): (1) the
Subtropical Front, (2) the Subantarctic
Front and (3) the Polar Front (Fig. 1).
The large shelf area of the Campbell
Plateau and the long distance to the
PF contrast with the foraging environ-
ment around the Crozet and Kergue-
len Islands (Weimerskirch et al. 1993,
1994b, 1997c, Bost et al. 1997, Guinet
et al. 1997) and South Georgia (Rod-
house et al. 1996, Prince et al. 1998)
which have more limited shelf areas
and are closer to the PF.

Our aims were to examine how
2 closely related and sympatric sea-
birds, black-browed Diomedea mela-
nophrys and grey-headed albatros-
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Fig. 1. Bathymetric and ocean-front features and water masses within the foraging

zones of black-browed and grey-headed albatrosses Diomedea me

D. chrysostoma from Campbell Island. Oceanographic zones are defined primar-
ily following Rintoul et al. (1997). The Antarctic Zone (AZ) lies south of the Polar

Front (PF), which is defined as the northernmost extent of the 2°C
200 m depth (Park et al. 1991), and characterised by the 3 to 5°C sur
(Machida 1976). The Polar Frontal Zone (PFZ) lies to the north of thi

its northernmost boundary at the Subantarctic Front, characterised by the 8 to 9°C
surface isotherms (Belkin & Gordon 1996, Rintoul et al. 1997). The Subantarctic

Zone (SAZ) covers the region of the Campbell Plateau and eastw

Subtropical Front, here shown following the description of Heath (1981). The Sub-
tropical Front has been described as a broad feature, extending across surface
isotherms of 10 to 17°C (Belkin & Gordon 1996). Here we define it at 15°C (Burling

1961), and term the region to the north, the Subtropical Zon

|
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ses D. chrysostoma from the Pacific
Southern Ocean, exploit and partition
marine resources. To do this we con-
ducted a simultaneous study of both
species using satellite tracking to char-
acterise their use of the marine ecosys-
tem with reference to bathymetry and
sea-surface temperature (SST), taking
into account the time spent by individ-
uals in different zones during their
foraging trips. Diet samples taken from
satellite-tracked birds were used to
examine feeding associations in differ-
ent foraging zones.
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METHODS

Field study. Breeding albatrosses from Campbell
Island (52°33'S, 169°09'E) were satellite tracked
using the ARGOS satellite telemetry system, and with
Toyocom T2038 (55 g) and Microwave M100 (20 to
30 g) Platform Terminal Transmitters (PTTs). Methods
of deployment are described in Weimerskirch et al.
(1997b). During February 1997, 11 foraging trips from
7 black-browed albatrosses Diomedea melanophrys
and 5 foraging trips from 4 grey-headed albatrosses D.
chrysostoma rearing chicks were obtained. Two suc-
cessive trips were recorded for 4 black-browed alba-
trosses and 1 grey-headed albatross. One transmitter
deployed on a grey-headed albatross did not function,
however the trip duration was recorded, and a diet
sample was taken from this bird.

Analysis. Satellite data contained 7 classes of location
of varying accuracy {ARGOS 1996). Data from all classes
were analysed and filtered to exclude locations if the av-
erage flight speed exceeded 75 km h™! (see Bevan et al.
1995). These data were analysed using GIS ARC-INFO
(ESRI 1992) to integrate environmental databases and
ARGOS satellite telemetry data. The bathymetry was in-
terpolated from 500 m depth grids that were generated
by ARC-INFO from a contour map sourced from The
General Bathymetric Chart of the Oceans (GEBCO)
(British Oceanographic Data Centre 1994). Integrated
Global Ocean Services System (IGOSS) weekly sea-sur-
face temperature (SST) data (Reynolds & Smith 1992)
were interpolated with the satellite locations.

As the number of satellite locations received for each
species was related to the number of satellite transmit-
ters deployed and the time spent foraging by each
individual bird, comparisons of habitat use cannot rely
on the number of locations. Additionally, the number of
locations recorded per hour of the day by the ARGOS
tracking system is non-uniform and linked to the num-
ber of satellites passing overhead at any one time
(Georges et al. 1997, Hull et al. 1997). Similarly, in this
study, we found that the number of locations showed a
bimodal distribution when plotted by hour, with few
locations recorded between 10 and 12 h and 22 and
24 h local time.

For these reasons data were analysed to indicate the
time spent rather than the number of locations
recorded. Using MATLAB (MathWorks 1996), we gen-
erated density plots for each track, which gave the
number of bird-hours spent in each ‘square’ of 0.5°
(Fig. 2). It was assumed that between successive
uplinks, birds travelled at constant speed and in a
straight line. The number of bird-hours spent was
analysed in relation to the environmental variables by
assigning each square a mean SST (21 classes from
-1.5 to 18.5°C, 1°C intervals) and bathymetric value

(12 classes from 250 to 5750 m, 500 m intervals). Using
these values for each square where a bird passed time,
we calculated the sum of hours spent in each variable
class per individual. Groups of birds were compared
using Mann-Whitney U-tests to examine differences in
the mean proportion of time spent in 3 depth classes,
corresponding to the continental shelf and the upper
shelf break (less than 1000 m depth), lower shelf break
(1000 to 3000 m depth) and oceanic waters (greater
than 3000 m depth) and 5 temperature classes (less
than 3°C, AZ; 3-5°C, PF; 5-9°C, PFZ; 9-15°C, SAZ;
15-19°C STZ). Statistics used follow Zar (1984), with
p < 0.05 as the level of significance, and analysis was
carried out using SYSTAT 6.0 (Wilkinson 1996). Values
are given as mean + 1 standard deviation.

To test the effect of handling and fitting tranmitters
to breeding birds, foraging trip durations of transmit-
tered birds were compared with a sample of 24 black-
browed Diomedea melanophrys and 15 grey-headed
albatross D. chrysostoma pairs feeding chicks (973 and
381 trips respectively), observed in the colony over the
14 d period during which the transmitters were
deployed (Waugh et al. unpubl. data). For both species,
the average durations of satellite-tracked trips were
longer than those of observed birds (2-sample t-tests,
separate variance: black-browed albatross, t;o = -3.54,
p < 0.005, grey-headed albatross, t; = -3.24, p < 0.05).
We can suppose that transmittered birds are more
inclined to carry out relatively long foraging trips after
handling than would occur by chance, but there is no
evidence to show that these trips were not representa-
tive of long trips carried out by other birds in the
colony. Indeed, for black-browed albatrosses, trans-
mittered birds used the same zone as dyed breeding
black-browed albatrosses from the same colony, 1 yr
earlier (Waugh in press).

Dietary analysis. Diet samples were taken after for-
aging trips by 4 black-browed albatrosses Diomedea
melanophrys and 5 grey-headed albatrosses D.
chrysostoma fitted with satellite transmitters. Most
samples were taken from adults directly, but 3 were
taken from chicks just fed. For both groups of animals
the same sampling procedure was used. The bird was
inverted over a bucket or funnel for up to 2 min, and
the stomach palpated gently. An additional diet sam-
ple was obtained from a bird returning after an 11 d
trip carrying a temperature logger (Wilson et al. 1995),
which gave information on the SST zone where it for-
aged (Weimerskirch et al. 1995). In addition, 10 diet
samples were taken from each species from randomly
selected chicks that had just been fed.

Material was preserved in isopropyl alcohol (Propan-
2-0l) until sorted to differentiate fresh and accumu-
lated remains. Fresh material only was used in our
analysis. This was sorted into fish, cephalopod, and
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were used to estimate the dorsal mantle length of Mar-
tialia hyadesi, and unpublished data (Y. Cherel, S.
Hanchet) for the standard length of Micromesistius

australis.
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Fig. 2. Diomedea melanophrys. Allocation of time by a black-browed albatross during 2 foraging trips (a) over shelf waters of the

from fish, and often was associated with feathers or
fur in the diet samples. Identification of dietary mat-
erial follows Cherel & Weimerskirch (1995). Allometric
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RESULTS
Black-browed albatross

Two distinct feeding zones were
used during the 11 foraging trips fol-
lowed —Dbirds used neritic waters (less
than 1100 m depth) close to Campbell
[sland during trips of short duration
(less than 4 d, n = 5 trips, Fig. 3A), or
they foraged over oceanic waters (over
3000 m deep) during longer trips (7.5 to
21 d duration, n = 6 trips, Fig. 3B). Four
birds for which 2 successive tracks
were recorded carried out a mixture of
these 2 strategies: 3 undertook a neritic
trip each before departing for longer
oceanic foraging bouts; 1 bird carried
out 2 successive neritic trips. The re-
maining 3 birds did 1 oceanic trip each.
The birds using neritic waters travelled
significantly fewer kilometres per day
than those foraging over deep waters
(neritic trips, mean distance = 386 x
84 km d”!, n = 5; oceanic trips, mean
distance = 491 + 108 km d!, n = 6,
F, =137, p<0.01).

Black-browed albatrosses Diomedea
melanophrys used a large geographic
zone, although half of the trips were
restricted to the Campbell Plateau
(Table 1). The maximum ranges dur-
ing trips were 150 to 640 km for birds
over neritic areas, and between 1550
and 2300 km during trips over oceanic
waters. Data from individual trips
were grouped according to the type of
trip carried out, being either over shelf
waters (less than 1100 m) or oceanic
waters. For each group, the distribu-
tion of birds’ time with respect to tem-
perature and depth zones is shown in
Table 2. A wide range of temperature
zones was used (range —0.3 to 18.4°C),
with birds ranging from the AZ to the
STZ (Fig. 4A). The distribution of bird-
hours with respect to temperature
shows a major peak of activity in the
SAZ (Fig. 4A), corresponding to the
shelf waters around the breeding site,
but an important second concentration
of activity was evident at the PF
(Table 2). Similarly, the distribution of
time over depth zones (Fig. 4B) shows
peaks of activity over the shelf and
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Fig. 3. Diomedea melanophrys. Foraging trips from black-browed albatrosses to
neritic waters {(A) over the Campbell Plateau and (B) over oceanic zones. Three
birds had successive trips to neritic followed by oceanic waters
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Table 1. Diomedea melanophrys and D. chrysostoma. Characteristics of individual foraging trips for black-browed albatrosses D.
melanophrys (BBA) and grey-headed albatrosses D. chrysostoma {GHA). Bird no. indicates individual birds; a. b: successive trips
by the same bird. Water depths of less than 1100 m are associated with trips over the Campbell Plateau. Dates given as d/mo/yr

Species Bird First Trip Total Distance Max. Speed Max. SST No. of
no. day of dur. dist. d-' (km) range (km h'") depth °C) loca-
/trip trip (d) {km) (SD) n (km) (SD) n (m) (range) tions
GHA 1 10/2/97 3.1 1839 601.9 (133.9) 2 807 309 (21 7) 2 6335 7.2-8.6 32
2 4/2/97 12.0 8107 701.8 (242.1) 11 1609 31.6(19.4)1 5993 4.1-9.7 68
3a 4/2/97 5.8 3234 554.6 (151.3) 5 985  28.2 (20.6) 5 6145 6.7-9.7 48
3b 10/2/97 6.5 4231 624.7 (190.4) 5 1722 27.7(19.7) 5 6104 3.4-86 62
4 4/2/97 12.8 9422 743.5(189.9) 11 2714 31.6 (19.2) 11 6123 4.1-12.5 90
BBA 1 4/2/97 13.8 10206 762.8 (328.9) 13 2221 31.1(22.0)13 5879 0.9-12.0 126
2 4/2/97 21.0 7763 508.4 (256.2) 15 2265  22.3(20.3) 15 5104 3.6-9.4 155
3a 4/2/97 3.7 1338 331.3 (334) 3 344 199(16.8) 3 1058 9.7-104 31
3b 8/2/97 9.1 5943 597.6 (221.1}) 8 1946  29.9 (21.5) 8 5908 -0.3-9.7 112
4a 4/2/97 3.6 1645 470.5(282.0) 3 638 51.4(99.1) 3 986 9.7-12.6 32
4b 7/2/97 16.0 11652 710.0 {204.0) 15 2310 22.6(18.9) 15 6366 2.1~18.1 162
5 4/2/97 9.9 5373 490.8 (252.2) 9 1550 24.9(194) 9 5150 9.7-18.4 82
6a 4/2/97 26 1317 4845 (16.3) 2 398 229 (16.2) 2 514 9.7-12.0 20
6b 7/2/97 7.5 4751 573.7 (336.3) 6 1559 303 (16.2) 6 5932 3.4-8.7 55
7a 4/2/97 2.9 989 304.1 (56.6) 2 282  166(11.9) 2 563 9.7-104 26
7o 7/2/97 2.0 685 479.0 (1) 1 154 16.5(12.9) 1 931 9.7-10.0 19
L |

Table 2. Diomedea melanophrys and D. chrysostoma. Mean + SD proportion of time spent in depth and temperature zones by
birds of 3 groups: (1) black-browed albatrosses D. melanophrys (BBA all), (2) black-browed albatrosses undertaking oceanic trips
(BBA oceanic), and (3) grey-headed albatrosses D. chrysostoma (GHA all). ns: not significant

Group Depth (m)
<1000 1-3000 >3000
Shelf Slope Oceanic
BBA all 055+045 007+0.12 038=x0.39
BBA oceanic 0.18+0.19 0.12x0.14 0.70x0.20
GHA all 0.05+0.06 0.04+0.03 090=x0.10
Test results
BBA all U=49.0 ns U=3.0
vs GHA all p <0.01 p <0.01
BBA oceanic ns ns U=3.0
vs GHA all p <0.05

Temperature (°C)
5-9 15-19

STZ

0-3
AZ
0.09+020 0.17+0.26 0.10+0.13 058+043 0.06+0.15
0.16+0.26 031+028 019+0.12 023+021 0.10+0.19
000000 0.17+0.19 071+021 0.12x+0.14 0.00+0.00

3-5
PF

9-15
SAZ

ns ns U=0.00 U=44.5 ns
p < 0.001 p <0.05
U=250 ns U=0.0 ns ns
p < 0.05 p <0.01

oceanic waters but relatively little activity at the lower
shelf break (Table 2).

The diet samples taken from birds fitted with devices
showed that 2 prey types from 2 environments were
exploited: the 2 birds which foraged over oceanic
waters and at the PF delivered samples dominated by
squid (99.4 and 100 % by mass of fresh material). From
these, 5 juvenile Martialia hyadesi (mantle length, ML:
225 to 262 mm) and 1 adult Galiteuthis glacialis were
identified. The 3 birds which fed over the Campbell
Plateau and the shelf of the New Zealand mainland
delivered meals dominated by fish (91.0 to 96.5% by
mass of fresh material). From these, 69 juvenile
Micromesistius australis (standard length, SL: 88 to 106
mm) and 1 squid Nototodarus sloanii were identified.
In addition, samples from 10 randomly selected chicks

were analysed to examine the major prey classes and
species present. The mass of fresh remains in these
was dominated by M. australis in 80% of cases, and
this prey species was present in 100% of samples.
Other fish species dominated in 20 % of samples. Four
individual M. hyadesi were found in 1 of these random
samples, but this species was absent from the remain-
der, and cephalopods did not dominate in any samples.

Grey-headed albatross

The 5 grey-headed albatrosses Diomedea chryso-
stoma foraged over oceanic waters (depths greater than
6000 m), with trips of 3.1 to 12.8 d duration (Fig. 5).
Birds travelled on average 645 + 76 km d™! (n = 5). The
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Fig. 4. Diomedea melanophrys and D. chrysostoma. Propor-

tion of bird-hours spent in zones of different (A) temperature

or (B) depth from the colony for black-browed and grey-
headed albatrosses satellite-tracked from Campbell Island
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grey-headed albatross travelled relatively long dis-
tances from the breeding site (maximum ranges 800 to
2700 km) and as far east as 204°E (Table 1). Grey-
headed albatrosses used predominantly the PFZ but
also the PF and SAZ (Fig. 4A), with the most southerly
activity at the PF, but not over it into the AZ. Birds fre-
quented oceanic waters almost exclusively (Table 2).

All diet samples from satellite-tracked grey-headed
albatrosses Diomedea chrysostoma contained over
97.8 % squid by mass of fresh material (n = 5). Twelve
juvenile Martialia hyadesi (ML: 245 to 279 mm) and 1
Galiteuthis glacialis were identified. The mass of fish
material was negligible in comparison to that of squid,
although neritic gadiform fish from 5 different species
were identified. In the diet of the 10 randomly sampled
grey-headed albatross chicks, M. hyadesi was present
in 80% of samples and dominated by mass of fresh
material in 60 %. The shoaling fish Micromesistius aus-
tralis was present in 80 % of samples, and dominated
by mass in 20%, and other fish species dominated in
the remaining 20 % of samples.

Comparison between the species

Significant differences were found in the number of
hours spent by birds of each species in depth and
temperature zones (Table 2), with black-browed alba-

trosses Diomedea melanophrys spend-
ing more time over shelf areas and
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grey-headed albatrosses D. chryso-
stoma more over oceanic waters. Nei-
ther species used the lower shelf break
to any great extent (Fig. 4B). The range
of temperature zones used differed,
with grey-headed albatross restriced to
only 3 of the 5 zones used by black-
browed albatrosses. In the 3 zones used
by both species, grey-headed alba-
trosses spent significantly more time
in the PFZ and significantly less time
in the SAZ than black-browed alba-
trosses, with no differences found in
the amount of time spent at the PF
(Table 2).

Further comparison was made be-
tween grey-headed albatrosses Dio-
medea chrysostoma and those black-
browed albatrosses D. melanophrys

160°E 170°E 180°E 190°E

Longitude

Fig. 5. Diomedea chrysostoma. Five grey-headed albatross foraging trips. Both
birds foraged in Subantarctic Waters between Campbell Island and as far south
as the PF, but spent relatively little time over the Campbell Plateau

200°E

210°E using the same environment, ie.
undertaking trips over deep waters to
the south and east of the Campbell
Plateau. These 2 groups of birds did not
show significant differences in the

daily distances travelled (F; g = 0.4, ns).
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The hours spent by the 2 species differed in relation to
depth and temperature zones (Table 2). Black-browed
albatrosses spent less time over oceanic waters than
grey-headed albatrosses. They showed higher usage
of the SAZ and AZ than grey-headed albatrosses,
which concentrated their time in the PFZ. At the PF,
the proportion of bird-hours was equal between the
2 groups.

DISCUSSION
Black-browed albatross

Breeding black-browed albatrosses Diomedea me-
lanophrys satellite-tracked from Campbell Island ex-
ploited a wide variety of marine environments, from
the STZ to AZ. However, 2 marine environments were
favoured. Firstly, birds performing trips of short dura-
tion fed on the continental shelf around Campbell
Island. Secondly, they visited the PF during longer
trips. The same individuals foraged during successive
trips in the 2 environments, i.e. in 3 cases after a
neritic trip, individuals undertook an oceanic trip.
This 2-fold strategy appears to be crucial for chick
provisioning at Campbell [sland—provisioning rates
of a larger sample of birds were studied contempora-
neously to the satellite tracking, and showed that
birds spent 40% of their time in long foraging trips
(greater than 5 d duration), and delivered 15% of
meals after such trips (Waugh et al. unpubl. data).
This characteristic appears to be unique to the Camp-
bell Island population, as at other sites conspecifics
forage in relatively short trips. At the Kerguelen
Islands, black-browed albatrosses use only the shelf
waters during trips of 2 d on average (Weimerskirch
et al. 1997b, H. Weimerskirch unpubl. data). In the
Atlantic Ocean, they divide their time between 2 shelf
areas at South Georgia and the South Orkney Islands,
in addition to foraging at the PF (Prince et al. 1998),
with an average trip duration of 2.1 d (P. Prince
unpubl. data).

The exploitation of 2 marine environments through a
2-tfold strategy of short and long trips has been
observed in several species of albatross and petrel
from other sites (Chaurand & Weimerskirch 1994,
Weimerskirch et al. 1994a, 1995, 1997¢, Weimerskirch
1998b). This strategy allows the exploitation of distant
food resources, while allowing adults to increase the
provisioning rate of the chick with shorter trips.

Exploitation of 2 distinct prey resources is apparent
through the use of either neritic or oceanic waters by
black-browed albatrosses Diomedea melanophrys from
Campbell Island. Diet samples show that while forag-
ing in short trips over the Campbell Plateau fish was

taken. Juveniles of Micromesistius australis were the
main resource exploited. Cephalopod prey, in particu-
lar Martialia hyadesi, was taken when birds foraged at
the PF and over oceanic waters.

The exploitation of locally rich zones is a common
strategy throughout the range of the black-browed
albatross, with birds from the Kerguelen Islands rely-
ing on fish stocks over shelf areas and squids, includ-
ing Martialia hyadesi (Cherel & Weimerskirch 1995).
At South Georgia, the diet shows high inter-annual
variability depending on the availability of Antarctic
krill Euphausia superba (Prince 1980, Rodhouse &
Prince 1993, Croxall et al. 1997). When krill is abun-
dant, black-browed albatrosses Diomedea melano-
phrys rely heavily on this patchy, but energy-rich,
resource (Prince 1980, Veit & Prince 1997), although
M. hyadesi is also an important component of the diet
(Rodhouse & Prince 1993).

At all sites where black-browed albatross Diomedea
melanophrys foraging strategies have been studied,
feeding activity has been linked to the PF. At South
Georgia, birds travel 200 km to the PF to the north of
breeding sites to feed (Prince et al. 1998), while at
Kerguelen Island, feeding over the shelf area coincides
geographically with the PF (Weimerskirch et al
1997Db). Thus the use of the PF by birds from Campbell
Island is not unusual, except that it is 2000 km from
the breeding site and therefore birds must travel long
distances to exploit resources there. The occurrence of
Martialia hyadesi in the diets of black-browed alba-
trosses at these 3 sites may explain the strong associa-
tion with the PF. This squid species is found in ‘cool
temperate waters of the Southern Ocean southwards to
the Antarctic Polar Frontal Zone and possibly extend-
ing south of the Front' (Rodhouse & Yeatman 1990).

Grey-headed albatross

The 5 grey-headed albatrosses Diomedea chryso-
stoma tracked at Campbell Island foraged mainly in
the SAZ and PFZ over oceanic waters. Studies of
wandering albatrosses Diomedea exulans from the
Crozet Islands show that they use long, looping for-
aging strategies over oceanic waters to maximise
prey vield, which by covering long distances becomes
dependable in quantity, though not in location
(Weimerskirch et al. 1994b, 1997¢). The grey-headed
albatross from Campbell Island may exploit oceanic
resources in a similar fashion, with a dependable but
low-energy foraging strategy, with the main prey
being cephalopod material, in particular Martialia
hyadesi. The shoaling distribution of this species in
association with the PF (Rodhouse in press) may
allow some concentration of foraging activity. Squid
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prey is less energy rich than fish (Clarke & Prince
1980), and grey-headed albatrosses from Campbell
Island may supplement their diet by taking fish
opportunistically. The occurrence of small amounts of
neritic fish remains in the diet samples of satellite-
tracked birds suggests that birds may use neritic
resources when moving between the continental
plateau and oceanic waters. However, shelf-only for-
aging trips may also occur, although none of the
satellite-tracked birds foraged exclusively over the
shelf. Feeding-frequency data from Campbell Island
showed that over 95% of grey-headed albatrosses
undertook trips of less than 2 d duration during the
same period as the satellite tracking study and the
proportion of individual birds' time spent in such
short trips was substantial (0.56, n = 28; Waugh et al.
unpubl. data). With average daily flight distances of
644 km (this study) this suggests that birds undertak-
ing 2 d trips would spend more than half their time
over shelf waters, as the shelf edge is approximately
250 km from Campbell Island at its closest. Further-
more, the shoaling fish Micromesistius australis was
delivered to chicks by grey-headed albatrosses in
80% of cases from random diet samples, and domi-
nated the fresh mass of 20%. The occurrence of this
prey species, which is thought to be restricted to shelf
areas (Hanchet 1997), suggests that grey-headed
albatrosses from Campbell Island are commonly feed-
ing on shelf resources when returning from long
trips, and that birds are concentrating some foraging
trips entirely over the shelf. Thus local food resources
may be important for chick provisioning in addition
to squid prey from the PFZ. Shelf feeding for grey-
headed albatrosses from South Georgia is very lim-
ited, and these birds more commonly concentrate
activity at the PF and over oceanic waters (Prince et
al. 1998). At-sea studies have concluded that grey-
headed albatrosses rarely use shelf areas (Ainley et
al. 1984, Stahl et al. 1985, Weimerskirch et al. 1986).
Either the birds from Campbell Island are more heav-
ily reliant on shelf resources than conspecifics from
other sites, or previous studies have failed to notice
this less frequently employed foraging strategy, as
none has combined satellite-tracking, provisioning
and diet-sampling studies during the same study
period.

Dietary studies of grey-headed albatrosses Dio-
medea chrysostoma show consistency across study
sites, with cephalopod prey predominating. At South
Georgia, squid made up 37 to 71 % of the diet by mass
(Croxall et al. 1997). As is the case for the satellite-
tracked birds from Campbell Island, Martialia hyadesi
dominated the squid diet of birds at South Georgia,
comprising up to 79% of the biomass of squid (Clarke
& Prince 1981, Rodhouse et al. 1990). At the Prince

Edward Islands, cephalopod prey dominated (Hunter
& Klages 1989). M. hyades: was rarely found by these
authors; however, in more recent sampling it has been
recognised that this species is indeed an important
prey item at the Prince Edward Islands (N. Klages pers.
comm.). Black-browed albatrosses D. melanophrys
and grey-headed albatrosses returning with M. hya-
desi prey foraged in different zones. Although this was
a common prey species for both albatrosses, these dif-
ferences in zone suggest that it is a widespread
resource. M. hyadesi is important for albatrosses and
larger petrels throughout the Southern Ocean (Clarke
et al. 1981, Rodhouse 1989, Croxall et al. 1997, Cherel
& Klages 1998).

Comparison between species

Inter-specific differences were clear in 2 aspects of
the foraging behavior of black-browed albatrosses
Diomedea melanophrys and grey-headed albatrosses
D. chrysostoma satellite-tracked from Campbell Is-
land. Firstly, the utilisation of resources over shelf
areas and oceanic waters differed in extent between
the 2 species. Thus, traditional perspectives of black-
browed and grey-headed albatrosses as mainly neritic
and oceanic feeders, respectively (Ainley et al. 1984,
Weimerskirch et al. 1986, Prince et al. 1994), hold for
the Campbell Island birds. However, at this site each
specles appeared to use a combined strategy exploit-
ing both the neritic and oceanic environments to a
greater extent than previous studies have indicated.
Secondly, the oceanic zones exploited by the 2 species
differed, suggesting an effective ecological separation,
as found through at-sea observations in the Ross Sea
and northwards (Ainley et al. 1984). Black-browed
albatrosses had a distribution that was widespread
across many temperature zones compared to grey-
headed albatrosses. Black-browed albatrosses used
waters to the south of the breeding site at the PF and in
the AZ, while grey-headed albatrosses concentrated
their activities at the PF and in the PFZ. Black-browed
albatrosses also used the SAZ to a greater extent than
grey-headed albatrosses. Use of the lower shelf break
appeared to be limited to commuting for both species,
despite the location of the Subantarctic Front close to
this feature (Heath 1981). At Kerguelen Island, black-
browed albatrosses feed commonly in association with
the lower shelf break (Cherel & Weimerskirch 1995).
This suggests that the foraging environments differ be-
tween the sites in this zone, inducing different foraging
strategies for the 2 populations.

The foraging zones of several other seabird species
have been studied in the New Zealand region, yet
there appears to be little overlap between the ranges
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described for these and the birds from Campbell
Island. Wandering albatrosses Diomedea exulans
tracked from the Auckland Islands (Walker et al. 1995)
and southern Buller's albatross D. bulleri bulleri from
the Snares (Sagar & Weimerskirch 1996) mostly ex-
ploited waters around the continental shelf of New
Zealand or foraged in the mid-Tasman Sea. These
zones were used, though infrequently, by the satellite-
tracked black-browed albatrosses D. melanophrys
from Campbell Island. More oceanic feeding species
such as the light-mantled sooty albatrosses Phoebetria
palpebrata (Weimerskirch & Robertson 1994) and
royal penguin Eudyptes schiegeli (Hull et al. 1997)
from Macquarie Island foraged in the area south of
the Subantarctic Front. Royal penguins used waters to
the northwest and south of Campbell Island: only the
latter area was used by the albatrosses from Campbell
Island on their return to the island, suggesting that
they were exploiting this relatively rich area when
travelling between the PF and the breeding site. Light-
mantled sooty albatrosses travelled to the west from
Macquarie Island and showed no overlap with the
foraging ranges of the birds tracked from Campbell
Island.

Conclusions

Black-browed albatrosses Diomedea melanophrys at
Campbell Island showed similar foraging characteris-
tics to conspecifics at other sites in exploiting relatively
productive areas over shelves and at the PF. For this
species, however, the long distance between the
breeding site and the PF meant that a 2-fold strategy of
oceanic and neritic trips was employed by individuals
to use the resources at long distance. Grey-headed
albatrosses D. chrysostoma foraged mainly over the
PFZ, where they relied heavily on squid, and it is pos-
sible that shelf-feeding also occurred. Although only a
limited number of individuals were studied, there is
evidence for spatial ecological segregation between
black-browed and grey-headed albatrosses, and of dif-
ferential use within and between neritic and oceanic
zones. Both species relied on 1 main squid prey spe-
cies, Martialia hyadesi, although it was taken from
different regions of the PFZ.

Acknowledgements. The work was funded by NIWA, the
Department of Conservation, New Zealand Lottery Science
Commission, France-New Zealand Cultural Agreement,
CNRS, and British Antarctic Survey. We thank, for assistance
in the field, G. Hedley, B. Thompson, and S. Kalish. Analysis
was enabled by technical assistance from B. McCallum of
Applied Research Associates New Zealand. Thanks to J
Croxall, C. Guinet and 3 anonymous reviewers for extensive
comments on the manuscript.

LITERATURE CITED

Abrams RW (1985) Energy and food requirements of pelagic
aerial seabirds in different regions of the African sector of
the Southern Ocean. In: Siegfried WR, Condy PR, Laws
RM (eds) Antarctic nutrient cycles and food webs.
Springer-Verlag, Berlin, p 466-472

Ainley DG, O'Connor EF, Boekelheide RJ (1984) The marine
ecology of birds in the Ross Sea, Antarctica. Ornithol
Monogr 32:1-97

Annala JH, Sullivan KJ (1997) Report from the Fishery
Assessment Plenary, May 1997: stock assessments and
yield estimates. Ministry of Fisheries, Wellington

Ashmole NP (1971) Seabird ecology and the marine environ-
ment. In: Farner DS, King JR {eds) Avian Biology 1. Acad-
emic Press, New York, p 223-286

ARGOS (1996) User’'s manual 1.0. ARGOS CLS

Belkin IM, Gordon AL (1996} Southern Ocean fronts from the
Greenwich meridian to Tasmania. J Geophys Res 101:
3675-3696

Bevan RM, Butler RJ, Woakes AJ, Prince PA (1995} The
energy expenditure of free-ranging black-browed alba-
trosses. Philos Trans R Soc Lond B 350:119-131

Bost CA, Georges JY, Guinet C, Cherel Y, Putz K, Charrassin
JB, Handrich Y, Zorn T, Lage J, Le Maho Y (1997} Forag-
ing and food intake of satellite-tracked king penguins dur-
ing the austral summer at Crozet Archipelago. Mar Ecol
Prog Ser 150:21-33

British Oceanographic Data Centre (1994) General bathy-
methric chart of the oceans. British Oceanographic Data
Centre, Birkenhead

Brown RGB (1980) Seabirds as marine animals. In: Burgen J,
Olla BL, Winn ME (eds) Behavior of marine animals, Vol 4.
Plenum Press, New York, p 1-39

Burling RW (1961) Hydrology of circumpolar waters south of
New Zealand. New Zealand Oceanographic Institute
Memoir 10. New Zealand Department of Scientific and
Industrial Research, Bulletin 143. New Zealand Oceano-
graphic Institute, Wellington

Chaurand T, Weimerskirch H (1994) The regular alternation
of short and long foraging trips in the blue petrel
Halobaena caerulea: a previously undescribed strategy of
food provisioning in a pelagic seabird. J Anim Ecol 63:
275-282

Cherel Y, Klages N (1998) A review of the food of albatrosses.
In: Robertson G, Gales R (eds) The albatross biology and
conservation. Surrey Beatty and Sons, Chipping Norton,
p 113-136

Cherel Y, Weimerskirch H (1995) Seabirds as indicators of
marine resources: black-browed albatrosses feeding on
ommastrephid squids in Kerguelen waters. Mar Ecol Prog
Ser 129:295-300

Clarke A, Prince PA (1980) Chemical composition and
calorific value of food fed to mollymauk chicks Diomedea
melanaophris and D. chrysostoma at Bird Island, South
Georgia. Ibis 122:488-494

Clarke MR, Croxall JP, Prince PA (1981) Cephalopod remains
in regurgations of the wandering albatross Diomedea exu-
lans at South Georgia. Br Antarct Surv Bull 54:9-21

Clarke MR, Prince PA (1981) Cephalopod remains in regurgi-
tations of black-browed and grey-headed albatrosses at
South Georgia. Br Antarct Surv Bull 54:1-7

Croxall JP, Prince PA, Reid K (1997) Dietary segregation of
krill-eating South Georgia seabirds. J Zool Lond 242:
531-556

ESRI (1992) Understanding GIS—the ARC/INFO method.
ESRI, Redlands



Waugh et al.: Exploitation of marine environment by sympatric albatrosses 253

Genin A, Haurey L, Greenblatt P (1988} Interactions of
migrating zooplankton with shallow topography: preda-
tion by rockfishes and intensification of patchiness. Deep-
Sea Res 35:151-175

Georges JY, Guinet C, Jouventin P, Weimerskirch H (1997)
Satellite tracking of seabirds: interpretation of activity pat-
tern from the frequency of satellite locations. Ibis 139:
403-405

Guinet C, Koudil M, Bost CA, Durbec JP, Georges JY, Mou-
chot MC, Jouventin P (1997) Foraging behaviour of satel-
lite-tracked king penguins in relation to sea-surface tem-
peratures obtained by satellite telemetry at the Crozet
Archipelago, a study during three austral summers. Mar
Ecol Prog Ser 150:11-20

Hanchet SM (1997) Southern blue whiting (Micromesistius
australis) stock assessment for the 1996-1997 and
1997-1998 fishing years. New Zealand Fisheries Assess-
ment Research Document 97/14. Ministry of Fisheries,
Wellington

Heath RA (1981) Oceanic fronts around southern New
Zealand. Deep-Sea Res 28A:547-560

Hull CL, Hindell MA, Michael K (1997) Foraging zones of
royal penguins during the breeding season, and their
associations with oceanographic features. Mar Ecol Prog
Ser 153:217-228

Hunt GL {1990) The pelagic distnbution of marine birds in a
heterogenous environment. Polar Res 8:43-54

Hunt GL (1991) Marine ecology of seabirds in polar oceans.
Am Zool 31:131-142

Hunt GL, Schneider DC (1984) Scale-dependent processes in
the physical and biological environment of marine birds.
In: Croxall JP (ed) Seabirds: feeding ecology and role in
marine ecosystems. Cambridge University Press, Cam-
bridge, p 7-42

Hunter S, Klages NTW (1989) The diet of grey-headed alba-
trosses Diomedea chrysostoma at the Prince Edward
Islands. S Afr J Antarct Res 19:31-33

Jouventin P, Weimerskirch H (1990) Satellite tracking of wan-
dering albatrosses. Nature 343:746-748

Lutjeharms JRE, Walters NM, Allanson BR ({1985) Oceanic
frontal systems and biological enhancement. In: Siegfried
WR, Condy PR, Laws RM (eds) Antarctic nutrient cycles
and food webs. Springer-Verlag, Berlin, p 11-21

Machida S (1976) Surface temperature field in the Crozet and
Kerguelen whaling grounds. Sci Rep Whales Res Inst
Tokyo 26:271-287

MathWorks (1996) Using MATLAB, Version 5. MATLAB the
language of technical computing. MathWorks, Natick

Murphy EJ (1995} Spatial structure of the Southern Ocean
ecosystem: predator-prey linkages in Southern Ocean
food webs. J Anim Ecol 64:333-347

Pakhomov EA, McQuaid CD (1996) Distribution of surface
zooplankton and seabirds across the Southern Ocean.
Polar Biol 16:271-286

Park YH, Gamberoni L, Charriaud E {1991) Frontal structure,
and transport of the Antarctic Circumpolar Current in the
Southern Indian Ocean sector, 40-80°E. Mar Chem 35:
45-62

Prince PA (1980) The food and feeding ecology of grey-
headed albatross Diomedea chrysostoma and black-
browed albatross D. melanophris. 1bis 122:476-488

Prince PA, Rothery P, Croxall JP, Wood AG (1994) Population
dynamics of black-browed and grey-headed albatrosses
Diomedea melanophris and D. chrysostoma at Bird Island,
South Georgia. Ibis 136:50-71

Prince PA, Croxall JP, Trathan PN, Wood AG (1998) The
pelagic distribution of South Georgia albatrosses and their

relationships with fisheries. In: Robertson G, Gales R (eds)
Albatross biology and conservation. Surrey Beatty & Sons,
Chipping Norton, p 137-167

Reynolds RW, Smith TM (1992) Improved global sea-surface
temperature analyses. J Clim 7:929-948

Rintoul SR, Donguy JR, Roemmich DH (1997) Seasonal evolu-
tion of upper ocean thermal structure between Tasmania
and Antarctica. Deep-Sea Res 44:1185-1202

Robertson CJR, Bell BD (1984) Seabird status and conserva-
tion in the New Zealand region. In: Croxall JP, Evans
PGH, Schreiber RW (eds) Status and conservation of the
world’'s seabirds. Tech Pub 2, International Council for
Bird Protection, p 573-587

Rodhouse PG ({1989) Cephalopods in the diet of wandering
albatrosses and sea-surface temperatures at the Sub-
Antarctic Front. Scient Mar 53:277-281

Rodhouse PG (in press) Large and meso-scale distribution of
the ommastrephid squid Martialia hyadesiin the Southern
Ocean: a synthesis of information relevant to fishery fore-
casting and management. Korean J Pol Res

Rodhouse PG, Prince PA (1993) Cephalopod prey of the
black-browed albatross Diomedea melanophrys at South
Georgia. Polar Biol 13:373-376

Rodhouse PG, Yeatman J (1990) Redescription of Martialia
hyadesi Rochebrunne and Mabille, 1889 (Mollusca:
Cephalopoda) from the Southern Ocean. Bull Br Mus Nat
Hist (1: Zool) 56:135-143

Rodhouse PG, Prince PA, Clarke MR, Murray AWA (1990)
Cephalopod prey of the grey-headed albatross Diomedea
chrysostoma. Mar Biol 140:353-362

Rodhouse PG, Prince PA, Trathan PN, Hatfield EMC, Watkins
JL, Bone DG, Murphy EJ, White MG (1996) Cephalopods
and mesoscale oceanography at the Antarctic Polar Front:
satellite tracked predators locate pelagic trophic interac-
tions. Mar Ecol Prog Ser 136:37-50

Sagar PJ, Weimerskirch H (1996) Satellite tracking of south-
ern Buller's albatrosses from the Snares, New Zealand.
Condor 102:649-652

Schneider DC (1990} Seabirds and fronts: a brief overview.
Polar Res 8:17-21

Stah! JC, Jouventin P, Mougin JL, Roux JP, Weimerskirch H
(1985) The foraging zones of seabirds in the Crozet Islands
sector of the Southern Ocean. In: Siegfried WR, Condy PR,
Laws RM (eds) Antarctic nutrient cycles and food webs.
Springer-Verlag, Berlin, p 478-486

Veit RR, Hunt GL (1991) Broadscale density and aggregation
of pelagic birds from a circumnavigational survey of the
Antarctic Ocean. Auk 108:790-800

Veit RR, Prince PA {1997) Individual and population level dis-
persal of black-browed albatrosses Diomedea melano-
phris and grey-headed albatrosses D. chrysostoma in
response to Antarctic krill. Ardea 85:129-134

Walker K, Elliott G, Nicholls D, Murray D, Dilks P (1995)
Satellite tracking of wandering albatross (Diomedea exu-
lans) from the Auckland Islands: preliminary results.
Notornis 42:127-137

Warham J (1996) The behaviour, population biology and
physiology of the petrels. Academic Press, London

Waugh SM (in press) Dye-marking of New Zealand black-
browed and grey-headed albatrosses from Campbell Is-
land. NZ J Mar Freshw Res

Weimerskirch H (1998a) Foraging strategies of southern alba-
trosses and their relationship with fisheries. In: Robertson
G, Gales R {eds) Albatross biology and conservation. Sur-
rey Beatty & Sons, Chipping Norton, p 168-179

Weimerskirch H (1998b) How can a pelagic seabird provision
its chick when relying on a distant resource? Cyclic atten-



254 Mar Ecol Prog Ser 177: 243-254, 1999

dance, foraging decision and body condition in sooty
shearwaters. J Anim Ecol 66:99-109

Weimerskirch H, Robertson G (1994) Satellite tracking of
light-mantled sooty albatrosses. Polar Biol 14:123-126

Weimerskirch H, Jouventin P, Stahl JC (1986) Comparative
ecology of the six albatross species breeding on the Crozet
Islands. Ibis 128:195-213

Weimerskirch H, Salamolard M, Sarrazin F, Jouventin P
(1993) Foraging strategy of wandering albatrosses
through the breeding season: a study using satellite
telemetry. Auk 110:325-342

Weimerskirch H, Chastel O, Chaurand T, Ackerman L, Hin-
dermeyer X, Judas J {1994a) Alternative long and short
foraging trips in pelagic seabird parent. Anim Behav 47:
472-476

Weimerskirch H, Doncaster CP, Cuenot-Chaillet F (1994b)
Pelagic seabirds and the marine environment: forag-
ing patterns of wandering albatrosses in relation to
prey availability and distribution. Proc R Soc Lond B 255:
91-97

Weimerskirch H, Chastel O, Ackerman L (1995) Adjustment
of parental effort to manipulated foraging ability in a

Editorial responsibility: Otto Kinne (Editor),
Oldendorf/Luhe, Germany

pelagic seabird, the thin-billed prion Pachyptila belcheri.
Behav Ecol Sociobiol 36:11-16

Weimerskirch H, Cherel Y, Cuenot-Chaillet F, Ridoux V
(1997a) Alternative foraging strategies and resource allo-
cation by male and female wandering albatrosses. Ecol-
ogy 78:2051-2063

Weimerskirch H, Wilson RP, Lys P (1997b) Activity pattern of
foraging in the wandering albatross: a marine predator
with two modes of prey searching. Mar Ecol Prog Ser 151:
245-254

Weimerskirch H, Mougey T, Hindermeyer X {1997c} Foraging
and provisioning strategies of black-browed albatrosses in
relation to the requirements of the chick: natural variation
and experimental study. Behav Ecol 8:635-643

Wilkinson L (1996) SYSTAT 6.0 for Windows. SPSS, Chicago

Wilson RP, Culik BM, Bannasch R, Lage J (1994) Monitoring
Antarctic environmental variables using penguins. Mar
Ecol Prog Ser 106:199-202

Wilson RP, Weimerskirch H, Lys P (1995) A device for mea-
suring seabird activity at sea. J Avian Biol 26:172-176

Zar JH (1984) Biostatistical analysis, 2nd edn. Prentice-Hall
International, London

Submitted: June 26, 1998; Accepted: September 17, 1998
Proofs received from author(s): January 20, 1999





