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ABSTRACT: The distribution of foraging activity for female Antarctic fur seals was investigated at
Cap Noir (49°07'S, 70°45'E), Kerguelen Island in February 1998. Eleven females were fitted with a
satellite transmitter and time-depth recorder. The 2 data sets were combined in order to locate diving
activity of the seals. The occurrence of fish in the diet of the seals was investigated by the identifica-
tion of otoliths in 55 scats collected at the breeding colony during the study period. Oceanographic
variables were measured simultaneously by direct sampling and satellite remote sensing. The
mesopelagic fish community was sampled at 20 stations along 4 transects, where epipelagic trawls
were conducted at night at 50 m depth. We then investigated, using geographic information systems,
the relationship between the spatial distribution of diving activity of the seals and oceanographic
variables (sea surface temperature, surface chlorophyll concentration, prey distribution and bathy-
metry) at the same spatio-temporal scale. An inverse relationship was found between the main fish
species preyed on by the fur seals and those sampled in trawl nets. However, diving activity of the
seals was significantly related to oceanographic conditions, forage fish distribution and distance from
the colony, although these relationships changed with the spatial scale investigated. A probabilistic
model was developed for the distribution of diving activity, which predicted where females should
concentrate their foraging activity according to the oceanographic conditions of the year, and where
breeding colonies should be located.
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INTRODUCTION

Seabird and pinniped populations breeding on sub-
antarctic islands are major consumers of marine re-
sources within the Southern Ocean, and consumption
by seabirds and pinnipeds breeding at South Georgia,
Crozet Island, Kerguelen Island, Heard Island and
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Macquarie Island has been estimated at 215 million
tonnes yr ! (Guinet et al. 1996). Marine resources are
distributed heterogeneously in space and time and are
generally related to spatial heterogeneity in physical,
chemical and bathymetric features of the marine envi-
ronment. Studies of the ecology of top predators at sea
indicate that their distribution, abundance, and behav-
iour are related to oceanographic features and primary
productivity, as found in seabirds (Pakhomov & Mc-
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Quaid 1996, Bost et al. 1997, Guinet et al. 1997, Wei-
merskirch 1998), and marine mammals (e.g. cetaceans:
Jaquet & Whitehead 1996, Tynan 1998; and pinnipeds:
Hindell et al. 1991, McConnell et al. 1992, Boyd et al.
1998, Georges et al. 2000). The spatial distribution
patterns of seabirds and their prey have been studied
by simultaneous observation during surveys. Most of
these studies have shown that correlations between
predators and prey increase with measurement scale
(Schneider & Piatt 1986, Heinemann et al. 1989, Erik-
stad et al. 1990, Hunt 1990, Mehlum et al. 1999,
Fauchald et al. 2000). This change of correlation
strength in relation to spatial scale has been inter-
preted as possible predator-prey interaction, with prey
avoiding their predators at a small scale, while at
larger scales predators are able to track their prey
(Rose & Leggett 1990). Furthermore, seabirds are
generally able to roam over large areas, and are thus
capable of exploiting the large scale patches of their
prey (Fauchald et al. 2000). Until recently, studies of
the pelagic distribution of seabirds were mainly con-
ducted from ships over defined transects. The geo-
graphical origin, sex, age and reproductive stage of
the birds and pinnipeds were generally not known
(Abrams 1985, Stahl et al. 1985, Hunt et al. 1992, Pak-
homov & McQuaid 1996). Over the last 2 decades,
methods have been introduced for tracking seabirds
and marine mammals using satellite transmitters, pro-
viding information about at-sea distribution of individ-
uals of known colonies and breeding status. Foraging
activity at sea for these top predators has also been
investigated by the use of multichannel digital loggers
(Costa 1993, Weimerskirch et al. 1994, 1995) with vari-
able sampling rates, which can record depth, light level,
water temperature, swimming velocity and stomach
temperature. The combination of data for activity and
location, obtained simultaneously for the same indi-
viduals, can provide valuable information about the
spatio-temporal distribution of foraging effort.
Satellite-based earth observation programs have pro-
vided an increasing number of time series on the spa-
tio-temporal distribution of dynamic oceanographic
variables, such as sea surface temperature (SST) and
surface chlorophyll concentrations. This information is
particularly valuable for the Southern Ocean, where
classical oceanographic data obtained by ship surveys
are limited. Furthermore, satellite sensors have repeat-
edly confirmed that the ocean environment is highly
structured and they permit the detection of frontal
zones, by using SST (Moore et al. 1997, Moore et al.
1999), as well as areas of high phytoplankton concen-
trations within the Kerguelen region (Metzl 2000). In
this study we assess the relationship between the at-sea
distribution of diving activity (i.e. foraging) of lactating
Antarctic fur seals Arctocephalus gazella at Kerguelen

Island, and a broad range of oceanographic variables
obtained on the same spatial and temporal scale and
using Geographical Information Systems (GIS).

Antarctic fur seals give birth to a single pup between
mid-November and late December, that they will rear
until weaning 4 mo later. During the lactation period
the major constraint on female fur seals is the require-
ment to commute back and forth between foraging
areas at sea and the breeding colony where they nurse
their pup. As central place foragers (Orians & Pearson
1979), they must therefore find food within a range
limited by their swimming ability and by the needs of
the growing pup. Several studies have shown that for-
aging trip duration increases with travel distance
(Boyd 1999, Bonadonna et al. 2000) and that the provi-
sioning rate of the pup decreases with increasing forag-
ing trip duration (Goldsworthy 1995, Guinet et al. 1999,
2000). The aim of this study was to investigate how the
foraging activity of lactating fur seals is distributed at
sea at a colony-population level, how foraging areas
can be characterised by a range of oceanographic vari-
ables and how these relationships change with spatial
scale.

MATERIALS AND METHODS

Study area and attached devices. The study took
place during the 1997/1998 austral summer between 4
February and 11 March at Kerguelen Island. The study
was conducted at a colony at Cap Noir (49°07'S,
70°45'E; Fig. 1), lles Kerguelen, on the northeast of the
Courbet Peninsula, where approximately 400 females
bred that year. Females were captured using a hoop
net and restrained on a board. A time-depth recorder
(MK5-TDR Wildlife Computers, Redmond, WA, USA)
mounted on top of a Platform Terminal Transmitter
(PTT) (Telonics ST10, packaged by Sirtrack Ltd, New
Zealand and linked to an Argos system) was attached
to each seal. The package (110 x 42 x 25 mm, 150 g,
cross-sectional area 10.5 cm?) was shaped to minimise
drag and was attached with plastic cable ties to a nylon
webbing strap (110 x 42 mm) that was glued dorsally,
on the midline between the scapulae of each seal, with
double component araldite glue (AW 2101, Ciba
Speciality Chemicals, Basel, Switzerland). Deployment
dates are summarised in Table 1. Females were
marked with serial numbers by bleaching the fur on
their rump with peroxide hair dye (Clairol Born Blonde,
Bristol-Myers Squibb Ltd., West Ryde, Australia). All
the seals were recaptured after 1 foraging trip, and
packages were subsequently redeployed on different
individuals. We consider the distribution of diving
activity for the 11 fur seal females equipped with a
satellite unit and a TDR to be representative of the dis-
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Fig. 1. Spatial distribution of
the diving activity of 11 fe-
male Antarctic fur seals from
the Cap Noir colony (%), Ker-
guelen Island, Feb 1998.
Greyscale: time (h) spent div-
ing in each 0.1° x 0.1° square.
(o) locations of trawl stations

tribution of diving activity for female Antarctic fur Mean' (3M) software (Wildlife Computers) to calculate
seals breeding at Cap Noir in February 1998. dive profiles (date, time, duration, depth).

Diet. Fish constitute the main component of the Locations were calculated by reference to 3 satellites
Antarctic fur seal diet at Kerguelen Island (Cherel et and assigned by Argos to 6 classes on the basis of their
al. 1997). Fish otoliths and bones were examined by accuracy. The accuracy of locations provided by Argos

collecting 55 scats from the breeding
colony where seals were captured. These

scats were assumed to be representative Table 1. Deployment date and foraging trip durations for the 11 seals

of lactating Antarctic fur seals at Cap Noir
during the study period. Individual scats Seal Date & time of Trip duration Maximum” Route®
° deployment? (d) distance (km) distance (km)
were kept separately and frozen at —-20°C
for subsequent analysis. Fish otoliths were B 05 Feb 15:35 7.2 98 404
carefully extracted, and species were c 05 Feb 16:20 5.7 97 279
determined by using the descriptions in G 05 Feb 17:14 8 152 472
: 14 H 05 Feb 18:00 2.9 88 192
Iwami (1985), Williams & MCEldowney M 11 Feb 18:51 17 547 1500
(1990) and our own reference collection. D 12 Feb 16:03 5 111 276
At-sea distribution of diving activity. L 14 Feb 12:00 7.9 243 525
MKS5-TDRs were programmed to record N 15 Feb 17:25 3.8 68 206
wet and dry periods and depth (x1 m) I 18 Feb 11:05 6.7 118 281
5 ith librated E 19 Feb 18:15 6.9 145 365
every 5 s with a pre_-ca ibrate .pressure F 25 Feb 12:32 59 93 191
transducer. Hexadecimal TDR files were x+ SD 7+3.7 160 + 136.8 426.4 + 373.2
converted into binary files using ‘Zero- ) ) )
Offset-C tion' soft Wildlife C “Local time at which device was attached
set-Correction’ software (Wildlife Com- PMax distance from the colony reached by a seal during a foraging trip
puters). Data were subsequently processed “Total horizontal length of foraging trip
using 'Dive Analysis’ and 'Mean-Max-
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is classified as follows: class 3 is accurate to 150 m,
class 2 to 350 m, class 1 to 1 km, and classes 0, A, and
B have no accuracy assigned. The error associated
with the location of the devices by the Argos system
can be estimated by considering location of females
known to be at the colony. Only the 4 most accurate
classes (0, 1, 2, 3) were then included in these analyses
(Boyd et al. 1998, Bonadonna et al. 2000). Argos data
were plotted using Elsa97 software (release 1.1, Soft &
Technique Informatique, Toulouse, France). Locations
were filtered such that those that suggested transit
speeds >3 m s~ ! were discarded (see Jouventin et al.
1994, Weimerskirch et al. 1995, Bost et al. 1997,
Bonadonna et al. 2000).

Spatial distribution of diving activity. For each seal,
at-sea location data were combined with diving activ-
ity data according to their common time basis. Relative
use of oceanic sectors was calculated and plotted using
Weavers' (1992) hypothesis. Fur seal females were
assumed to move in a straight line between 2 locations.
Furthermore, it was assumed that while diving there
was no horizontal displacement. Between 2 locations
the number of dives, their duration and their exact tim-
ing were determined. The cumulative dive time ({y, s)
was then retrieved from the total time (fr, s) between
the 2 locations, and the average travelling speed was
then calculated according to the distance, D, separat-
ing the 2 locations:

v = D/(tr—tg), inms™

The location of the first dive was determined according
to the time elapsed since the previous location using the
above calculation for travelling speed. This procedure
was repeated for subsequent inter-dive periods until the
following satellite location. Custom-made software! was
then used to estimate the amount of time spent diving in
each 0.1°x0.1°(11.1 kmlat. x 7.3 km long.) area of a grid
encompassing the whole study area.

Environmental data. Bathymetric data were ex-
tracted from the ETOPO database, with a resolution of
5' x 5', using the SeaDAS software. A bathymetric gra-
dient layer was then created, as several studies have
shown that Antarctic fur seals forage on the outer limits
of peri-insular plateaus, e.g. Heard Island (Green
1997), South Georgia (Boyd et al. 1998) and Kerguelen
(Bonadonna et al. 2000). Satellite SST and [chloro-
phyll] data were extracted for February 1998, consis-
tent with the deployment date of the satellite tags (see
Table 1). SST data at 9 km resolution were obtained
from the NOAA/NASA AVHRR Ocean Pathfinder Pro-
gram (Smith et al. 1996, http://podaac.jpl.nasa.gov/sst/)
and read by the SeaDAS software. SST gradients maps

!Dive Location Software can be provided by LD on request

were also calculated from these data as an indicator of
the major frontal structures in the area (Moore et al.
1997, 1999). Surface chlorophyll concentrations at the
same resolution measured by SeaWIFS were provided
by NOAA/NASA (http://daac.gsfc.nasa.gov/). Gradi-
ents were defined for each of the environmental vari-
ables by calculating the maximum slope around each
pixel from the local slopes in x and y. Only neighbours
above, below and to either side of the pixel are ac-
counted for in this ‘rook’s case' procedure. The algo-
rithm (IDRISI Module Surface Analysis) computes per-
cent slope for each pixel using the ‘tangent’' trigono-
metric function. As fur seal females are central place
foragers during the lactation period we decided to take
into account the distance separating the colony from
the node of each grid cell, by calculating the ortho-
dromic distance from the colony.

Diet and prey distribution. Female Antarctic fur
seals at [les Kerguelen dive almost exclusively at night,
within the first 100 m depth (unpubl. data). Mycto-
phids, which represented the main part of the diet
of female Antarctic fur seals at Ile Nuageuses, to the
north-west of Iles Kerguelen (Cherel et al. 1997),
undertake diel vertical migrations and are close to the
surface at night and in deeper waters during the day.
The fish were sampled by pelagic trawl, from the 25 m
reseach vessel 'La Curieuse’, of the Institut Francais
pour la Recherche et la Technologie Polaires (IFRTP).
The sampling was conducted exclusively at night,
between 21:00 and 04:00 h local time at a standard
depth of 50 m, chosen according to diving behaviour
monitored during the first 2 wk of the study using time
depth recorders (M.-A. Lea, S. Goldsworthy, C. Guinet
unpubl. data). An International Young Gadoid Pelagic
Trawl (IYGPT) was used, with an opening of 12 x 7 m
and a 10 mm mesh size in the codend (Duhamel et al.
2000). Depth of fishing was checked with a depth sen-
sor (Scanmar AS, Norway) clipped on the net. The net
was deployed for a standard 30 min of trawling, with a
constant speed of 3 knots, according to Duhamel et
al. (2000). The sampling was conducted between 16
and 21 Feb 1998, along 4 zonal transects separated
by 0.40° latitude, over the area 48.20°S, 70.80°E /
49.40°S, 72.00°E. Each transect contained 5 stations
separated by ~0.30° longitude (Fig. 1). We distin-
guished 2 groups of fish: (1) the overall number of fish
sampled, and (2) the number of forage fish of fur seals
(i.e. those representing more than 2% of the total
number of otoliths found in the fur seal scats). The
results obtained for each station in terms of total num-
ber of fish sampled and total number of forage fish
were interpolated at 0.1° x 0.1° scale, over the sampled
area using the INTERPOL procedure of the IDRISI
software (i.e. the weighted mean of the 12 closest
neighbouring pixels). Data were interpolated using a
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digital elevation model by means of a distance-
weighted average. A distance weight exponent of 2
was chosen, yielding a weight equal to the reciprocal
of the squared distance. We also conducted the same
analysis considering only the number of forage fish at
each of the 20 stations and the amount of time the seal
spent diving in the corresponding zone, at scales of
0.1°x0.1°, 0.2 x0.2° and 0.3° x 0.3°, centred on the cor-
responding trawling station. It was not possible to con-
duct this investigation at greater scale, as the areas in
which the amount of time spent diving was calculated,
centred on each trawling station, started to overlap
with each other. Larval and pre-juvenile fish speci-
mens were not considered in this study as at this stage,
even from a shoal, they are of negligible energetic
value for the top marine predators (see Duhamel et al.
2000).

Spatial scale and Geographic Information Systems.
The extent of the study area corresponded to a circle
centred on the study colony, with a radius of the maxi-
mum theoretical foraging range of the lactating Antarc-
tic females, estimated to be 650 km. This corresponded
with the maximum distance travelled by a lactating
female equipped with a PTT in this study. This defined
a study area of 16454 discrete grid squares at a 0.1° x
0.1° scale. Within that study area we assumed that each
pixel could be visited by female fur seals. In this study,
we assumed that the seals knew from past experience
which areas were suitable and accessible foraging
habitat. We thus considered that non-use of a habitat
was as informative as its use, and thus grid cells that fur
seals did not dive in were still included in the analysis.
This is consistent with the findings of Bonadonna et al.
(2000), which showed that female fur seals travelled di-
rectly to their foraging ground, where they then con-
centrated their searching, without stopping on the Ker-
guelen Plateau. In this study the accessibility of an area
was taken into account by including the distance of a
grid cell from the colony.

All data sets were transformed to the same scale grid
(0.1° x 0.1°) using a plate square projection and the
spatial analyst module of the Arcview® GIS software.
The value of each pixel was attributed according to
the projected point. Satellite SST and chlorophyll val-
ues were missing due to cloud cover for 1.6% and
3.2% of the pixels respectively. Missing values in
pixels were attributed by interpolation (see above).
The data were then transformed to raster data and
analysed using the IDRISI GIS® software. The resulting
GIS databases included data on 7 independent bio-
physical variables stored in raster format. Relation-
ships between the environmental variables and the
at-sea distribution of diving activity of fur seals were
investigated using multi-linear regression analysis
between the environmental data and the level of div-

ing activity for each 0.1° x 0.1° geo-referenced pixel.
We also applied the multilinear regression to surface
trends models at a 0.1° x 0.1° geographical scale. This
method takes into account the spatial change in envi-
ronmental variables (Unwin 1975). The method is
called ‘trend surface analysis’ because the basic model
used attempts to decompose each observation on a
spatially distributed variable into a component associ-
ated with purely local effects. This separation into 2
components is accomplished by fitting a best-fit sur-
face of a previously specified type using standard
regression techniques. The values predicted by this
trend-surface are assigned to the regional effects
whereas the local departures of the observed data from
it, or residuals, are assigned to the local effects (Unwin
1975). For a given environmental variable, data sets
were found to be spatially auto-correlated at a small
geographical scale. We thus applied a Bonferroni cor-
rection and results were considered to be significant at
p < 0.005. The influence of scale on these relationships
was investigated by aggregating pixels from a scale
ranging from 0.1° x 0.1° to 3° x 3° with an increment of
0.1° between each scale investigated. Figures with
maps were compiled with Arcview® GIS software.

RESULTS
Spatial distribution of diving activity

Deployment dates and durations of foraging trips are
summarised in Table 1. Lactating fur seals at Cap Noir,
Iles Kerguelen, concentrated their foraging activity on
the northeast outside edge of the Kerguelen Plateau, in
waters deeper than 500 m, with nearly no diving tak-
ing place in shallower waters. Most fur seals concen-
trated their foraging activity in an area at the edge of
the Kerguelen Plateau nearest to the colony; however,
1 fur seal travelled 547 km east of the colony to truly
oceanic waters (Fig. 1). The trawl stations used encom-
passed the main fur seal foraging areas (Fig. 1).

Diet and fish sampled

A total of 25 species of fish were identified according
to otoliths obtained from fur seal scats (Table 2). The
main prey species were 2 species of myctophids: Gym-
noscopelus piabilis (29.1 % by number), Electrona sub-
aspera (17.1 %) and 1 channichtyid, Champsocephalus
gunnari (10.2%). Juvenile and adult specimens of 18
fish species were sampled by trawl net for the 20 sam-
pling stations, 10 species of which were preyed on by
fur seals (Table 3). We found a negative relationship
between the number of otoliths per fish species found
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Table 2. Frequency of occurrence and numbers of otoliths
of species of fishes in 55 scats of fur seals from Cap Noir,
Kerguelen Islands

Table 3. Frequency of occurrence and numbers of fish caught
in trawl nets at 20 stations. Only species accounting for >0.5 %
of total fish shown in the group of the minor fur seal prey

Species Occurrence Numbers
n % n Y%
Microstomatidae
?Nansenia antarctica 3 5.5 7 0.4
Notosudidae
Scopelosaurus hamiltoni 5 9.1 7 0.4
Paralepididae
Paralepididae sp. 1 1.8 1 <0.1
Myctophidae
Electrona antarctica 10 182 19 1.2
Electrona carlsbergi 4 7.3 26 1.6
Electrona subaspera 35 63.6 269 17.1
Gymnoscopelus bolini 1 1.8 2 0.1
Gymnoscopelus braueri 1 1.8 1 <0.1
Gymnoscopelus nicholsi 19 345 152 9.6
Gymnoscopelus fraseri 17 30.9 61 3.9
Gymnoscopelus piabilis 39 709 461 29.2
Gymnoscopelus sp. (eroded) 25 45.5 131 8.3
Krefftichthys anderssoni 11 20 24 1.5
Metelectrona ventralis 6 109 11 0.7
Protomyctophum andriashevi 1 1.8 1 <0.1
Protomyctophum bolini 18 327 46 2.9
Protomyctophum choriodon 13 236 39 2.5
Protomyctophum tenisoni 7127 9 06
Myctophidae sp. (eroded) 23 41.8 97 6.2
Muraenolepididae
Muraenolepis marmoratus 1 1.8 2 01
Zoarcidae
Melanostigma gelatinosum 1 1.8 2 01
Nototheniidae
Gobionotothen acuta 1 1.8 4 03
Notothenia cyanobrancha 1 1.8 1 <0.1
Harpagiferidae
Harpagifer spinosus® 6 109 23 1.5
Channichthyidae
Champsocephalus gunnari 13 236 161 10.2
Gempylidae
Paradiplospinus gracilis 3 5.5 3 02
Centrolophidae
Icichthys australis 5 9.1 10 0.6
Eroded otoliths 5 9.1 7 0.4
Total - - 1577 100.0
“Formerly misidentified as Lepidonotothen squamifronsin
Cherel et al. (1997)

in the fur seal scats (Table 2) and the numerical abun-
dance of these species sampled in trawl nets (ry=-0.74,
n = 10, p = 0.02) and no C. gunnari were sampled,
despite the fact that they represented a large propor-
tion (10.2 %) of the fur seal diet during that period.

Environmental variables

Oceanographic data for bathymetry, SST and near-
surface chlorophyll concentration are presented in

Species Occurrence Numbers
n Yo n %o
Major fur seal prey (>2 %)
Myctophidae
Electrona subaspera 9 45 32 06
Gymmnoscopelus fraseri 5 25 134 2.5
Gymnoscopelus nicholsi 9 45 133 2.5
Gymunoscopelus piabilis 3 15 5 0.1
Protomyctophum bolini 9 45 809 14.9
Protomyctophum choriodon 6 30 11 0.1
Minor fur seal prey (<2 %)
Myctophidae
Electrona antarctica 9 45 1316 24.2
Gymunoscopelus braueri 5 25 238 4.3
Krefftichthys anderssoni 6 30 1083 19.9
Protomyctophum tenisoni 11 55 1623 29.9
Other species (n = 8) 12 60 54 1.0
Total 5438 100.0

Fig. 2. In February 1998, SST data exhibit a marked
temperature gradient associated with the subantarctic-
subtropical fronts north of Kerguelen Island and with
the Antarctic Polar Front south and east of Kerguelen
Island. The surface chlorophyll data indicate that there
were high chlorophyll concentrations to the north-east
of Kerguelen Island during the study period. The
chlorophyll gradient indicates that areas with highly
contrasted levels also occur to the north-east but also
south-east of the archipelago. Among all the fish spe-
cies sampled we distinguished 6 prey species caught in
trawl nets and representing more than 2% of the oto-
liths found in fur seal scats in February 1998 (Table 3).
The numerical variations in overall fish sampled and
fish prey abundance throughout the trawled area are
given in Fig. 3. The interpolated distributions of fish for
all species sampled and for the main fish prey species
are presented in Fig. 4. The main fish prey species were
only sampled in waters deeper than 500 m (Fig. 4).

Relationship between the spatial distribution of
fur seal diving activity and environmental variables

The results for the multi-linear regression analysis
between the amount of time spent diving by fur seals
during a foraging trip (DIVE, h) in a 0.1° x 0.1° grid
and the 7 associated environmental variables: distance
from the colony (DIS, km), bathymetry (BAT, m),
bathymetric gradient (BATg, %), chlorophyll concen-
tration (CHL, mg m~%), chlorophyll gradient (CHLg, %),
sea surface temperature (SST, °C) and sea surface tem-
perature gradient (SSTg, %)—are presented in Fig. 5
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Fig. 2. Mapping of oceanographic conditions at 0.1° x 0.1° scale within 650 km maximum foraging radius of Cap Noir colony:
(al) depth, m; (a2) bathymetric gradient, %; (b1) SST, °C; (b2) SST gradient, %; (c1) chlorophyll concentration, mg m3 and
(c2) chlorophyll concentration gradient, %. Dynamic variables (b1, b2, c1, c2) averaged for Feb 1998

for grid sizes ranging from 0.1° x 0.1° to 3° x 3° and a
sample size (grid numbers) ranging from 16454 to 13.
The coefficient of determination tended to increase
with spatial scale; however, due to the decrease in grid
numbers with increasing spatial scale, significant rela-

tionships were mainly found at scales of 0.1° x 0.1° to
1°x 1°and 1.8° x 1.8° to 2.2° x 2.2° (Fig. 5a). Five envi-
ronmental variables (DIS, BAT, BATg, CHL, CHLg)
were found to have a significant effect on the amount
of time spent diving in a given grid. However, as
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and in 13 of the stations when only the main fish prey
species were considered (Fig. 3). The distribution of the
diving activity of fur seals was found to match the spatial
distribution of their main fish prey (Fig. 6). The results of
the multi-linear regression between DIVE and environ-
mental variables within the main area sampled for fish
prey are summarised in Table 5. The amount of time
spent diving in a grid cell was positively related to the
main fish prey abundance (FISH), BAT, and BATg, and
negatively related to DIS. When considering only the
number of fish sampled for forage fish at each of the 20
stations, we found that the amount of time spent diving
was not correlated to the number of fish sampled at

shown in Fig. 5, for a given variable, the rela-
tionship changed according to the grid scale
used. The distance from the colony was neg-
atively related to the amount of time spent
diving in a given location. The amount of time
spent diving in a grid was positively related
to BAT, BATg and CHLg at smaller grid
scales (0.1° to 0.3° grid scale), negatively
related to CHL at a small grid scale but posi-
tively related to CHL at a larger grid scale
(Fig. 5). Only 2% of the total variance in the
amount of time spent diving in an area was
accounted for by the environmental variables
at a scale of 0.1° x0.1° (r2 =0.02,n=16454,p
< 0.001, Fig. 5a); this increased to 44 % at a
scale of 2° x 2° (r? = 0.44, n = 27, p < 0.001, Fig.
5a). The relationship was greatly improved

by using a multi-linear regression on surface
trend models applied to environmental vari-

ables for a scale of 0.1° x 0.1°. All variables
(DIVE, BAT, BATg, CHL, CHLg, SST, SSTq)
except distance from colony (DIS) were fitted
by a cubic polynomial trend surface model.
The fits were all significant at p = 0.025. By
using this model all the environmental vari-
ables investigated were found to have a sig-
nificant effect on the amount of time spent
diving in an area, and this model accounted
for 96 % of the total variance in DIVE per grid
area. Diving activity was negatively related
to DIS, CHLg, and SST, but positively related
to BAT, BATg, CHL and SSTg (Table 4).

The relationship between DIVE and all the
oceanographic variables previously used as
well as forage fish abundance was investigated
for the area sampled by trawl nets at a 0.1° x

0.1° scale (Fig. 6). Numbers of forage fish in
grid cells not sampled were estimated by in-
terpolation. Fish were present at the 20 stations
when all species sampled were considered,

Fig. 4. Interpolations for: (a) total fish, and (b) forage fish, over fish sam-
pling area (48.10°S, 70.70°E to 49.40°S, 72.00°E) from 16-21 Feb 1998.

Greyscale shows estimated number of fish per trawl
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Table 4. Relationship between amount of time spent diving

(0.1° x 0.1° cells) and corresponding environmental variables
using a multi-linear regression analysis on surface trend models

Regression statistic
R?=0.96 F (7,16447) = 64794
p <0.001
Variables t-values
BAT 13.79
BATg 18.87
CHL 83.92
CHLg -40.51
SST -108.05
SSTg -70.93
DIS -25.68

ascaleof0.1°x0.1° (rg=3.63, n=20, p=0.11) but a pos-
itive correlation was found at a scale of 0.2° x 0.2° (rg=
0.492, n = 20, p = 0.05) and at a scale of 0.3° x 0.3° (1=
0.540, n =20, p=0.02).

DISCUSSION

This study shows that in February 1998 lactating
Antarctic fur seals were mostly foraging within 150 km
of the colony, although one female travelled up to
547 km east. The foraging activity of these females was
generally concentrated over an area east of Cap Noir,
characterised by particular oceanographic conditions
as well as the distance from the colony, a critical factor
for central place foragers. The relationships between

69° 70° 71°

Table 5. Multi-linear regression for amount of time spent

diving and corresponding environmental variables, including

fish prey abundance. Analysis for 0.1° x 0.1° cells where fish
were sampled (Fig. 5). *Significant at p < 0.001

Regression statistic
R?=0.38 F(8,159) = 11.80
p <0.001
Variables t-values
BAT 3.13*
BATg 3.93*
CHL 1.63
CHLg -0.96
SST -1.62
SSTg 1.11
DIS -5.46*
FISH 3.40*

the spatial distribution of diving activity with oceano-
graphic parameters were also found to be scale-depen-
dent. The values of the coefficient of determination
tended to increase with spatial scale (i.e. the proportion
of the variance accounted for). However, related to the
concomitant decrease in sample size with spatial scale,
relationships were only significant at a small and
medium spatial scale (Fig. 5a). Positive relationships
between the amount of time spent diving, and bathy-
metry, bathymetric gradient and chlorophyll gradient,
were found at a small geographical scale. Fur seals
were found to dive in deep waters associated with
strong bathymetric and chlorophyll gradients that occur
near to the breeding colony. For all these variables the

48°

49°

72° 73° Interpolated number of Time sent diving
fish by trawl (main prey (h/seal)
species) 0-7
7-10
. 025 10-20
. 9575 B 20-30
® 75-125 B 30-40
® 125200 I 40-60
® >200 B 60-110

Fig. 6. Overlay over the fish sam-
pled area at 0.1° x 0.1° scale of the
spatial distribution of the amount
of time spent diving by 11 female
Antarctic fur seals from the Cap

50° 4

Noir colony, Kerguelen Island,

indicated by the red-scales with

the interpolated fish prey (>2%

of otolith numbers) abundance in

numbers indicated by increasing
size black circles
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strength of the correlation decreased with increasing
scale, suggesting that fur seals were responding to
small-scale change in these features. With increasing
scale the definition of these small-scale features de-
creased while the spatial distribution of the diving
activity is spread over large unused areas resulting in
a likely decrease in the strength of the correlation. The
diving activity of fur seals tended to be negatively
related to near-surface chlorophyll concentration at a
small spatial scale but was positively related at a larger
scale. The increase with spatial scale in correlation
strength between the diving effort of female Antarctic
fur seals, chlorophyll concentration and the main fish
prey is coherent with most studies conducted to date
exploring predator-chlorophyll or predator-prey inter-
action in relation to the spatial scale, which have found
that the strength of correlation between seabirds and
their prey abundance increase at larger scales (Schnei-
der & Piatt 1986, Heinemann et al. 1989, Erikstad et al.
1990, Obst & Hunt 1990, Jacquet & Whitehead 1996).
However, we found a decrease in the strength of the
relationship between the spatial distribution of and
the other oceanographic variables investigated. The
change in the significance of oceanographic variables
according to the spatial-scale used suggests that the
importance of such features to the foraging patterns of
marine predators is scale-dependent, that is, the scale
at which one oceanographic variable is important to the
foraging patterns of predators may differ from the scale
at which a different variable is important.

As the data about foraging activity were obtained
over the whole month of February 1998, we decided to
use environmental variables such as SST or chloro-
phyll concentrations and their gradient data collected
and averaged over the whole month of February 1998;
by doing this we expected a change in spatial pattern
to occur within the study period. Small spatial scale
structures probably change faster than the large spa-
tial scale structure within the time frame of our study.
As a consequence, by working over a monthly time
period, the small-scale changes are likely to remain
undetected. However, these data provide the larger
spatial scale pattern of the oceanographic conditions
over the study period. Thus, small-scale relationships
between these environmental variables and the amount
of time spent diving in an area are likely to remain
undetected. Any relationships are more likely to be
found at a broader scale. Conversely, we can expect a
correlation at a smaller scale between the spatial dis-
tribution of diving activity, bathymetry and the bathy-
metric gradient, which do not change with time.

Oceanographic studies have also shown that there is
generally a spatial de-correlation between the distrib-
ution of chlorophyll and the distribution of secondary
and tertiary production (Vinogradov 1981). This de-

correlation can be explained by the time-lag between
primary, secondary and tertiary production. Peaks in
chlorophyll concentration may thus be temporally and
spatially separated from peaks in secondary produc-
tion due to the drift associated with currents (Jacques
1988, Lévy 1996). The positive relationship we found at
alarger scale indicates that fur seal females tend to for-
age within large areas characterised by high primary
production despite the absence of a positive relation-
ship at a smaller scale. This is supported by the results
obtained with the surface trend analysis, indicating
that fur seals tend to forage within areas of higher
chlorophyll concentration.

The methodology used in this study may also ac-
count for some of the differences. Most of the studies
investigating the relationship between marine preda-
tors and their prey were studies conducted from sight-
ings of individuals from unknown colonies and of
unknown breeding status, in which all sightings were
taken into account regardless of their foraging status.
In our study we only investigated these relationships in
areas where individually tracked fur seals were for-
aging. Furthermore, in several studies (Schneider &
Piatt 1986, Heinemann et al. 1989, Erikstad et al. 1990,
Obst & Hunt 1990) the relationships between marine
predators and their prey were investigated at a smaller
spatial scale (of the order of nautical miles), and in
some of these studies (Mehlum et al. 1999) the largest
spatial scales investigated were within the lower range
of the spatial scale used in our study, 0.1° x 0.1°.

Using the statistical relationships that we found by
multi-linear regression, we are able to project onto a
map the most favourable foraging grounds, according
to oceanographic conditions and the location of breed-
ing colonies. This model may be a useful tool for pre-
dicting the most favourable foraging habitats based on
average oceanographic conditions nearest to Iles Ker-
guelen, and the coastal areas in nearest proximity to
these that are likely to be the most favourable sites for
breeding colonies. According to these statistical rela-
tionships and by not taking into account the distance
from the colony we located the favourable foraging
zone of fur seals off Iles Kerguelen according to the
environmental conditions observed in February 1998
(Fig. 7).

At a 0.1° x 0.1° scale, multi-linear regression models
accounted for only 2% of the total variance of the
model, but this proportion increased with increasing
scale (Fig 5a). The proportion of variance accounted
for increased to 96 % when using a surface trend re-
gression model. Such large differences between multi-
linear and surface trend regression models can be ex-
plained by the conceptual differences between these
2 approaches. The multi-linear regression approach
examined the correlation between the variables. In a
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Fig. 7. Predicted spatial distribution of time spent diving (h) at 0.1° x 0.1°
scale, using multi-linear regression model, when distance from colony

(a) included, and (b) excluded

surface trend regression analysis, where data are
adjusted by polynomial models, correlations are inves-
tigated between spatial trends (i.e. regional compo-
nents) of the variables, overlooking the local variability
of the environmental data used. Thus, the results
obtained through a surface trend analysis indicate that
96 % of the variance in the spatial distribution of diving
activity is accounted for by the regional trends found
within the explanatory variables. It is interesting that
while we found no significant effect of sea-surface
temperature or sea surface temperature gradient with
the multi-linear regression model at any scale, the
amount of time spent diving was positively related to
the spatial/regional trend of SST gradient and nega-
tively related to the spatial/regional trend of SST using
a surface trend regression model. This result suggests
that female fur seals tended to forage in colder water
within an area of high SST gradient, i.e. in the vicinity
of the Polar Front. Furthermore, trends in chlorophyll

concentration had a strong positive effect in
the regional component of their at-sea distri-
bution.

Within the trawl survey area, diving activity

2;220 was correlated with the interpolated abun-
& 51-100 dance of the main fish prey, the bathymetry,
1012140 the bathymetric gradient and the distance
141-180 from the breeding colony. The main fish prey
181-200 abundance was also correlated to overall fish
201-220 abundance and these results strongly suggest
221-240 that fur seals concentrated their diving activ-
241-260 ity in areas of high fish abundance. The spa-
tial distribution of the abundance of fish in

our study results from the interpolation of

data collected at only 20 stations, and this
interpolation can be problematic when prey

is patchily distributed. Furthermore, fish
abundance was estimated over 168 grid cells

while the original data were obtained from

0-20 only 20 stations. For all these reasons, the
21-60 relationship we found between the distribu-
61-100 tion of foraging activity and interpolated fish
101-140 prey abundance should be interpreted with
141-180 caution. However, when considering only the
181-200 results obtained for the 20 trawl stations, we
201-220 found an increased correlation between the
iiljgg number of forage fish sampled and the

amount of time spent diving. In addition, the
distribution of forage fish obtained before
and after the interpolation of the data is con-
sistent with present knowledge of the bio-
geography of these fish. The myctophid spe-
cies (Electrona subaspera, Gymnoscopelus
piabilis, G. nicholsi, Protomyctophum chori-
odon) preyed on by female fur seals (Table 1)
are known to inhabit the slope area (Hulley
et al. 1989) while the benthopelagic channichthyid,
Champsocephalus gunnari mainly inhabits the outer
shelf/upper slope area of the Kerguelen Plateau,
where it feeds on swarming crustaceans and mycto-
phids including E. subaspera, P. choriodon, P. tenisoni
(Duhamel 1991, Cherel et al. 1997). This is also consis-
tent with the spatial distribution of foraging activity of
the seals. These females were mostly foraging beyond
the 500 m depth contour and in areas with high bathy-
metric gradients, while none of the fish sampled over
the Kerguelen plateau were part of the fur seal diet.
The behavioural data collected on diving activity and
swimming speed of the seals suggest that females only
commence diving once they have travelled a distance
consistent with the distance separating the edge of the
Kerguelen Plateau from the colony at Cap Noir
(Bonadonna et al. 2000). Thus, the spatial distribution
of foraging activity of may be attributed to the habitat
preferences of their main prey species (Duhamel
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1991). The 3 main myctophid prey species of the seals
(G. piablis, E. subaspera, G. nicholsi) are known to be
concentrated within the 50 m surface layer at night
(Duhamel 1998, Duhamel et al. 2000), while G. piabilis
and E. subaspera occur in waters deeper than 300 m
during the day (Duhamel et al. 2000). During the day
these main fish prey species are thus out of the diving
range of the seals and this finding is consistent with
their night diving behaviour (Bonadonna et al. 2000).

However, we found a negative relationship between
the occurrence of forage fish and the number of indi-
vidual fish sampled per species, despite the fact that
trawl sampling occurred exclusively at night, within
the main diving area at a depth consistent with diving
behaviour, and that diving was positively correlated to
the overall abundance of their main fish prey. This
result suggests that either: (1) there is a bias in diet
composition from scat analysis; (2) fur seals are selec-
tive in their diet; or, (3) catchability of fish species by
the trawl net was biased and thus the sampled fish
population was unrepresentative of their relative
abundance. We should expect some bias in the diet
composition estimated from scat analysis as smaller
otoliths can be completely digested in comparison to
those of larger individuals or species (Silva & Neilson
1985) and smaller prey species such as P. bolini and P.
choriodon may be underestimated in comparison to
larger Gymnoscopelus spp. At this stage we are unable
to conclude to what extent the other 2 hypotheses may
influence findings but we should expect the the forag-
ing selectivity of fur seals is likely to be based on the
rate of energy intake, which is likely to be related to
the behaviour and catchability of the prey (e.g. school-
ing, mobility) and their accessibility. Other variables
such as prey size and energy content may also be
important. Future work should take into account these
variables in assessing prey choice within the fish com-
munity available to female fur seals.

Our study highlights the applicability of GIS in in-
vestigating the effect of spatial scale on the spatial rela-
tionships between environmental variables and marine
predators. This study indicates that the at-sea distribu-
tion of foraging activity of marine predators can be
closely related to environmental variables and the
abundance of the forage fish, and suggests, in our case,
that lactating Antarctic fur seals can be used with some
confidence as indicators of the distribution of their prey.
Among these environmental variables, some are static
(e.g. bathymetry) while others (e.g. SST & [chlorophyll])
are spatially and temporally dynamic. Studies con-
ducted over continuous time, or for the same season
over several years, will provide further insight into the
effects of changes in oceanographic conditions on the
at-sea distribution and foraging efficiency of top marine
predators, such as the Antarctic fur seal.
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