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Abstract Intra-population variation in diving behaviour
of lactating Antarctic fur seals (Arctocephalus gazella)
was studied at the Kerguelen Archipelago (49�07’S,
70�45’E) during the austral summers of 1998–2000. Dive
data were successfully recorded for 112 seals equipped
with time-depth recorders during 117 foraging trips. All
seals displayed bouts of diving activity and the nocturnal
foraging behaviour typical of otariids preying on pelagic
fish and squid. Mean dive depth (53 m) was consider-
ably deeper than recorded for this species at other sites.
Four diving behaviour groups were identified: (1) deep
divers (n=60); (2) shallow-active divers (n=45); (3)
shallow divers (n=9); (4) daytime divers (n=3). The
distribution of trips assigned to the various behavioural
dive groups varied significantly between years. Antarctic
fur seals at Kerguelen exhibit flexible diving strategies
both within and between populations in response to
changes in environmental conditions and prey avail-
ability. Electronic supplementary material to this paper
can be obtained by using the Springer Link server
located at http://dx.doi.org/10.1007/s00300-001-0339-6.

Introduction

The diving behaviour of marine predators, quantified by
the use of time-depth recorders (TDRs), is one of the
most commonly used measures for differentiating for-
aging activity between individuals and populations, both
spatially and temporally (Antonelis et al. 1990; Hindell
et al. 1991; Schreer and Testa 1996; Bowen et al. 1999;
Cherel et al. 1999; Bonadonna et al. 2000; Georges et al.
2000a, b). In recent years the diving behaviour of several
marine predators has also been linked to spatial and
temporal variability in the availability of prey species
(Boyd et al. 1994; Bost et al. 1997; Swartzman and Hunt
2000; Guinet et al. 2001). Individual predators exploit
prey resources in different ways. These ‘‘strategies’’ may
vary in relation to prey availability, age and experience
in terms of locating prey, and physiological limits
associated with diving capabilities.
Antarctic fur seals (Arctocephalus gazella) are one of

the most widely studied marine predators, both in
terms of life history and foraging ecology. Studies of
their foraging ecology have been made across their
range in the Southern Ocean, from South Georgia
(Boyd and Croxall 1992; McCafferty et al. 1998),
Macquarie Island (Goldsworthy et al. 1997), Heard
Island (Green 1997; Green et al. 1997), the Kerguelen
Archipelago (Bonadonna et al. 2000; Guinet et al. 2001;
Bonadonna et al., in press) to the South Shetland
Islands (Costa et al. 2000; Goebel et al. 2000) and the
South Orkney Islands (Daneri and Coria 1992, 1993).
The breadth of data now currently recorded on the
foraging behaviour of this species is one of the most
comprehensive of any marine predator, revealing a
flexibility in prey choice and foraging strategies between
different localities and/or in relation to variability in the
marine environment.
In some localities, such as South Georgia, Antarctic

fur seals feed primarily on krill, with some fish species in
winter and spring (North et al. 1983; Reid 1995; North
1996; Reid and Arnould 1996). Conspecifics at other
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sites, such as Marion, Macquarie and Heard Islands and
the Kerguelen Archipelago, feed on a more diverse
range of meso-pelagic fish prey including, primarily,
myctophid and nototheniid fish, and cephalopods
(Cherel et al. 1997; Goldsworthy et al. 1997; Green et al.
1997). The distribution of some species of myctophid in
the Southern Ocean is related to the position of the
Antarctic Polar Front (APF) (Sabourenkov 1991),
which varies considerably between years in the vicinity
of the Kerguelen Plateau (Moore et al. 1999). Thus,
variation in the diving behaviour of marine predators in
response to fluctuations in prey availability in associa-
tion with movement of the APF, is anticipated in the
Kerguelen region.
Recent studies have identified considerable inter-

population variation in diving behaviour, which is often
attributed to these large-scale differences in prey type,
distribution or abundance linked to differences within
the marine environment (McCafferty et al. 1998; Goebel
et al. 2000; Guinet et al. 2001). However, these factors
may also operate at smaller spatial and temporal scales
(Guinet et al. 2001), and may result in variation in diving
behaviour even within a colony. As central place for-
agers (Orians and Pearson 1979), lactating Antarctic fur
seals are limited in their exploration of the marine
environment whilst foraging by the fasting capabilities
of their pups. Individual differences in diving behaviour,
which are thought to reflect foraging activity (Boyd et al.
1994) and, consequently, foraging efficiency (in terms of
pup provisioning rates), may ultimately confer advan-
tages in terms of breeding success.
In 1994, Boyd and co-authors stated that variation

in foraging patterns between individuals within years
may be attributed to differences in foraging strategies,
while differences between years are attributable to
changes in prey abundance. Here, we describe the
classification of behavioural diving ‘‘strategies’’ of
female Antarctic fur seals, not previously studied, at
Iles Kerguelen. We aim to identify intra- population
variability in diving behaviour over 3 years, and
between seasons, on the basis of a range of diving
parameters, using an objective clustering and multi-
dimensional scaling technique.

Materials and methods

Study site

Lactating Antarctic fur seals were studied at the Kerguelen
Archipelago (Fig. 1) during the austral summers of 1997/1998
(February/March), 1998/1999 (December/March) and 1999/2000
(December/March), hereafter referred to as 1998, 1999 and 2000,
respectively. The seals at Cap Noir, a colony with approximately
800 breeding females situated on the northeastern coast of the
Courbet Peninsula (49�07¢S, 70�45¢E), formed the basis of the
study. Antarctic fur seals breeding on Ile de Croy, Iles Nuageuses
(48�38¢S, 68�38¢E), located to the northwest of the archipelago,
were also studied in January 2000. This colony comprises ap-
proximately 4,000 breeding females (Guinet et al. 1996; M.-A. Lea,
unpublished data).

Data collection

During the 3 years, 129 time-depth recorders were deployed on
females (TDRs, Wildlife Computers, Redmond, Wash.), 117 of
which provided successful dive records. Three seals returned
without units; one seal left the colony with her pup before the unit
could be retrieved, and in seven instances the Mk7 TDR failed to
record dive data. Sixteen dive records were collected with either a
single Mk7 TDR (n=7) attached anterior to the tail or a Mk5/PTT
combination (n=6) attached between the scapulae of female seals,
at Ile de Croy, Iles Nuageuses in January 2000. Fifteen TDRs were
recovered with 13 providing data. Seals were captured whilst
ashore using a hoop net and were subsequently weighed, a standard
length measurement recorded (nose to tail) and an individual
number applied to the fur on the rump with peroxide hair-dye
(Bristol-Myers Squibb, Rydalmere, Australia). During the attach-
ment of the devices, adult seals were held on a wooden restraint
board. Four TDR types were used during the 3 years (Table 1). In
1998, Mk6 Velocity TDRs or Mk5 TDR/PTT units (Bonadonna
et al. 2000) were attached dorsally to the fur between the scapulae
using two-part araldite (AW 2101, Ciba Specialty Chemicals). In
1999 and 2000, Mk7 TDRs replaced Mk5 TDRs, and these were
attached dorsally in conjunction with a PTT, or singly, 10 cm
anterior to the base of the tail.
Once TDRs were retrieved, data were downloaded directly

to a portable laptop computer during the post-foraging atten-
dance period after 1 (n=101), 2 (n=14) or 3 (n=2) trips to sea.
Only data recorded during the first trip to sea (n=117) were
used in this study, which included data from 5 individuals
studied in consecutive years. Mk5 and Mk6 records were ex-
tracted with 3-M software, while Mk7 records were converted
from hexadecimal format to decimal format with Hexdecode
software (Wildlife Computers). Offset and drift of the pressure
transducers were corrected using customised software (Dive-
View, Bryan Dumsday). The depth resolution of TDRs was
±1 m, except in the case of 10 Mk6 records, for which it was
±2 m. Only dives ‡4 m (double the depth resolution of the
least sensitive units) were included for all TDR records, thereby
eliminating any travelling dives. Basic dive parameters (see
below) were extracted from the decimal files using customised
software (DIVE, Stewart Greenhill).
All TDRs were programmed to record depth every 5 s. Mk5

and Mk6 TDRs were returned with full memories in 13 instances.
The arrival time of these seals was calculated as the midpoint
between successive observational checks of the colony for maternal
attendance, which were conducted at approximately 0800 and 1900
hours each day.

Bout analyses

An iterative statistical technique based on that used by Boyd et al.
(1994) and modified by Harcourt et al. (in press) identified bouts
of diving. Minimum criteria for inclusion as a bout were 3 dives
greater than 6 m depth within a 20-min period (Boyd and Croxall
1992; Boyd et al. 1994), in order to exclude travelling dives. Once
the minimum bout criteria were satisfied, the duration of the
subsequent surface interval was compared to the upper 95%
confidence limit of the mean surface interval within the bout.
Subsequent dives were included if the surface interval was less
than the mean value, which was recalculated after the inclusion
of each additional dive. The bout was considered to have ended
once the proceeding surface interval exceeded the recalculated
confidence limit (Boyd et al. 1994; Harcourt et al., in press).
In order to test whether or not the observed bout pattern rep-

resented structured behaviour, rather than random distribution of
dives, the dives were randomised and the bout analysis was run
again. This process was repeated 1,000 times per dive record. If the
number of bouts detected per replicate was greater in the random
scenario than in the actual dive record in more than 95% of cases,
then the dive record was considered to have bout structure
(Harcourt et al., in press).
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Diving parameters

Twelve parameters were derived from the diving record of each
seal: (1) diving frequency (number dives h–1); (2) nightly diving
frequency (number of dives h–1 of night); (3) mean depth (m); (4)
mean dive duration (s); (5) proportion of time spent submerged
(sum of duration of dives greater than 4 m depth, to exclude
travelling behaviour), expressed as proportion of total trip duration
(%); (6) proportion of night-time spent submerged (%); (7) trip
duration (days); (8) proportion of dives in bouts (%); (9) number of
dives per bout; (10) number of dives at night as proportion of all
dives (%); (11) vertical depth travelled per hour of night (2 times
the sum of nightly dive depth divided by number of night hours);
(12) proportion of total vertical depth dived at night (%).
Many of the diving parameters, such as trip duration, mean

depth and duration and time spent diving, have been used com-
monly in other studies of otariid diving behaviour (e.g. Arnould
et al. 1996; Georges et al. 2000b). Preliminary exploration of the
dive data also indicated that, for some seals, diving during the day
constituted a considerable proportion (up to 67.2%) of the dura-
tion of the foraging trip. Consequently, we have included several
variables quantifying the extent of daytime diving, i.e. proportion
of dives occurring at night, proportion of total vertical depth at
night and proportion of night-time spent submerged. All means are
expressed as ±standard deviation.
The duration of day and night periods was calculated based on

sunrise and sunset times for Cap Noir (AUSLIG software,

Department of Industry Science and Resources, Canberra, Aus-
tralia). The duration of night ranged from 7.8 to 11.5 h during the
course of the study. Each dive record was also assigned a seasonal
classification of either (1) early summer, for deployments from 15
December to 19 January, or (2) late summer, for deployments from
20 January to 15 March.

Statistical analysis

Quantification of differences in dive behaviour

Multidimensional scaling (MDS) is an exploratory or hypothesis-
generating procedure, conducted without any assumptions of the
distribution of variables (Belbin 1985). Given the lack of previous

Table 1 Summary of TDR deployments on Antarctic fur seals
at Iles Kerguelen (1998–2000)

Year/season Type of TDR

Mk6 PTT/Mk5 PTT/Mk7 Mk7

1998 late 10 12 0 0
1999 early 0 0 9 8
1999 late 5 0 9 3
2000 early 0 6 10 22
2000 late 1 0 12 10
Total 16 18 40 43

Fig. 1 Location of the study sites at Iles Kerguelen, southern
Indian Ocean
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information concerning the diving behaviour of marine predators
in the Kerguelen region, and the large sample for which diving
behaviour was collected during this 3-year study, clustering and
MDS techniques provided a suitably objective way of categorising
the differences in diving activity of individual females both across
and between years.
The seals were allocated to behavioural groups on the basis of the

variables outlined above. Dive records from both study colonies
were included in order to encompass as large a range of diving
activity as possible for the Kerguelen region. The grandmeans of the
12 dive parameters for each individual dive record were included in
both a cluster and an MDS analysis. A Canberra Metric association
matrix was employed to construct a dissimilarity matrix (Belbin
1993), primarily on the basis of its suitability for proportional data,
and as it performed highly in a comparison of 11 similarity measures
(Cao et al. 1997). TheUnweighted Pair Group arithMetic Averaging
(UPGMA) clustering algorithmwas then applied to the dissimilarity
matrix (Belbin et al. 1992), and non-hierarchical agglomerative
fusion strategy was then used to group similar seals and produce
a dendrogram. Finally, Semi-Strong-Hybrid multi-dimensional
scaling (Belbin et al. 1992) was used to enable the visualisation of the
relationship between groups in three-dimensions.
A backwards discriminant function analysis (DFA) using

SYSTAT 9 (SPSS) was conducted to determine the accuracy of
assigning seals to a particular dive group. A jackknife analysis was
then used to verify the accuracy of the DFA (Tabachnick and
Fidell 1996).

Inter-annual, seasonal and inter-colony variation in dive group
distribution

We tested for seasonal (early and late) and inter-annual (1998,
1999, 2000) differences in the behavioural groups for seals from
Cap Noir only using the Log Likelihood Goodness of Fit test
(Sokal and Rohlf 1995). The G-statistic was compared to critical
values of the chi-squared distribution (Rohlf and Sokal 1995).
Only dive records for individuals equipped with PTTs in late
summer were included in inter-annual comparisons as no data
were collected in early summer 1998 and to reduce any bias as-
sociated with deployment type. A detailed comparison of the
diving behaviour and foraging ecology between A. gazella females
breeding at Iles Nuageuses and Cap Noir will be made in a
forthcoming paper.

Results

General diving behaviour

A total of 188,016 dives from 117 seals at both colonies
were analysed. The maximum depth attained by any seal
was 240 m during a dive lasting 5.3 min in January 2000

(Table 2). The maximum depths and dive durations for
individual seals ranged from 117 to 240 m and 2.5 to
5.3 min, respectively (Electronic Supplementary Mate-
rial). The mean dive depth recorded for all seals was
53±17 m and mean dive duration was 1.6±0.4 min.
The average depths to which the seals dived on foraging
trips varied considerably among individuals and ranged
between 16 and 113 m. On average, 87.5±13% of dives
occurred at night. A diurnal pattern in diving activity
and diving depth was evident for many seals, with
deeper dives often occurring around dawn and dusk,
and a higher proportion of seals diving between these
times (Fig. 2a). The total time spent diving during a
foraging trip also varied considerably among individuals
(8–37%, mean=22.5%, Fig. 2b) and was negatively
correlated to foraging trip duration (r2=0.14, P<0.001,
Fig. 2c), as expressed by the predictive equation:

TSDð%Þ ¼ 27:016� 0:611 � FTD:
Bout structure was observed in the diving behaviour

of 115 of the 117 seals, as shown by a greater number
of bouts in the randomisations as opposed to the ob-
served situation. Bouts occurred in the randomised
situation in 76 and 87% of the cases for the other two
seals (K8_00 and S2_00). After visually inspecting the
two records, and given the high proportion of seals
displaying bout behaviour, we decided to include the
bout statistics for K8_00 and S2_00. The proportion of
dives occurring in bouts ranged from 61.9 to 99.8%.
The seals averaged 10.7 dives per bout (Table 2) and an
absolute rate of 9.1 dives per hour, or 22.2 dives per
hour of night.

Diving behaviour groups

A dendrogram of the dissimilarity in diving behaviour
between the 117 foraging trips, based on the cluster
analysis, indicated 4 Behavioural Dive Groups (BDG):
(1) deep (n=60); (2) shallow/active (n=45); (3) shallow
(n=9) and (4) daytime (n=3) divers. The daytime diving
group separated out first and groups were clearly iden-
tified by MDS, with the ordination of the data in three
dimensions yielding four discrete groupings with an
acceptably low stress value of 0.09 (Fig. 3).

Table 2 Average diving beha-
viour of Antarctic fur seal
females foraging at Iles
Kerguelen (n=117 trips)

Diving parameter Grand mean SD Minimum Maximum

Dives per hour (h–1) 9.1 2.8 3.9 20.8
Dives per hour of night 22.2 7.7 7.7 47.3
Mean depth (m) 53 17 16 113
Mean duration (min) 1.6 0.4 0.5 2.6
Time spent diving (%) 22.5 5.0 8.1 37.2
TSD at night (%) 50.1 10.3 19.3 70.0
Trip length (days) 7.4 3.1 2.7 17.9
Proportion of dives in bouts (%) 94.4 5.4 61.9 99.8
Number of dives per bout 10.7 1.7 8.2 16.6
Number of dives at night (%) 87.5 13.1 32.8 99.8
Depth per hour of night (m h–1) 1956 473 838 3020
Vertical depth at night (%) 80.7 18.3 19.6 99.9
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The difference in dive behaviour between the four
groups in relation to time of day is displayed inFig. 4. The
‘‘deep’’ diving seals sustained greater depths on average
(63 m) than other seals and spent 24% of their time at sea
diving (Table 3). Seals in the ‘‘shallow-active’’ BDG2
spent a similar proportion of their time at sea diving
(22.2%). Seals in this group dived more shallowly on
average to 41 m depth and dived at the highest rate (11.1
dives per hour). The ‘‘shallow’’ diving seals of BDG3 can
be distinguished from the shallow-active seals in BDG2
by the lower amount of time spent diving (14.5%), al-
though seals were diving to similar mean depths (36 m).
Seals in this group also recorded the lowest proportion of

dives in bouts (82%) and the lowest number of dives per
bout (9.5). Only three seals displayed the daytime diving
typical of BDG4 (see Electronic Supplementary Materi-
al). Time spent diving at night was particularly low for
these seals, with only 59% of dives occurring at night.
The morphological characteristics of the female seals

in terms of length (cm) and mass (kg) did not vary
as a function of behavioural dive group when tested by
ANOVA (length F3,116=0.516, P=0.671; mass F3,116=
1.064, P=0.367). Examples of diving records for seals
from each of the diving categories are shown in Fig. 5.
A backwards DFA was conducted for seals in BDG1,

2 and 3. Seals in BDG4 accounted only for 2.5% of the
population and were excluded due to low sample size
(1.7% from Cap Noir and 0.8% Iles Nuageauses, see
Electronic Supplementary Material). The DFA correctly
assigned 94% of seals to behavioural diving groups
using 10 of the 12 diving parameters (daytime divers
excluded). Cross-validation using a jackknife analysis
found 96% of the seals to be correctly assigned. The two
diving parameters removed from the analysis were those
largely responsible for the distinction between daytime
diving seals (proportion of time spent diving at night
and the percentage of dives occurring at night).
The canonical scores clearly distinguishing the three

dive groups are plotted in Fig. 6. The first discriminant
function accounted for 72.4% of the between-group
variability, while 27.6%was accounted for by the second.

Seasonal, inter-annual and inter-colony variation in
behavioural dive groups

Season

No difference in the diving behaviour of seals between
early and late summer was apparent in either 1999
(Fig. 7a) or in 2000 (Fig. 7b).

Fig. 2 a Maximum dive depth of Antarctic fur seals at Iles
Kerguelen in relation to time of day (error bars denote 1 standard
error; sample sizes are noted in or below bars). b Frequency
histogram of time spent diving during a foraging trip (n=117).
c The relationship between time spent diving and foraging trip
duration

Fig. 3 Behavioural dive groups of female Antarctic fur seals as
produced by multidimensional scaling and plotted in three
dimensions

273



Colony

No significant difference between the types of diving
behaviour of seals at Iles Nuageuses (n=12) and at
Cap Noir (n=25) was evident in early lactation 2000
(G=4.12< v22,0.05). However, there appeared to be a
higher proportion of shallow/active diving seals at Cap
Noir (Fig. 7c).

Year

A comparison of the proportion of seals fitted with
PTTs assigned to BDGs in late summer indicated a
highly significant difference in the frequency distribution
of dive groups between years (G=10.05>v24,0.05). This
appears to be due to a shift from the high proportion of
deep diving seals in 1998 to a more even distribution
between these two diving behaviours in 2000 (Fig. 7d).
Of the five seals studied in consecutive years, four

seals were assigned to the same BDG in both years
(BDG1 n=3, BDG2 n=1) and one seal was assigned to
BDG3 in 1998 and BDG1 in 1999.

Table 3 Summary statistics of diving parameters for four behavioural dive categories as identified by clustering (*mean value of maternal
mass at deployment and retrieval of the TDR, N no. of trips)

Diving parameters Behavioural dive group

1 2 3 4
Deep Shallow/active Shallow Daytime

N 60 45 9 3
Length (cm) 116.8±5 115.3±5 117.1±4.1 117.7±5.1
Maternal mass (kg)* 32.4±4.0 31.5±4.6 31.1±3.5 31.9±1.4
Dives per hour (h–1) 7.8±1.6 11.1±2.4 9.2±4.6 6.2±2.0
Dives per hour of night 17.9±3.5 29.1±5.7 21.9±10.3 8.1±0.7
Mean depth (m) 63±15 41±7 36±11 76±15
Mean duration (min) 1.9±0.3 1.2±0.2 1.1±0.3 2.0±0.2
Time spent diving (%) 24.1±4.9 22.2±3.6 14.5±2.9 20.1±7.1
TSD at night (%) 51.1±8.7 53.9±7.0 32.6±6.6 25.9±2.9
Trip length (days) 6.2±2.4 7.7±2.6 13.1±3.8 8.8±2.5
Proportion of dives in bouts (%) 95.9±2.2 94.9±4.3 82.3±9.4 91.9±5.1
Number of dives per bout 11.0±1.7 10.6±1.6 9.5±0.9 9.9±1.1
Number of dives at night (%) 84.0±13.9 92.9±5.5 92.4±6.6 59.0±33.4
Depth per hour of night (m h–1) 1977±492 2105±314 1362±317 1088±203
Vertical depth at night (%) 77.4±20.7 85.4±11.9 87.1±9.6 57.1±38.6

Fig. 4 Mean dive depth of seals in the four behavioural dive
groups in relation to time of day. Black bars depict the proportion
of seals per group diving in a particular hour (a full black bar
indicates 100% of seals dived in that hour). Error bars are +1 SE
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Discussion

The range in diving activity recorded for lactating
Antarctic fur seals at Iles Kerguelen in this study
confirms previous observations of the flexibility of
foraging strategies for this species (McCafferty et al.

1998; Boyd 1999). Most seals displayed shallow,
nocturnal diving activity with deeper crepuscular dives,
characteristic of fur seals preying on pelagic species
(Boyd and Croxall 1992; Goldsworthy et al. 1997).
However, considerable intra-population variation
was evident on the basis of several diving parameters,
particularly the proportion of vertical depth attained
at night, the proportion of time spent diving over-
all and at night, and the number of dives per hour or
per hour of night. For example, three seals (two in
1998 and one in 2000) conducted a high proportion of
dives during daytime, while most seals only dived at
night.

Diving behaviour categories

Although much inter-individual variation in dive beha-
viour was apparent, our analyses revealed four broad
diving categories or strategies. Some individual variation
within the groups may be due to factors such as TDR
type; however, it is difficult to account for such effects
given the multi-year, multi-season and multi-site nature
of the data.

Behavioural Dive Group 1 – deep divers

The majority of dive records (51.2%) were assigned to
the deep-diving behavioural group. These seals dived to
both deeper absolute (240 m) and mean depths (39–
113 m, mean=63 m) at the Kerguelen Archipelago than
at any other site where the diving behaviour of female
Antarctic fur seals has previously been studied (Table 4).
Female seals at Heard Island (Green 1997), also posi-
tioned on the Kerguelen Plateau, are the only popula-
tion of Antarctic fur seals reported to display mean

Fig. 5 Diving records plotted in two dimensions of four female
Antarctic fur seals assigned to the deep behavioural dive group
(BDG) 1, the shallow-active BDG2, the shallow BDG3 and the
daytime BDG4 (daytime dives in grey)

Fig. 6 The canonical scores plot for seals in the deep (n=60),
shallow-active (n=45) and shallow (n=9) behavioural dive groups
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diving depths (10–47 m) approaching those of the seals
in this study. It is possible the low mean dive depth
(13 m) of Antarctic seals studied at Bird Island
(McCafferty et al. 1998) could be explained by the lower
minimum dive depth criterion of ‡1 m (Table 4). Ap-
proximately 68% of dives over the 3 years of the study
were £ 4 m. If an equivalent proportion of 1-m dives
are incorporated into the mean diving behaviour of the
117 seals in this study (Table 2), a dive depth of 18 m is
obtained. However, while dive depths of 1–2 m may
represent foraging by seals on surface-swarming krill at
South Georgia, shallow dives at Kerguelen would likely
represent either pressure transducer variability, given the
resolution of some TDRs, and/or surface travelling
dives. In addition, nocturnal trawls conducted for
myctophids in the vicinity of Kerguelen by Duhamel
et al. (2000) indicated high abundances of species preyed
upon by Antarctic fur seals occurring well below the
surface at 50 m.
On average, seals in BDG1 also conducted shorter

foraging trips than other seals, and while the majority of
dives were conducted at night, more daytime dives were
recorded than for the more shallow-diving seals. Given
the large proportion of dives in bouts (96%), the rela-
tively short duration of foraging trips and the consistent
nocturnal diving rate (18 dives h–1 of night) of deep-
diving seals at Kerguelen, it is probable that seals were
travelling to a relatively constant or reliable pelagic food
source, which could only be accessed at considerable
depth. Antarctic fur seals foraging over the continental
shelf near Cape Shirreff, Antarctica, were found to dive
deeper with a higher proportion of daytime dives than
those diving on the shelf break or over deep water
(Goebel et al. 2000). The diving patterns of northern fur
seals, Callorhinus ursinus, studied at St. Paul Island, also

separated primarily on the basis of depth. Deep divers
expended less energy diving than shallow divers, while
apparently obtaining greater energy per dive (Goebel
et al. 1991). Deep-diving northern fur seals fed princi-
pally on benthic fish species over the continental shelf
(Goebel et al. 1991), whilst the majority of seals tracked
at Cap Noir concentrated their foraging activity in wa-
ters greater than 500 m on the edge of the Kerguelen
Plateau (Guinet et al. 2001). Future research will focus
on the relationship between diving strategies, location at
sea and the foraging success in terms of pup provision-
ing of individual seals.

Behavioural Dive Group 2 – shallow-active divers

Seals diving shallowly and more actively (n=40) con-
ducted the majority of their dives at night. Mean dive
depths, while still deeper than for most populations of
Antarctic fur seals, were shallow for seals breeding at
Kerguelen, ranging from 25 to 54 m. This pattern of
diving, with relatively elevated rates of time spent diving
and vertical depth travelled per hour of night, is con-
sistent with dive behaviour noted for other populations
of Antarctic fur seals at, for example, Macquarie Island
where seals also feed primarily of myctophid fish, and at
South Georgia where seals feed primarily on shallow
schooling krill (Reid and Arnould 1996).

Behavioural Dive Group 3 – shallow divers

2The overall and nightly proportion of time spent diving
by seals in BDG3, 14.5 and 32.6% respectively, was low
in comparison to the other shallow-diving seals of BDG2

Fig. 7a–d The frequency distri-
bution of Antarctic fur seals
assigned to three diving activity
categories. a 1999 seasonal
comparison. b 2000 seasonal
comparison. c Inter-site
comparison between Cap Noir
and Iles Nuageuses in early
summer 2000. d Inter-annual
comparison (1998–2000)

276



(23.2 and 53.9% respectively). In addition to the reduced
proportion of dives in bouts and number of dives per
bout for this group, it appears that seals may be spending
a higher proportion of their time at sea searching for prey
and/or feeding on a less aggregated prey source than
more active, shallow-diving seals of BDG2.
Arnould et al. (1996) found a close negative sigmoidal

relationship between at-sea metabolic rate and the pro-
portion of time at sea spent diving, in a study of the at-
sea metabolism of female Antarctic fur seals at Bird
Island, South Georgia. The authors suggested the mea-
sure (time spent diving) could provide a useful and
inexpensive estimate of energy expenditure. At-sea
metabolism was not measured at Iles Kerguelen; how-
ever, the reduced proportion of time at sea spent diving
for this group may reflect a higher metabolic rate for
these seals. Costa et al. (2000), in a study of the foraging
energetics of Antarctic fur seals at Livingston Island,
found no such relationship and suggested that the high
field metabolic rates (FMR) recorded were due to a large
proportion of surface swimming as only 10% of time at
sea was spent diving.
Based on the findings of Arnould et al. (1996) and

Costa et al. (2000), we hypothesise that seals in BDG2
had higher FMRs than other seals, due in part to higher
levels of surface swimming while searching for prey
patches (see Bonadonna et al. 2000).

Behavioural Dive Group 4 – daytime divers

This small group, representing 2.5% of foraging trips
studied, included a high proportion of daytime dives to

average depths far greater than those for other groups.
We may have expected these seals to be larger in terms
of length and mass, as a direct relationship exists
between the diving capability of a marine mammal and
its metabolic stores (Kooyman 1989 in Costa et al.
2000). However, no difference in size was found between
seals in the different behavioural dive groups. This may
be due in part to the low numbers of seals (n=3)
exhibiting this particular behaviour.
Few studies have examined longitudinal trends in the

foraging strategies of fur seals. McCafferty et al. (1998)
observed female identity to be important in explaining
variation in foraging trip duration and in diving activity
of Antarctic fur seals at Bird Island, while at Iles Ker-
guelen, Bonadonna et al. (in press) found the direction
taken by seals fitted with satellite transmitters during
consecutive foraging trips to be similar. Of the small
number of seals studied in consecutive years in this
study, 80% were assigned to the same behavioural dive
group in both years, highlighting the importance of
longitudinal studies in examining foraging strategies.

Inter-population comparisons of dive behaviour

It is apparent that the diving activity of seals in the
Kerguelen region differs from that of conspecifics at
other sites (see Table 4). Unfortunately, quantitative
comparisons of diving behaviour between sites are hin-
dered by differences in both methodology (TDR types
and sampling protocols) and analysis techniques. For
example, the lower minimum depth criterion of many
studies will reduce the average dive depth recorded for

Table 4 Inter-population comparison of diving activity for Antarctic and northern fur seals at various sites [t number of trips; * median
value; # time spent diving calculated for trip duration excluding transit times; F fish; S squid; K krill. Time spent diving (TSD)
is interpreted as the amount of time spent submerged]

Species n Mean
depth (m)

Trip length
(days)

TSD (%) Diet Depth
criterion

Antarctic fur seal
Kerguelena Deep 60t 63 6.2 24.1 F+Sj ‡4 m

Shallow/active 45t 41 7.7 22.2 F+S ‡4 m
Shallow 9t 36 13.1 14.5 F+S ‡4 m
Daytime 3t 76 8.8 20.1 F+S ‡4 m
Mean 117t 53 7.4 22.5 F+S ‡4 m

South Georgia 1988/1989–1989/1990b 11 8–19* 2.5–8 13.6 K ‡2 m
1994–1996c 385t 12.7 4.5 34# K ‡1 m

Heard Islandd 1992 3 13.2 – – F+S ‡5 m
1993 9 36.1 – – F+S ‡5 m

Macquarie Islande 1991 14 12±11 2.5 10.4 F+S >2 m
Cape Shirreff 1998f 11 13.3–20.6 4.6 – K+F ‡4 m

1998g 14 19 4.54 9.8 K, F, F+K ‡4 m
Northern fur seal
St Paul Islandh Deep 4 84.5 – – F+S –

Shallow 5 43.7 – – F+S –
St George Island 1980,1982 7 68 7.5 F+S –

aThis study
bBoyd and Croxall (1992)
cMcCafferty et al. (1998)
dGreen (1997)
eGoldsworthy et al. (1997)

fGoebel et al. (2000)
gCosta et al. (2000)
hGoebel et al. (1991)
jCherel et al. (1997)

277



these seals. However, some general patterns are appar-
ent, particularly that seals at Iles Kerguelen dive more
deeply while making longer foraging trips than do seals
from other populations, such as at Macquarie (Golds-
worthy et al. 1997) and Heard Islands (Green 1997),
where seals feed on similar prey. In many respects the
diving activity of A. gazella females at Kerguelen differs
from the diving behaviour of krill-feeding Antarctic fur
seal populations, and in fact appears more similar to
that of northern fur seals, the Arctic counterpart
of Antarctic fur seals (Table 4). The higher incidence of
consistently deep diving behaviour at Iles Kerguelen
than at other breeding sites, particularly in 1998, raises
questions about the prey availability and variability of
the marine environment around the archipelago.
Examination of the relationship between behavioural
dive groups and the spatial utilisation of the marine
environment by seals should further clarify the ecologi-
cal significance of the dive groupings.
Georges et al. (2000b), studying sub-Antarctic fur

seals (A. tropicalis) at Amsterdam Island, observed that
seals exhibited markedly different diving behaviour
between the first trip after parturition, in summer, and in
winter. Seals increased their time spent diving in winter,
diving to greater depths, indicating that a greater diving
effort was required at this time. Maternal foraging effi-
ciency in winter decreased in comparison to earlier
months (Georges and Guinet 2000) implying lower prey
availability in winter (Georges et al. 2000a).
Seasonal differences in diving behaviour were not

observed at Iles Kerguelen. The lactational period of
Antarctic fur seals (4 months) is relatively short in
comparison to that of sub-Antarctic fur seals
(10 months), which forage further from their colonies in
winter months (up to 530 km) when the Sub-Tropical
Front migrates further north of Amsterdam Island
(Georges et al. 2000a). However, inter-annual and inter-
colony differences in the distribution of seals within the
different behavioural groups were observed at Iles Ker-
guelen. This finding implies that our method of diving-
activity classification may be sufficient to identify
temporal and spatial variation in diving activity linked
to changes in the marine environment and the distribu-
tion of prey. The highly predictive nature of the discri-
minant function analysis also implies that this method,
at least at Kerguelen, is not only sufficient but also rel-
atively accurate at differentiating between the diving
strategies of seals. The difference observed in proportion
of deep versus shallow divers between seals at Cap Noir
and Iles Nuageuses in January 2000 indicates that small-
scale, localised changes in marine conditions and,
potentially, prey availability affect the diving behaviour
of seals.

Conclusions

This study has highlighted the degree of flexibility
possible in the diving behaviour of Antarctic fur seals on

both an intra- and inter-population level. The differences
observed in diving activity between the four groups may
reflect differences in prey availability, both in terms of
depth and patchiness, as well as the foraging experience
and metabolic limits of the individual seals. Whilst the
four types of behavioural dive groups have been
reported to some extent at other sites, the occurrence of
all four together has not previously been noted. The
variability in the number of seals using each behavioural
dive group between sites and years indicates a shift in
dive pattern in response to environmental conditions.
Finally, Bonadonna et al. (in press) recently demon-

strated that some Antarctic fur seals return to similar
foraging zones in successive foraging trips, suggesting
some degree of site fidelity in relation to past experience.
A longitudinal examination of the dive behaviour of
individuals is necessary to fully interpret the importance
of learnt foraging areas to the diving strategies of indi-
vidual seals.
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