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ABSTRACT: This study examined the relative contribution of environmental variation and the seasonal
demands of pup rearing on the foraging behaviour of female Antarctic fur seals Arctocephalus gazella
al Bird Island, South Georgia (54°S, 38°W), during 3 austral summers (1994 to 1996). Time-depth
recorders measured the diving behaviour of 72 individuals during a total of 385 foraging trips totalling
1964 d at sea. The frequencies of krill, fish and squid in the diet were estimated from prey items con-
tained in scats. In 1996, a year of high krill abundance, females made shorter foraging trips, fewer dives
and spent more time ashore than in 1994 when krill was scarce. Females fed exclusively on krill in
1996, and frequent shallow daytime diving indicated that krill were close to the surface during the day.
In 1994 and 1995 deeper and longer-duration daytime dives were associated with a higher proportion
of fish and squid in the diet. Foraging tnp duration, ashore duration and dive frequency increased
through the course of the 1995 and 1996 lactation seasons. Females, therefore, appeared to match pup
demands by increasing both time feeding at sea and energy delivery to the pup on land. However, the
importance of sea surface temperature and durativn ol mghi in muitiple regression models suggested
that physical factors were also important in explaining the seasonal pattern of fur seal foraging be-
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haviour.
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INTRODUCTION

An animal’s foraging behaviour will be constrained,
within limits, by morphological and physiological spe-
cialisations for feeding (Illius & Gordon 1993, Wain-
wright 1994). Within these limits, however, many ani-
mals show considerable variation in foraging because
of differences in the distribution and abundance of
food, changes in demand for resources during repro-
duction or fluctuations in abilotic conditions (e.g. Clut-
ton-Brock et al. 1982). For large and wide-ranging
marine animals it is not possible to conduct experiments
that examine the response of an animal to individual
factors such as prey distribution or abundance. How-
ever, it may be possible to determine how these animals
respond to differences in food availability, resource
demands and abiotic conditions in environments that
exhibit distinct annual and seasonal change.
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One group of organisms that may be suited to this
type of investigation are the fur seals (otariids) that rely
on productive ocean currents to provide food or breed
in highly seasonal ecosystems (Gentry & Kooyman
1986). In both cases, changes in oceanographic circula-
tion appear to be responsible for fluctuations in prey
abundance which cause major reproductive failure
(Croxall et al. 1988, Trillmich et al. 1991). This provides
an opportunity to distinguish between variation in for-
aging behaviour that is caused by changes in resource
demands during breeding and differences that are due
to environmental factors.

In common with other species of fur seals, Antarctic
fur seals Arctocephalus gazella exhibit a foraging
attendance cycle in which females feed at sea for 3 to
5 d and return to suckle their pup for 1 to 2 d during
4 mo of lactation (Doidge et al. 1986).

Previous studies show that fur seals increase the total
quantity and energy content of milk delivered to the
pup throughout lactation (Arnould & Boyd 1995a,
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Arnould et al. 1996} and during lactation the diet of
Antarctic fur seals consists mainly of Antarctic krill
Euphausia superba (Croxall & Pilcher 1984, Doidge &
Croxall 1985, Reid & Arnould 1996). The pattern of for-
aging behaviour is closely matched to the diel migra-
tion of krill to the surface at night (Croxall et al. 1985)
and to the spatial distribution of krill swarms (Boyd
1996). In years of low krill abundance there is high
mortality, low growth rate and low weaning mass of
pups. Therefore, it appears that fur seals increase their
foraging trip duration to gain sufficient energy for lac-
tation (Croxall et al. 1988, Lunn et al. 1994).

We predict that Antarctic fur seals must increase
their foraging effort to cope with annual changes in
krill availability and must also increase their effort
throughout lactation to match the increasing energy
demands of the pup. The aims of this study were there-
fore to determine (1) the relationship between foraging
behaviour and diet in relation to annual variation in
the marine environment and (2) how foraging behav-
iour responds to the increasing demands of pup growth
during lactation.

MATERIALS AND METHODS

Study seals and instruments. The diving behaviour of
female Antarctic fur seals was studied at Bird Island,
South Georgia (54° S, 38° W), during 3 austral summers,
1993/94, 1994/95 and 1995/96 (referred to as 1994, 1995
and 1996). Study seals were selected opportunistically
from the breeding colony, and each year an attempt was
made to recapture previously instrumented seals. Fifty-
five percent of females were initially captured 1 to 2 d
postpartum and the remainder were caught throughout
the season. In 1994 females were captured from 17 De-
cember onwards, but in 1995 and 1996 captures were
started on 21 and 29 November, respectively.

Study seals were captured and restrained as
described by Gentry & Holt (1982). On first capture, a
lower post-canine tooth was removed for age determi-
nation (Arnbom et al. 1992) and the seal was tagged
with a numbered plastic tag (Dalton Supply Ltd, Hen-
ley-on-Thames, UK) on the trailing edge of both fore-
flippers. Body mass (+0.5 kg} and body length
(+0.5 cm} were recorded when seals were caught. To
relocate study seals and to monitor attendance ashore
(ashore duration) a 40 g 165 MHZ radio-transmitter
(Sirtrack Ltd, Havelock North, New Zealand) was
attached to the fur on the mid-dorsal surface using
quick set epoxy adhesive (RS Ltd, Corby, Northants,
UK). Radio-transmitters were removed prior to moult
during the final stages of lactation or if pups were
known to have died. Time-depth recorders (TDR Mk3,
MkS and Mk6, Wildlife Computers Inc., Redmond,

USA) were used to study diving behaviour and were
deployed for 10 to 14 d. Mk3 and Mk5 devices were
attached with plastic cable ties to a nylon webbing
strap (10 to 15 x 2.5 cm) that had been glued to the
mid-dorsal fur. This method allowed rapid removal of
the device and allowed TDRs to be redeployed on the
same individual throughout the season. Mk6 devices
were glued directly onto the fur and removed by clip-
ping the hair from around the instrument.

On first capture with their mothers, pups were
marked by a number bleached on the dorsal fur with
peroxide hair dye (Bristol-Myers Ltd, Uxbridge, UK}.
Prior to full moult (around 6 wk old) pups were tagged.
Pups were recaptured at 1 to 2 wk intervals to measure
body mass (+0.5 kg) and body length (£0.5 cm). Daily
checks of suckling locations were made during March
and April and the weaning date was taken to be the
date when mother and pup were last seen together.
Pup growth rates and body size at weaning were esti-
mated by linear regression.

Diet. Diet was examined by collecting 10 scats each
week from the breeding beach where seals were cap-
tured. Scats were trozen at -20°C for subsequeni
analysis. The presence of krill, fish and squid was
recorded and krill size was estimated from the length
of approximately 20 intact carapaces from each scat
(Reid & Arnould 1996).

Data collection and analysis. Radio-transmitter
signals were monitored with 2 automated receiving
stations close to the breeding beach (Boyd et al. 1991)
and females were located using a portable receiver
and Yagi antenna. TDRs were programmed to sam-
ple depth (+1 m) at 10 s intervals and temperature
(£0.1°C) at 300 s intervals (not available on Mk3). Data
from the TDR were transferred to computer and
decoded using custom-written software (Boyd et al.
1997) to produce an ASCII listing of the data and
analysis of individual dives 21 m. A foraging trip was
considered to occur when the TDR recorded wet read-
ings for more than 12 h (Boyd et al. 1991). The time at
sea was divided into travel and foraging periods. Out-
ward travel occurred until an animal made a minimum
bout of 3 dives (i.e. 3 dives, each 210 m, within 10 min)
following departure from the colony (Boyd et al. 1991).
Foraging was judged to start from this time and con-
tinue until the final minimum diving bout occurred.
The period between the last bout and arrival ashore
was considered to be return travel. Foraging statistics
were calculated only from dives that occurred during
the foraging period (95 % of total dives at sea).

Mean sea surface temperature (SST) during each
trip was calculated from night-time records when the
maximum depth during the previous 5 min did not
exceed 20 m. This excluded periods when diurnal
increases in temperature were recorded due to solar
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heating of the TDR when animals spent long periods at
the surface (McCafferty unpubl. data). Independent
measurements of mean monthly SST, blended from
ship, buoy and bias-corrected satellite data (Reynolds
& Smith 1994), were obtained from the Integrated
Global Ocean Services System (IGOSS) database,
which was accessed via the Internet (http://ingrid.
ldgo.columbia.edu). The area investigated was an area
of 6° latitude x 6° longitude centred at 54°S, 38° W (see
Fig 5). Data were available at a resolution of 1° x 1°
and were averaged for the entire area (n = 36).

The duration of night was determined as the time
between dusk and dawn (i.e. nautical twilight: when
the sun was midway between 6° and 12° below the
horizon). Dawn and dusk occurred at 05:50 h GMT
(range 04:40 to 07:50 h) and 23:20 h GMT (23:20 to
00:15 h), respectively. The duration of night averaged
6.6 h, reaching a minimum of 4.6 h at midsummer and
a maximum of 10.6 h by the end of March.

Statistics. Many individuals were followed through-
out the entire breeding season and in some cases the
same individuals were studied in different years. This
meant that observations were not independent within
or between years. However, a Student's t-test (pairwise
comparison) was used to compare the foraging behav-
iour of individuals between years. To ensure that inter-
annual comparisons were made between similar
stages of the season, foraging trips from one year were
matched with trips from another if their start dates were
less than 2 wk apart. A repeated measures ANOVA
was also used to test for differences within years.

A 3-way ANOVA was used to examine the main
effects of year, instrument type and maternal charac-
teristics on individual foraging behaviour. Models
were computed with the SAS GLM procedure using
Type III tests (partial sums of squares)
that are insensitive to the order in
which variables are added (SAS Ver.
6.11; SAS Institute Inc., Cary, USA).
Female age was divided into 2 age
classes based on the age of primiparity

eral linear models. In all models, female identity, year,
instrument type and female age class were included as
factors, and pup age, pup body mass, duration of night
and SST (measured by TDRs) were entered as explana-
tory variables. Models used the mean SST measured by
TDRs during each foraging trip because this was
thought to be more representative of temperatures
experienced by females when foraging. Only foraging
trips from aged females were included, therefore the
analysis was based on 291 foraging trips.

RESULTS
Study seals

TDRs were successfully deployed on 72 individuals,
26 of which were instrumented in more than 1 year.
Mk3 TDRs were deployed on 8 and 15 individuals in
1994 and 1995 respectively. Mk5s were fitted to 15, 26
and 22 individuals in 1994, 1995 and 1996, and Mk6s
were deployed on 21 and 3 individuals in 1995 and
1996 respectively.

Females were, on average, 7.9 yr old (95% confi-
dence interval 7.3-8.6) and had a mean body mass of
37.9 kg (37.0-38.8), a mean length of 127.2 cm (126.3-
128.1) and a mean condition index of 0.296 kg cm™
(0.291-0.302). There was a significant difference in
age, body mass and condition of females between
years (ANOVA p < 0.05 in all cases) but there was no
difference in body length (p = 0.18) (Table 1). Study
seals in 1994 were on average 2 yr younger and their
body mass was 8% less than in 1995. Females in 1994
were also 6% poorer in condition than in the subse-
quent 2 years.

Table 1. Mean (+95 % confidence interval) body mass, length and condition and
age of female Antarctic fur seals. n is number of seals measured and aged,
respectively. Differences between means were significant (+) at p < 0.05 (Stu-

dent’s t-test); ns: not significant

(£6 yr old) and multiparity (>6 yr old)

Year
(Lunn et al. 1994). Females that were
not aged were excluded from the —
analysis, and in cases where females 1994
were sampled in more than 1 year, 1995

data from 1 year was selected at ran-
dom (n = 55). 1096
Multiple regression (as described by

Brown & Rothery 1993) was used to ex- All years

Mass Length  Condition n Age n

(kg) fem)  (kgem™) (yr)

35.9 126.3 0.282 23 6.6 22
(34.0-37.8) (124.4-128.2) (0.272-0.293) (5.6-7.7)

38.7 128.1 0.301 50 8.6 38
(37.5-40.0) (126.8-129.3) (0.293-0.309) (7.7-9.5)

38.2 126.4 0.301 25 8.2 23
{36.4-40.0) (124.5-128.2) (0.290-0.312) (7.1-9.4)

37.9 127.2 0.296 98 7.9 83

amine the seasonal change in foraging (37.0-38.8) (126.3-128.1) (0.291-0.302) (7.3-8.6)
behaviour. This method examined the Differences between means
contribution of multiple int re- 1994 vs 1995 . ns . .

1on o mutpie nterco 1994 vs 1996 ns ns , -
lated variables by determining all pos- 1995 vs 1996 e v N ns

sible combinations of variables in gen-
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Table 2. Mean foraging trip statistics (n = number of trips) of female Antarctic fur seals (95 % confidence interval). Trip durations

were highly skewed and are therefore expressed as medians. The median dive depth and median dive duration for each trip were

calculated and averaged for each year. Kruskal-Wallis test and Student's t-test tested for differences in medians and means,
respectively. Differences between medians and between means were significantly different (+} at p < 0.05; ns: not significant

Year n Trip Ashore Outward Return No. of Dive Dive Dive % time % dives

duration duration travel travel dives depth  duration frequency  sub- at
(d) (d) (h) {m) (s) {(dives h™!) merged night

1994 29 6.8 1.4 7.1 3489 11.8 66.2 17.9 35 61
(2.2-166) (1.1-1.7)  (6.2-9.5]  (5.4-9.1) (2998-4017) (9.2-14.9) (58.7-73.7) (16.2-19.8)  (32-38) (55-67)

1995 177 5.5 1.8 6.3 1822 11.4 63.4 16.8 31 67
(0.8-11.1) (1.6-1.9)  (5.1-6.1)  (5.6-7.0} (1676-1974) (10.3-12.6) (60.4-66.5) (16.2-17.5)  [29-32) (64-69)

1996 179 4.8 1.9 5.6 1574 143 72.9 19.5 37 42
(0.6-8.2)  (1.8-2.1) (4.3-5.1) (50-6.2) (1440-1715) (13.0-15.7) (69.9-75.9) (18.7-20.3)  (36-38) (40-45)

All years 385 4.5 1.8 6.0 1808 12.7 68.0 18.1 34 55
(0.6-16.6) (1.7-1.9)  (5.0-5.6)  (5.6-6.4) (1700-1918) (11.8- 13.6) (65.9-70.2) (17.6-18.6) (33-35) (53-57)

Differences between medians/means

1994 vs 1995 ns ns ns ns

1994 vs 1996 ns ns ns ns ns

1995 vs 1556 ns ns

Differences in foraging behaviour between years

Dive data were obtained for a total of 385 foraging
trips totalling 1964 d at sea (Table 2). Trip durations
were highly skewed to the right and therefore the
median time spent at sea was calculated to be 4.5 d
(range 0.6 to 16.6, excluding 4 females in 1994 that
abandoned their pups for >20 d). On average, females
remained ashore for 1.8 d (95% confidence interval

foraging trip duration {p < 0.001 in all cases). Dive
depth (r = -0.42), dive duration (r = -0.48) and percent-
age time submerged (r = -0.42) were negatively corre-
lated (p < 0.001 in all cases); however, dive frequency
was not correlated with trip duration (r = 0.002, p =
0.96).

Foraging behaviour was significantly different be-
tween years (Kruskal-Wallis and ANOVA p < 0.05),
with the exception of return time (p = 0.15) (Table 2). In

1.7-1.9). Females began diving 5.3 h
(5.0-5.6) after leaving the colony, and
the time between last diving and
returning ashore was 6.0 h (5.6-6.4).
On average, females made 1808
(1700-1918) dives during each forag-
ing trip, 55% (53-57) of which were
made at night. The median was used
to describe dive depth and duration
during each trip because distributions
were skewed to the right. For all trips,
the mean dive depth was 127 m
(11.8-13.6) and dive duration was
68.0 s (65.9-70.2). Females were sub-
merged for 34 % (33-35) of the forag-
ing period and had a dive frequency of
18.1 dives h™! (17.6-18.6).

Ashore duration was positively cor-
related with the preceding trip dura-
tion (Spearman Rank correlation r =
0.38), and outward travel time (r =

Table 3. Results of a Student's t-test (pairwise comparison) to test the null
hypothesis that the mean difference in foraging behaviour between years was
not different from zero

Behaviour 1995 vs 1994 1996 vs 1994 1996 vs 1995
Mean p Mean p Mean P
difference difference difference
Trip duration (d) -2.4 0.27 -3.2 0.03 -0.5 0.23
Ashore duration (d) 0.19 0.70 0.39 0.47¢ 0.36 0.21
Outward travel (h) -7.3 0.11 -8.3 0.0006*  -0.35 0.64
Return travel (h) -2.2 0.54 -3.7 0.44 -1.8 0.04
Number of dives  -1683 0.17 2286 0.03 -50.2 0.85
Dive depth {m) 5.0 0.42 1.0 0.82 3.6 0.04
Dive duration (s) 13.8 0.36 12.0 0.21 12.2 0.008
Dive frequency -0.68 0.39 -0.41 0.84 0.60 0.10¢
(dives h™!)
% time submerged 0.77 0.84 1.7 0.72 3.6 0.02°
% dives at night -1.7 0.80 -18.3 0.007 -23.5 0.0002
No. of individuals 4 5 15¢

‘Data was normalised by calculating the percentage difference

0.28), return travel time (r = 0.18}, num-
ber of dives (r = 0.82) and percentage
of dives at night (r = 0.54) during each
foraging trip were also correlated with

"Data could not be normalised and therefore a Wilcoxon rank sum test was
used to test the difference hetween medians

“Two females were excluded as dates of trips were different by >15d
between years
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Fig. 1. Distribution of dive depths (m) made by female Antarc-

tic fur seals during breeding seasons, 1994 to 1996. Dives

were divided nto those made during the day (open bars) and
those made at night (solid bars)

1994, foraging trips were 40 % longer, outward travel
time increased by 60 %, and females made twice as
many dives during each trip and spent 25% less time
ashore than in 1996. Dive depth and duration were
marginally but significantly greater in 1996 than in
1995. Examination of dive depth and duration distribu-
tions indicated that this was due to the low frequency
of shallow and short duration dives in 1996 (Fig. 1).
However, in 1996 there was a small number of deep
(>50 m) dives during the day. The percentage of time
submerged differed by only 2 to 6% between years.
During 1996, females made 30% less dives at night
than in the previous 2 years and dive frequency was
greater than in 1995.

No difference in the foraging behaviour of the same in-
dividuals was detected between 1995 and 1994 (paired t-
test p 2 0.11 in all cases; Table 3). However, individuals
in 1996 were found to have made shorter foraging trips,
spent less time on outward travel, made fewer dives and
reduced the percentage of dives at night (p £0.03) com-
pared to 1994. Compared with 1995, individuals in 1996
spent less time on return travel, made deeper and longer
dives, spent more time submerged and had a lower per-
centage of dives at night (p £0.04).
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Fig. 2. Foraging trip duration (d) of female Antarctic fur seals

during breeding seasons, 1994 to 1996. The coefficient of

determination (R*) was calculated by linear regression and an

F-test was used to test significance. The regression line is

shown and significance of the gradient was tested using a
Student's t-test {see Table 4)

Difierences in foraging behaviour within years

Changes in foraging behaviour throughout the
breeding season were examined by linear regression
of foraging variables with start date of trip (Table 4).
Overall, females increased foraging trip duration
throughout 1995 and 1996, although there appeared to
be a decrease in trip duration at the start of 1995
(Fig. 2). In 1994 no change in trip duration was found,
but in all years females increased the time spent
ashore throughout the season. There was no change in
outward and return travel times in 1994 and 1995 and
there was only a small increase in 1996.

In 1995 and 1996 females increased the number of
dives per foraging trip, but in all years females also
increased their dive frequency throughout the season.
(Fig. 3). Overall, dive depth decreased throughout
1995 and 1996 and there was a corresponding
decrease in dive duration (Table 4). Dive depth and
duration (not shown) increased from the start of the
season until late December and decreased during Jan-
uary (Fig. 4). In 1994 females increased time spent sub-
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Fig. 3. Dive frequency (dives h™') of female Antarctic fur seals
during each foraging trip throughout the breeding seasons
1994 to 1996. The coefficient of determination (R?) was calcu-
lated by linear regression and an F-test was used to test sig-
nificance. The regression line is shown and significance of the
gradient was tested using a Student's t-test (see Table 4)

merged during each foraging trip (Table 4). With the
exception of a decrease at the start of the 1995 season,
females increased the percentage of dives made at
night during 1995 and 1996.
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during each foraging trip throughout the breeding seasons
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lated by linear regression and an F-test was used to test sig-

nificance. Median dive depths averaged over 2 wk intervals
are also shown (large open symbols)

Mean monthly dive data were available for 12 indi-
viduals from 1995 and 1996. To account for multiple
sampling from the same individuals a repeated mea-
sures ANOVA was used to test for differences in forag-

Table 4. Linear regression coefficients (+ SE) of foraging parameters with start date of foraging trip (days since 1 December).
An F-test was used to test the significance of the coefficient of determination (R? p < 0.01; ns: p > 0.05) and a Student’s ¢-test was
used to determine if regression coefficients were significantly different from zero {"p < 0.02; "p > 0.05)

1994 R?
Trip duration (d) 0.007 = 0.024™ ns
Ashore duration (d) 0.020 = 0.007" 0.38
Outward travel {h) -0.029 + 0.034™ ns
Return travel (h) -0.040 + 0.045™ ns
Number of dives 14.5+11.1™ ns
Dive depth (m) -0.065 £ 0.089™ ns
Dive duration (s) -0.104 + 0.186™ ns
Dive frequency (dives h™!)  0.131 + 0.046" 0.26
% time submerged 0.238 £ 0.062°* 0.39
% dives at night 0.092 + 0.104™ ns

1995 R? 1996 R?
0.032 + 0.005 0.17 0.023 + 0.004" 0.14
0.013 + 0.003 0.14 0.012 + 0.003" 0.07

-0.019 £ 0.012™ ns 0.034 £+ 0.014" 0.03
~0.011 £ 0.015™ ns 0.030 + 0.010" 0.05
254 27 0.34 151+ 1.8" 0.28
~0.123 £ 0.023 0.14 -0.210 + 0.017" 0.45
—0.361 + 0.057 0.19 -0.470 £ 0.034" 0.52
0.080 £ 0.016 0.13 0.092 + 0.013" 0.22
0.018 + 0.024" ns —0.036 + 0.026" ns
0.256 + 0.036 0.22 0.222 + 0.052° 0.09
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Table 5. Effect of year, instrument type and age class on for-
aging behaviour of female Antarctic fur seals (3-way ANOVA,
see ‘Materials and methods'). An F-test was used to deter-
mine the significance of each model and the variance
explained was described by the coefficient of determination
(R*). The significance of factors was determined from partial
sums of squares using an F-test. ***p <0.001, **p <0.01, *p <
0.05; ns: p > 0.05. n is the number of individuals

Behaviour Year Inst. Age R? n p
type class
Trip duration (d) e ns 0.47 55 0.0001
Ashore duration (d) ns ns ns 010 41 0.55
Outward travel (h) ns ns ns 019 55 0.06
Return travel (h) ns ns ns 014 51 0.21
Number of dives . ns 051 55 0.0001
Dive depth {m) ns o ns 0.27 55 0.006
Dive duration (s} . e ns 033 55 0.001
Dive frequency ns 0.27 55 0.008
(dives h™")
% time submerged ns ns ns 0.17 55 0.10
% dives at night . ns 0.51 55 0.0001

ing behaviour between months. Foraging behaviour
was significantly different between months (p < 0.05
all cases), with the exception of outward travel time (p
= 0.94) and ashore duration (insufficient sample size).

able 6. Mean foraging parameters of female Antarctic fur seals {95% confi-
dence interval) where age class or instrument type had a significant effect. Indi-
vidual comparisons were made using a Student's t-test (significant at *p < 0.05)
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Efiect of instrument and maternal characteristics on
foraging behaviour

Females were distinguished on the basis of age class,
as older females had a greater body mass and body
length (2-way ANOVA p < 0.03 in both cases), and in
this sample there was no difference between year (p >
0.05) and no interaction with year (p > 0.18). There was
also no effect of age class or year on body condition
(p > 0.05).

Year, instrument type and age class explained 27 to
47 % of the variation in foraging trip duration, number
of dives, dive depth and duration, dive frequency and
percentage of dives at night (Table 5). Trip duration
varied significantly with age class and year. The num-
ber of dives, dive duration and percentage of dives at
night varied significantly with instrument type and
year, while dive depth was only significantly different
between instrument type (Table 5). Models of ashore
duration, outward travel and return travel were non
significant {p > 0.05).

Individual comparisons showed that younger
females made shorter foraging trips (Student’s t-test
p < 0.02) and had higher dive frequencies {p < 0.003)
(Table 6). On average, deployments with Mk3 and
Mk6 devices recorded a greater number of dives than
deployments with Mk5s (p < 0.001).
Dive depth and duration recorded by
Mk3s was on average less than for
dives recorded by Mkb5s (p < 0.002).
Deployments made with Mk3 TDRs

recorded a greater dive frequency
Age class than Mk5 and Mk6 TDRs (p < 0.01),
] <6 yr >6yr and Mk3s also recorded a lower per-
No. of seals 14 41 centage of dives at night than deploy-
Trip duration (d) 52 7.4 ments with Mkb5s (p < 0.04).
(3.8-6.6) (6.6-8.2) Trip durations decreased between
Dive frequency 23.0 19.2 1994 and 1996 (p < 0.01) and there
(dives h™!) (18.5-26.5) (17.3-21.1) was a greater number of dives in 1994
than in 1995 and 1996 (p < 0.001;
Table 6). In 1995 dives were shorter
Instrument type .
MK3 MK5 MK6 Mk3 Mk3 MK5 than in 1996 (p < 0.04) and percentage
vs vs vs of dives at night was less in 1996 than
MKS Mk6 Mk6 in the previous 2 years (p < 0.001}.
No. of seals 8 35 12
No. of dives 3286 1954 2889 ns . e
(2450-4113) (1625-2283) (2217-3561) Pup growth, environmental variation
Dive depth (m) 6.7 18.7 15.9 ns and diet
(-1.3-14.7) (15.4-22.0) {9.3-22.5)
Dive duration (s) 46.1 72.7 63.6 ns ns Pup growth
(28.9-63.3) (65.8-79.6) (49.5-77.7)
Dive frequency 26.1 18.0 19.3 ns : In 1994, when there was a high rate
(dives h™") (21.5-30.7) (16.1-19.9) (15.5-23.1) o
. ) of pup mortality in the colony, 10 of
% dives at night 51.0 60.8 53.6 ns ns h d died d with 4
(40.8-612) (56.7-64.9) (45.2-62.0) the study pups died compared w1
in 1995 and only 1 in 1996. A 2-way
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Table 7. Mean (£95% confidence interval, no. of pups) body size of Antarctic fur seal pups during the perinatal penod, overall

growth rate and body size at weaning. A 2-way ANOVA was used to test for differences between sex and year (see 'Results’).

Individual comparisons between means were significantly different (+) at p < 0.05 (Student’s t-test; ns: not significant). Body
length was not measured in 1994

Perinatal period Growth rate Weaning period
Body mass Body length Mass gain Length gain Body mass  Body length Age
(kg) (cm) (kg d™) (cm dh) (kg) (cm) (d)
Female 5.1 61.7 0.065 0.242 12.4 92.7 114
(4.8-5.4,30)  (60.5-62.9, 25) {0.058-0.072, 33} (0.225 0.259, 28) (11.5-13.3,36) (90.6-94.8,29) (111118, 38)
Male 6.4 65.8 0.078 0.247 14.8 98.2 115
(6.0-6.8,28)  (64.8-66.9, 25) (0.070-0.086, 32) (0.231-0.263, 30) (13.9-15.7,37) (96.3-110.1,31) (112-118, 39)
1994 5.7 - 0.063 - 11.0 - 115
(5.0-6.3, 8) (0.051-0.078, 10) (9.6-12.4, 13) (110-121, 13)
1995 57 63.5 0.071 0.231 14.2 93.2 112
(5.4-6.0, 28) (62.4-64.5, 28) (0.064-0.078, 31) (0.218-0.246, 34) (13.4-15.0, 36)  ({91.5-94.9, 36) (110-115, 40)
1996 58 64.1 0.079 0.258 15.7 97.6 116
(5.4-6.2,22)  (62.9-65.3, 22) (0.071-0.089, 24) (0.239-0.278, 24) (14.7-16.7, 24)  (95.3-99.8, 24)  (112-121, 24)
Comparisons between means
Female vs male . . s - . ns
1994 vs 1995 ns - ns - - ns
1994 vs 1996 ns - . - - ns
1995 vs 1996 ns . ns ns
|

ANOVA was used to examine differences in growth of
surviving pups between years and between sexes
(Table 7). In all cases there was no interaction between
sex and year (p > 0.09). There was no difference in
perinatal body size (mass and length) between years
(p < 0.0001 both cases); however, male pups had a
larger body size than female pups (p > 0.43). There was
a difference in the rate of mass and length gain
between years (p < 0.05). In 1996 mass gain was on
average 25 % greater than in 1994 and length gain was
12% greater than in 1995 (Table 7). Male pups had a
greater rate of mass gain than females (p < 0.002) but
no difference in length gain was detected (p = 0.60).
Body size (mass and length) at weaning was different
between years (p < 0.01). Pup body size was greatest in
1996 than in previous years, and in all years, male pups
were larger than females at weaning (Table 7). There
was no difference in weaning age between years or
between sexes (p > 0.18).

Environmental variation

There was significant variation in SST around South
Georgia (taken from ship, buoy and satellite data)
between months (2-way ANOVA p < 0.0001). On aver-
age SST increased from 1.7°C in December to 3.9-
4.0°C in February and March (Table 8). There was no
difference in SST between years (p = 0.82). Although
there was a significant interaction between month and
year (p < 0.0001), there was no obvious trend in mean
monthly SST across years (Table 8).

Satellite tracking of fur seals at Bird Island in 1995
and 1996 showed that most locations were obtained
from an area centred around 53.67°S, 39.0°W (Boyd et
al. in press). There was good agreement between SST
derived from satellite based measurements in this
region and SST measured by TDRs (Fig. 5). An excep-
tion to this was in January 1994, when data was avail-
able from only 2 females that abandoned their pups for
>20 d. SST from TDRs varied between months (2-way
ANOVA p < 0.0001). On average SST increased from
1.9°C in December to 3.8-3.9°C in February and

51._)._.,,...1.-,,_ T T T T T "'_(:1:
Jan 1995  ss e
52} - 30 1
[ v -
53 -
%) E !
& 1
8 sl . 25
2 F ]
© E / ]
- 1
se [ = ]
F el — 20 ]
[

b

o
~
[

2

37 36 35

ey
F
o
w
©
[}
®

Longitude ("W)

Fig. 5. Mean monthly SST isotherms (°C) for South Georgia in

January 1995. Data were obtained from ship, buoy and bias-

corrected satellite data from the Integrated Global Ocean Sez-
vices System (IGOSS)
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Table 8. Mean (£95 % confidence interval, no. of data points/no. of trips) sea surface temperature (SST) around South Georgia

during breeding seasons, 1994 to 1996. Mean monthly SST from ship, buoy and bias-corrected satellite data for South Georgia

{(see 'Materials and methods') and mean monthly SST recorded by TDRs during fur seal foraging trips are shown. A 2-way

ANOVA was used to test for differences between months and years (see ‘Results’) and individual comparisons were made using
a Student’s t-test [significant (+) at p < 0.05; ns: not significant]. Note that Dec refers to December in previous calendar year

1994 1995 1996
Ship, buoy and satellite data
Dec 2.0 1.9 1.4
(1.7-2.2, 36) (1.8-2.0, 36) (1.2-1.6, 36)
Jan 3.3 2.9 3.1
(3.1-3.5, 36) (2.8-3.1, 36) (2.8-3.3, 36)
Feb 4.0 4.0 4.0
(3.8-4.2, 36) (3.8-4.2, 36) (3.7-4.2, 36)
Mar 3.4 4.1 4.4
(3.2-3.6, 36) (3.8-4.3, 36) (4.1-4.6, 36}
TDR data
Dec 2.4 1.9 1.8
(2.1-2.6, 7) (1.8-2.0, 42) (1.7-2.0, 44)
Jan 4.8 2.8 3.0
{4.0-5.6, 2) (2.6-3.0, 44) (2.8-3.1, 69)
Feb 4.3 3.7 3.7
(4.0-4.6, 7) (3.6-3.9, 29) (3.6-3.9, 45)
Mar 4.4 3.9 3.6
(4.0-4.6, 4) (3.7-4.0, 16) (3.4-3.9, 6)

All years Comparison
1994 vs 1995 1994 vs 1996 1995 vs 1996

1.7 ns
(1.6-1.9, 108)

3.0 . ns ns
(3.1-3.2, 108)

4.0 ns ns ns
(3.9-4.1, 108}

3.9 . . ns
(3.8-4.1, 108)

1.9 ns
(1.8-2.0, 93)

2.9 . ns
(2.8-3.0, 115)

3.8 . ns
(3.7-3.9, 81)

3.9 ns
(3.7-4.1, 26)

March (Table 8). There was a significant difference in
mean monthly SST between years (p < 0.0001) and an
interaction between month and year (p < 0.002). The
mean SST recorded by TDRs in 1994 was greater than
the subsequent 2 years (Table 8).

Diet

Overall, krill occurred in 89 % of scats (n = 436), 47 %
of scats contained fish, and 7% of scats contained
squid (Table 9). Although krill was the predominant
prey item in all years, there was a difference in the pro-
portion of scats containing krill between years (Chi-
squared test p < 0.0001). In 1994, 75% of scats con-

Table 9. Number of Antarctic fur seal scats containing krill,
fish and squid during the breeding seasons, 1994 to 1996. A
Chi-squared test showed that there was a difference between
years in the proportion of scats containing krill (p < 0.0001),
fish (p < 0.0001) and squid (p < 0.03). The percentage occur-
rence of each item is given in parentheses. n is the number of

scats
Year n Number of scats containing
Krill Fish Squid
1994 150 113 (75) 101 (67) 15 (10)
1995 146 139 (99) 64 (44) 12 (8)
1996 140 137 (98) 39 (28) 3(2)
All years 436 389 (89) 204 (47) 30 (7)

tained krill compared to 95 and 98 % in 1995 and 1996
(Table 9). The difference was due to a reduction in the
percentage of scats containing krill in the middle and
late stages of the 1994 season, this change did not
occur in subsequent years. There was also a difference
in the distribution of krill size between years (Kol-
mogorov-Smirnoff 2-sample test p < 0.0001). In 1994
small krill and large krill were relatively more frequent
due to a seasonal shift from large krill (weekly median
50 to 60 mm) early in the season to small krill (median
35to 40 mm) later on. In contrast, krill length remained
relatively constant during 1995 and 1996 (median 35 to
45 mm) (Fig. 6).

There was a difference in the proportion of scats
containing fish between years (Chi-squared test p <
0.0001) and the percentage of scats containing fish
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Fig. 6. Median krill length (mm) taken by female Antarctic fur
seals during breeding seasons, 1994 to 1996
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decreased from 67% in 1994 to 28% in 1996
(Table 9). In 1994 the percentage of fish increased
when krill was less common, and there were greater
percentages of fish at the end of the 1995 and the
beginning of the 1996 seasons. Although squid was
an uncommon prey item, there was a difference in
the proportion of scats containing squid between
years (p < 0.03) and the proportion decreased from 10
to 2% between 1994 and 1996 (Table 9). Squid
occurred more frequently in the middle of the 1994

season, when the percentage of krll decreased and
fish also became more frequent.

Variation in foraging behaviour between and within
years

Variation in foraging behaviour between and within
years was examined using multiple regression
(Table 10a). Female identity and year accounted for 77

Table 10. Multiple linear regression of foraging parameters with sea surface temperature {SST), duration of night, pup age and
pup mass as explanatory variables and female identity, year, instrument type and female age class as factors. (a) Results of full
models that contain all explanatory variables. (b) All possible regression models for foraging trip duration (- variable/factor not
included in model). An F-test was used to determine the significance of each model and the variance explained was described by
the coefficient of determination (R?. The significance of factors and variables was determined from partial sums of squares using
an F-test (**"p < 0.001, **p < 0.01, *p < 0.05; ns: p > 0.05) and + or - indicates the sign of the regression coefficient (3 sym-

bols: p < 0.001: 2 symbols: p < 0.01; 1 symbol: p <0.05; ns: p > 0.05)

(a) Full models

Female Year Instru- Female
identity ment age
type class

Trip duration (d) sew nee . ns
Ashore duration (d) s s ns ns
Outward travel (h) ns ns ns ns
Return travel (h) ns ns ns ns
Number of dives e ns ns
Dive depth (m) e ns ns ns
Dive duration (s) see . ns ns
Dive frequency (dives h™!) =-- ns
% time submerged ree
% dives at night ns

(b) Possible models for foraging trip duration

Factors Variables Female Year Instru- Female
identity ment age

type class

1 0 .
1 0

1 0 ns

1 0] ns
4 0 . ns ns
4 1 . [N ns ns
4 1 .. [N ns ns
4 1 ves .. ns ns
4 1 oo .. ns ns
4 2 ns ns
4 2 t ns
4 2 . . ns ns
4 2 . . ns ns
4 2 e . ns ns
4 2 . . ns ns
4 3 ns
4 3 .. ns
4 3 .. .. . ns
4 3 . . ns ns
4 4 ns

SST  Night  Pup Pup R? n P

(°C)  duration age mass
G (k)

+++ +4+ ns —— 0.89 291 0.0001

ns ns ns ns 0.51 261 0.0001

ns +++ ns ns 0.21 291 0.0635

ns ns ns ns 0.20 263 0.1072

+++ ns ns - 0.65 291 0.0001

N —_— ++ ns 0.54 291 0.0001

—— - ns ns 0.59 291 0.0001

ns ns ++ ns 0.49 291 0.0001

J— R +++ ns 0.53 291 0.0001

+++ +++ — ns 0.72 291 0.0001

SST  Night  Pup Pup R? n p

(°C) duration age mass
(h) (d) (kg)

0.77 291 0.0001

0.22 291 0.0001

0.00 291 0.7153

0.00 291 0.1610

0.82 291 0.0001

+++ 0.88 291 0.0001

+++ 0.86 291 0.0001

+++ 0.86 291 0.0001

+++ 0.85 291 0.0001

+++ ns 0.88 291 0.0001

+++ - 0.88 291 0.0001

e+ ns 0.88 291 0.0001

+++ - 0.87 291 0.0001

ns + 0.86 291 0.0001

4+ ns 0.86 291 0.0001

+++ +++ - 0.89 291 0.0001

o+ + - 0.88 291 0.0001

4 . ++ —_ 0.88 291 0.0001

ns ++ - 0.87 291 0.0001

+++ ++ ns - 0.89 291 0.0001




McCatfferty et al.: Foraging responses of Antarctic fur seals 295

and 22% of the variation in foraging trip duration,
respectively (Table 10b). Female age class and instru-
ment type on their own did not explain any of the vari-
ation in trip duration but, when SST and pup mass
were included, instrument type became significant
(Table 10b). Female identity was a highly significant
factor in foraging models (excluding outward and
return travel time), and year also explained a signifi-
cant amount of the variation in models (excluding
travel time and dive depth) (Table 10a). Instrument
type was significant in full models of trip duration, dive
frequency, percentage submerged and percentage
dives at night. In comparison, age class was only sig-
nificant in the model of percentage time submerged
(Table 10a).

SST was an important explanatory variable in mod-
els of trip duration, number of dives per foraging trip,
dive depth and duration and percentage of dives at
night. The regression coefficient for SST was signifi-
cant when included individually or in combination
with other explanatory variables (e.g. Table 10b). The
sign of the regression coefficient indicated that trip
duration, number of dives and percentage of dives
increased with increasing SST but percentage time
submerged, dive depth and duration decreased with
increasing SST.

In models of ashore duration, the effect of adding
explanatory variables was to increase the significance
of year (Table 10a). In particular, by including duration
of night and SST, year became highly significant. None
of the variables explained any of the variation in travel
time. In contrast, pup age was the best predictor of
dive frequency as the regression coefficient was sig-
nificant in all models. The regression coefficient was
positive, indicating that dive frequency increased with
age of the pup. Pup age, duration of night and SST
appeared to be equally good at explaining percent-
age time submerged (Table 10a). However, the regres-
sion coefficients showed that percentage time sub-
merged increased with increasing pup age but
decreased with increasing duration of night and
increasing SST.

DISCUSSION

This study examined the foraging behaviour of fur
seals during 3 years of contrasting prey abundance
and breeding success. 1994 and 1996 were years of
low and high krill abundance, respectively (Brierley &
Watkins 1996, Brierley et al. 1997), and in 1995 the
diet of fur seals suggested that krill abundance was
intermediate between the two. The foraging behav-
iour of females and growth rate of pups reflected
these annual differences in prey abundance. How-

ever, foraging behaviour also showed systematic
changes within years. This provided an opportunity to
examine how changes in prey abundance, environ-
mental conditions and demands from offspring influ-
enced foraging.

Differences in foraging behaviour between years
Foraging trips

Female fur seals made longer foraging trips in 1994
than in the subsequent 2 years. Foraging trips at Bird
Island were also outstandingly long in 1984 and 1991
(6.8 and 8.4 d, respectively) and in the remaining years
between 1981 and 1993 trips ranged from 3.1 to 5.1 d
(Croxall et al. 1988, Lunn et al. 1994). The conse-
quence of long foraging trips during lactation is that
although females may eventually be able to gain suffi-
cient reserves for milk production, their absence may
exceed the fast duration of pups or milk supplied may
be only sufficient to make up for mass loss during the
fast. This was observed in 1994 when pup mortality
was the highest ever recorded and pup growth and
weaning mass were amongst the lowest recorded on
Bird Island in 16 yr (Lunn et al. 1993, Boyd et al. 1995).
For a range of Otariids, similar reductions in pup
growth and survival due to changes in maternal forag-
ing behaviour have been observed during severe El
Nifio events (see review by Trillmich et al. 1991).

Krill was the predominant prey item in the diet in
each year of the study. However, in 1994 a lower pro-
portion of scats contained krill, and ship-based hydro-
acoustic surveys recorded extremely low krill densities
around Bird Island (Brierley & Watkins 1996). In com-
parison, krill densities in the same area during 1996
were 20 times greater (Brierley et al. 1997). Longer trip
durations implied that females travelled further to find
krill swarms and/or spent longer foraging for krill once
swarms had been located. Satellite tracking has shown
that females with longer trip durations travel greater
distances from Bird Island, which would mean that the
foraging range of females was on average 50 % greater
in 1994 than 1996 (Boyd unpubl.).

Although females made a greater number of dives
on longer foraging trips in 1994 compared with 1996,
there was no difference in dive frequency or percent-
age of time submerged. This apparent lack of sensitiv-
ity in these variables supports the observation that
Antarctic fur seals do not increase their metabolic rate
in years of low krill abundance (Costa et al. 1989). Both
these findings imply that when food was scarce,
females simply spent longer searching for food to meet
their own energy requirements and gain sufficient
reserves for milk production.
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Timing of diving

In most years Antarctic fur seals have made the
majority of their dives at night (Croxall et al. 1985,
Boyd et al. 1991, 1994). However in 1996 and in 1992
(Boyd et al. 1994) females made 50 to 60% of their
dives during the day. On a ship-based survey in 1996,
large krill swarms were seen at the surface during
the day (J. L. Watkins pers. comm.), and on occasion
hydro-acoustic measurements at South Georgia have
recorded the apparent migration of krill towards the
surface during the middle of the day (Everson 1983).
In addition, there is evidence to suggest that in years
of high krill abundance, when food for krill is scarce,
krill do not migrate as far from the surface (God-
lewska 1996). Fur seals may therefore have modified
the timing of diving to match the period of greatest
krill availability.

In 1996 females rarely dived to more than 50 m, but
in 1994 and 1995 females frequently dived to depths
between 50 and 100 m. This provided further evidence
that krill were closer to the surface during the day in
1996. However, the high proportion of fish and squid 1n
the diet in 1994 and 1995 may also suggest that deep
daytime diving represented foraging for fish and
squid.

Differences in foraging behaviour within years
Foraging trips

Increases in foraging trip duration throughout lacta-
tion have previously been shown to occur in several
species of fur seals, including Antarctic fur seals (David
& Rand 1986, Doidge et al. 1986, Gentry & Holt 1986,
Trillmich 1986, Goldsworthy 1995). The progressive
increase in trip duration throughout the 1995 and 1996
seasons suggested that females either were travelling
further from Bird Island to feed, had lower foraging
efficiencies or alternatively were increasing total for-
aging effort by making more dives. [t was not known if
females were foraging in different locations at differ-
ent periods of the season. In 1995 there was no change
in outward travel time, and in 1996 there was a poor
relationship between travel time and date of trip.
There may have been a seasonal decrease in foraging
efficiency because of localised prey depletion or
changes in prey abundance. However, it has been
shown that females with long foraging trips also
deliver greater amounts of milk energy to their pups
(Arnould & Boyd 1995b). Furthermore, there was a
seasonal increase in attendance ashore (in contrast to a
decrease reported by Goldsworthy 1995), which sug-
gested that females had more milk to deliver later in

the season (Arnould et al. 1996). It appeared that,
when food supply was not limiting, females were able
to increase their dive frequency and remain at sea
longer so as to increase total energy intake throughout
the season.

Dive depth

In 1995 and 1996 dive depth and dive duration
increased from the start of the season until the end of
December and decreased thereafter. Previously, Ant-
arctic fur seals were found to make shallower and
shorter dives later in the season (Boyd & Croxall 1992).
There is evidence to suggest that krill migrate progres-
sively further from the surface between spring and
mid-summer and then reduce their vertical migration
towards the autumn (Godlewska 1996). Hence the
observed change in dive depth would have matched
the seasonal change in vertical migratory behaviour of
krill. The greatest median dive depth in this study and
the greatest migratory behaviour of krill corresponded
to the longest period of daylight. This may imply that
fur seals were reacting to a photoperiodic response of
krill or that foraging efficiency was greater at lower
light levels because the prey escape response was
reduced.

Causes of variation in foraging behaviour

Female identity, instrument type, age class, year,
environmental factors and pup development were
found to account for 49 to 89% of the variation in a
range of foraging parameters. Female identity on its
own explained almost 80 % the variation in foraging
trip duration and was also highly significant for all dive
parameters. It was not surprising that individual differ-
ences explained a substantial proportion of the varia-
tion, as a wide range of animals of varying age, body
size and reproductive experience were sampled. This
study was unable to detect a strong effect of instru-
ment type on foraging trip duration (instrument type
was only just significant in the multiple regression
model Table 10a). In contrast, Antarctic fur seals carry-
ing TDR Mk3s were shown to increase their foraging
trips by 15% compared to animals fitted with radio-
transmitters (Walker & Boveng 1995). Boyd et al. (1997)
also demonstrated that females carrying packages
equivalent in size to satellite transmitters remained at
sea on average 30 % longer than controls. Despite the
small sample size and hence low statistical power of
detecting a difference (Walker & Boveng 1995), this
study found that females with Mk3s made shorter and
shallower dives than females carrying smaller and
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more streamlined Mk5 and Mk6s. Females with Mk3s
also made a greater number of dives and had a higher
dive frequency. The larger cross sectional profile of the
Instrument was probably subject to greater dynamic
effects when animals travelled at the surface. This
would account for a large number of short 1 to 3 m
dives which were recorded by Mk3 TDRs during peri-
ods when no deep diving occurred during the day.
However, extra drag has been shown to reduce swim
speed and increase the proportion of short and shallow
dives that fur seals make (Boyd et al. 1997), and in this
study females may have compensated for this by
increasing their dive frequency.

In this study, younger females made shorter foraging
trips than older larger individuals. Boyd et al. (1991)
found little evidence that age or body size influenced
foraging cycle characteristics of Antarctic fur seals at
Bird Island. However, recent studies at Seal Island,
South Shetlands, indicated that larger females made
shorter foraging trips (Walker & Boveng 1995). Older
and larger female Northern fur seals Callorhinus ursi-
nus that gave birth earlier in the season also tended to
make shorter foraging trips (Gentry et al. 1986, Goebel
1988). Of 55 individuals aged in this study, only 14
were aged 6 yr or less. Although the pregnancy rate is
lower in this age group (Lunn et al. 1994), from the age
distribution of females with pups on the beach it would
have been expected that roughly half of the females

sampling was biased with respect to age, and therefore
effects of age were either unreliable or indistinguish-
able because of insufficient sample sizes of younger
individuals. Sampling was probably biased towards
young individuals in 1994 because of the later sam-
pling time (Boyd & McCann 1989, Boyd et al. 1990),
and the overall bias towards older individuals may
have occurred because a greater proportion of larger
and ‘healthier’ looking individuals may have been
selected for instrument deployment.

Even accounting for instrument effects and maternal
characteristics, there remained significant differences
in foraging behaviour across years. Physiological con-
straints that limit the aerobic capacity of diving would
explain why dive duration and dive depth did not vary
much across years. However, parameters that may
reflect differences in foraging effort, such as trip dura-
tion, number of dives, dive frequency and percentage
of time submerged showed greater differences be-
tween years. Changes in foraging effort therefore
appeared to reflect differences in krill abundance and
diet. The absence of small krill in the diet at the start of
the 1994 season indicated that there was poor recruit-
ment of krill around South Georgia (Priddle et al.
1988). Inter-annual variation in krill abundance is not
well understood, and current theories suggest that

oceanic factors affecting larval development in pack
ice and changes in oceanic circulation are responsible
for differences in krill recruitment around South Geor-
gia (see review by Brierley et al. 1997).

Because lactation occurs during a highly seasonal
environment, it was not clear if the seasonal pattern in
foraging behaviour that was observed was the
response of fur seals to changing demands of pup
development or changing environmental conditions or
some combination of the two. The multiple regression
determined the effect of adding individual variables
(either singly or in combination with multiple vari-
ables) on the total explained variance. This technique
has been shown to be useful where a large number of
variables are strongly correlated (Brown & Rothery
1993).

Although there was no evidence to suggest that low
krill abundance in 1994 was associated with changes
in SST during the current season, SST was an impor-
tant variable in explaining changes in foraging trip
duration within seasons. It is perhaps not surprising
that SST was important, as large scale oceanographic
features appear to contro] the dynamics of the South-
ern Ocean ecosystem (Fedoulov et al. 1996). The
explanatory power of SST may have reflected seasonal
changes in conditions as well as the relationship
between trip duration and fur seal foraging location.
Females that make long foraging trips also ftravel
greater distances to the NW of South Georgia (Boyd
unpubl.), where they will encounter greater SSTs. Evi-
dence for this comes from temperature records from
females that abandoned their pups for more than 20 d
in January 1994. In these cases, the mean SST far
exceeded SSTs in the females’ normal foraging range
(Table 8).

Females did not appear to spend longer at sea in
direct response to the age of the pup. Multiple regres-
sion showed that, when additional explanatory vari-
ables were added, longer trips were associated with
smaller pup body mass. Although females may deliver
greater amounts of milk and hence greater total
energy following long foraging trips (Arnould & Boyd
1995b, Goldsworthy 1995), the overall effect of pro-
longed foraging trips is to reduce pup growth rate
(Lunn et al. 1993). In comparison, female foraging
effort, as measured by dive frequency and percentage
of time submerged, increased with pup age, suggest-
ing that these were responses to the demands of pup
growth rather than seasonal changes in the environ-
ment.

There were significant differences between male
and female pups in perinatal body size, growth rate
and body size at weaning. Differences in body size
between sexes have previously been found in Antarc-
tic fur seals (Doidge et al. 1984, Boyd & McCann 1989),
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and Goldsworthy (1995) also found that male pups had
higher growth rates. It could be argued that variation
in foraging behaviour may also have been due to dif-
ferential maternal expenditure between sexes and
therefore pup sex needed to be included in regression
models. However, there has been only 1 year recorded
when Antarctic fur seals with male offspring made
longer foraging trips, and there are no reported differ-
ences in foraging trip duration according to pup sex in
any other species of otariid (see review by Lunn &
Arnould 1997). This does not mean that other aspects
of foraging behaviour may not be involved in maternal
investment towards offspring of different sexes. Nev-
ertheless, equal sex ratios (Table 7) ensured that there
was no bias towards offspring of either sex in this
study.

Multiple regression also indicated that, as the dura-
tion of night increased, females made shallower and
shorter dives and decreased the percentage of time
submerged during foraging trips. This was predicted
from the diel migration patterns of krill (see above);
however, dive depth, dive duration and percentage
time submerged also decreased with increasing SS1.
This may indicate a possible relationship between
water temperature and the migration patterns of krill
and other prey. Indeed, it has been found that where
sharp thermoclines exist krill migrations are confined
to the stratum between the sea surface and the upper
level of the thermocline, leading to a decrease in the
magnitude of migration (Godlewska 1996).

In conclusion, Antarctic fur seals appear to increase
their foraging effort in response to the seasonal
demands of pup development in a highly seasonal
environment that is also variable across years. Varia-
tion in foraging behaviour may be also explained by
patterns of SST and seasonal changes in the duration
of night, both of which are important factors influenc-
ing prey availability.
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