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ABSTRACT: Marine predators play an important role in the structure and function of the ecosystems they inhabit. Knowing where marine predators forage and how individual strategies vary,
therefore, has important implications for our understanding of ecosystem processes as well as species management and conservation. However, within fur seals and sea lions, knowledge of foraging ecology is typically biased towards adult females, and data on other critical life history stages
are often lacking. This study investigated the habitat use and dive behaviour of 16 male Australian
fur seals Arctocephalus pusillus doriferus at Kanowna Island (39° 10’ S, 146° 18’ E) in northern Bass
Strait, southeastern Australia during 2013 and 2014. Winter behaviour (inferred from location and
dive data) indicated that male Australian fur seals, like females, were predominantly benthic foragers who had a restricted foraging range limited to the shallow continental shelf of Bass Strait (60
to 80 m). However, in late spring and summer, some males travelled away from central Bass Strait
and foraged in deeper waters (> 200 m) along the edge of the continental shelf. These movements
occurred immediately prior to the breeding season, suggesting continental shelf slope waters are
also important habitat for male Australian fur seals at a time of great nutritional importance.
Strong inter- and intra-individual variation in diel diving patterns were also apparent, with little
spatial overlap in the core foraging range of each diel strategy (diurnal, mixed and nocturnal).
This variation may reflect individuals using alternate strategies to target specific prey in different
areas of Bass Strait, or may be due to competitive exclusion by conspecifics.
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Marine predators have a significant influence on
the structure and function of oceanic ecosystems,
through the consumption of large amounts of prey
biomass and the redistribution of nutrients and other
resources across habitat boundaries (Estes et al.
2016). As a consequence, knowing where marine
predators forage and how individual strategies vary
enables us to better understand ecosystem processes,
and has important implications for the management
and conservation of marine predator populations
(Lomnicki 1978, Costa et al. 2010a). In the marine
environment, spatial and temporal distributions of

prey resources are highly variable (Harris et al. 1988,
Perry et al. 2005), and predators must employ a variety of foraging strategies in order to obtain sufficient
resources for survival, growth, and reproduction
(Boyd et al. 1994, Costa et al. 2010a). For example, in
times of lower prey availability, predators may alter
their foraging areas to more profitable habitats,
switch their diet to more abundant prey resources, or
alternatively, increase their foraging effort (Georges
et al. 2000, Hall-Aspland et al. 2005, Womble & Sigler
2006, Thomas et al. 2011, Kuhn & Costa 2014, Blanchet et al. 2015, O’Toole et al. 2015, Thorne et al.
2015). However, the foraging behaviour of marine
predators is often difficult to observe, largely due to
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their cryptic nature and the fact that such behaviour
usually occurs at depth (Boyd et al. 1994). Consequently, animal movements and diving behaviour
provided by animal-borne data loggers allows us to
infer their habitat use (Austin et al. 2004, Pinaud et
al. 2005, Mattern et al. 2007, Fuller et al. 2008, Kuhn
et al. 2010, Banks et al. 2014).
Otariid seals (fur seals and sea lions) are large
marine predators that have been the focus of significant tracking efforts using animal-borne data loggers (e.g. Campagna et al. 2001, Page et al. 2005,
Weise et al. 2010, Chilvers et al. 2013, Kuhn & Costa
2014, Arthur et al. 2015). Otariid seals display some
of the most extreme sexual dimorphism of any
mammal, with males up to 4 times the mass of females (Staniland 2005). Consequently, males are
important consumers of prey biomass, and therefore
potentially play a significant role in trophic dynamics (Estes et al. 2016). In addition, unlike lactating
females that are obligate central place foragers due
to the need to provision nutritionally dependent offspring, male otariids play no role in parental care
(Bonner 1984, Gentry & Kooyman 1986). Therefore,
males are less restricted than lactating females in
their foraging range, giving them access to a wider
range of habitats and niches, and potentially a
greater capacity to connect ocean ecosystems over
large spatial scales (Boyd et al. 1998, Estes et al.
2016). Yet despite otariids being the subject of considerable tracking effort, our understanding of
otariid foraging ecology is largely derived from ecological studies that have examined lactating females
(e.g. Thompson et al. 1998, Harcourt et al. 2002,
Call et al. 2008, Lowther et al. 2011, Staniland et al.
2012, Baylis et al. 2015b). Comparatively few studies
have investigated the foraging ecology of male
otariids, presumably because their larger body size
makes them difficult to capture and device recovery
is often unreliable, as males are not constrained to a
central place (Campagna et al. 2001, Page et al.
2005, Weise et al. 2006, 2010, Lowther et al. 2013,
Baylis et al. 2016).
The Australian fur seal Arctocephalus pusillus
doriferus is the largest of all fur seal species, with
males and females weighing on average 279 and
76 kg, respectively (Warneke & Shaughnessy 1985,
Arnould & Warneke 2002). Its breeding distribution
is restricted almost entirely to islands within Bass
Strait (Kirkwood et al. 2010), the shallow (mean
depth: 50 to 70 m) continental shelf region between
mainland Australia and Tasmania (Sandery & Kämpf
2007). Despite Bass Strait being typically recognised
as a nutrient-poor region of low primary productivity,

it is influenced by numerous oceanographic features
that feed it with seasonal secondary productivity
(Gibbs et al. 1986, Sandery & Kämpf 2007, Kämpf
2015). With an estimated population of ca. 120 000
individuals (Kirkwood et al. 2010), the Australian fur
seal is an important consumer of marine resources in
southeastern Australia.
In addition to a limited breeding distribution,
numerous studies on the foraging ecology of adult
female Australian fur seals revealed that they feed
almost exclusively on benthic/demersal prey, during
foraging trips that are typically restricted to the continental shelf of Bass Strait (Arnould & Hindell 2001,
Arnould & Kirkwood 2007, Kirkwood & Arnould
2011, Hoskins & Arnould 2014, Hoskins et al. 2015b).
To date, only a few studies have investigated the foraging behaviour of male Australian fur seals, and
information on male dive behaviour has been derived from a single animal (Hindell & Pemberton
1997, Kirkwood et al. 2006, Kernaléguen et al. 2015).
Prior studies suggest that the foraging range of males
is limited to the continental shelf, and that male Australian fur seals are relatively shallow divers (mean
depth: 20 ± 14.3 m; max. depth: 102 m; Hindell &
Pemberton 1997). However, information on whether
diving behaviour varies between individuals, spatially or temporally is not known.
Furthermore, as several studies have documented
the presence of intra- and inter-individual variation
in habitat use, diving behaviour, and dietary specialisations in adult female Australian fur seals (Arnould
et al. 2011, Hoskins & Arnould 2014, Kernaléguen et
al. 2016), individual differences in foraging strategies
may also be apparent in males and act to reduce the
pressures of intra-specific competition (Kernaléguen
et al. 2012). Given that male Australian fur seals
likely play a significant role in the trophic dynamics
and relationships of the Bass Strait marine region, the
aims of the present study, therefore, were to investigate (1) the spatial distribution and diving behaviour
of male Australian fur seals; (2) how such behaviour
varies temporally (seasonally and diel); and (3) the
inter- and intra-individual variation in male foraging
behaviour.

MATERIALS AND METHODS
Animal handling and instrumentation
The study was conducted at the Australian fur seal
colony on Kanowna Island, in central northern Bass
Strait, southeastern Australia (39° 10’ S, 146° 18’ E;
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see Fig. 1) which has an annual pup production of ca.
3400 individuals (Kirkwood et al. 2010). Fieldwork
was carried out in June and July of 2013 and 2014,
with individuals from 2013 included in a previous
study (Kernaléguen et al. 2015). Males were chemically restrained using a 1:1 mixture of tiletaminezolazepam (Zoletil, Virbac; ca. 1.5 mg kg−1 of estimated mass), remotely administered via darts propelled by a CO2 powered tranquiliser gun (Dan Inject
JM Standard; Baylis et al. 2015a). Anaesthesia was
maintained during the handling procedure using
isoflurane delivered via a portable gas vaporizer
(Stinger™, Advanced Anaesthesia Specialists).
Each seal was instrumented with a satellitelinked GPS-dive behaviour data logger (Mk10-AF
Splash Tag, Wildlife Computers), glued to the dorsal fur along the mid-line just posterior to the
scapula using quick setting 2-part epoxy (RS Components). Devices were programmed to record
depth at 5 s intervals and GPS locations every
10 min. These data were transmitted to the CLS
ARGOS system with transmission schedules being
optimised to maximise the number of uplinks
(Costa et al. 2010b). Specifically, at sea the devices
were programmed to transmit GPS and dive behaviour messages every 90 s, while on land they were
programmed to transmit every 30 s over 6 h intervals when satellites were overhead. In addition to
device instrumentation, morphometric data (standard length, axis, axillary girth, and flipper length;
± 0.5 cm), and biological samples (blubber biopsy,
whisker, and blood) were taken for use in concurrent studies. Mass and age were estimated from
previously determined allometric relationships between body mass and morphometric measurements
for the species (Arnould & Warneke 2002). Upon
completion of handling, individuals were monitored
as they recovered from anaesthesia and left to
resume normal behaviours.
After a minimum period of 2 mo, individuals were
recaptured opportunistically when they were present
at the colony and their devices removed by cutting
the fur beneath the glue. From these individuals, full
archived GPS and dive behaviour data for the duration of the deployment were downloaded. For individuals that could not be recaptured, the devices
continued to transmit summary data until the battery
failed or the device moulted off. To assess how representative the CLS Argos transmitted dive behaviour
data were, the number and characteristics of dive
information transmitted were compared in the animals that were recaptured to that obtained from their
full archival record.
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Data processing and analyses
GPS location data were first filtered using a basic
speed filter (max. swim speed of 8 m s−1) to remove
any erroneous locations (McConnell et al. 1992), and
then linearly interpolated every 10 min in the R package ‘trip’ (Sumner 2013). For each austral season
(winter: Jun to Aug; spring: Sep to Nov; summer: Dec
to Feb), the at-sea spatial distribution was quantified
using 95% (home range; HR) and 50% (core range;
CR) utilisation distribution probabilities (UD). Each
seal contributed equally to the overall UD calculation
for each season (i.e. the UD for each seal was standardized to a value of 1). Overlap in UD between
each season was calculated using the utilisation distribution overlap index (UDOI; Fieberg & Kochanny
2005). Smoothing parameters for the UD were calculated using the ad hoc method (Worton 1989), and
bathymetry data were used as a habitat grid to avoid
unrealistic probabilities spanning across land. Spatial analyses were conducted within the R package
‘adehabitatHR’ (Calenge 2006).
Due to device malfunction, only the maximum
depth and dive frequency were available in the satellite-transmitted data from animals that were not
recaptured. Hence, with the exception of these 2
variables, analyses on diving behaviour were restricted to individuals for which the full archive was
available. Data from these tags was corrected for any
drift in depth readings, and subsequently summarised for basic per dive metrics (dive duration,
post-dive interval, dive depth, descent and ascent
rate, and bottom time) using the ‘diveMove’ package
in R (Luque & Fried 2011). Consistent with prior Australian fur seal studies, we defined a dive as >10 m in
depth (Arnould & Hindell 2001, Hoskins & Arnould
2013). In addition, as female Australian fur seals begin foraging within 2.6 ± 0.4 h of leaving the colony
(Arnould & Hindell 2001), a male foraging trip was
defined as any continuous at-sea period ≥2 h.
A common metric used to differentiate benthic
and pelagic dive behaviour is the intra-depth zone
(IDZ), which assumes that benthic divers will dive
repeatedly to the same depth zone (i.e. sea floor)
(Tremblay & Cherel 2000). Dives that occurred
±10% of the maximum depth of the preceding dive
were considered benthic, while others that fell outside of this depth zone were considered pelagic
dives. Dive frequency (dives h−1), rate of vertical
distance travelled (m h−1), and the proportion of
time at sea spent diving (%) have all been shown to
be good indicators of foraging effort in pinnipeds,
including Australian fur seals (Boyd et al. 1994,
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Arnould & Hindell 2001, Hoskins & Arnould 2013),
and were determined in the present study. For
archival individuals that were tracked over winter
and spring, seasonal differences in mean dive
behaviour (dive duration, descent/ascent rates, and
dive rate) and trip duration were analysed using
paired t-tests.
To investigate any diel preferences in diving, the
daily proportion of dives for each 2 h interval was
determined for each seal, and then a mean calculated
for each austral season that the individual was
tracked. For individuals whose devices were not recovered, the daily proportion of transmitted dives
were used for these calculations. Mean sunrise and
sunset times were calculated using the coordinates of
central Bass Strait (Geoscience Australia software).
Hierarchical clustering analysis was used to determine whether there were temporal tendencies in diving behaviour. For each individual, the mean of the
proportion of dives conducted in 2 h intervals
throughout the daily cycle (within each season) were
used as the clustering parameter for analysis. To
investigate spatio-temporal differences in foraging
strategies, a second UD analysis was run on each
diel group (diurnal, mixed, and nocturnal), and the
overlap between groups quantified using UDOI.
Unless otherwise indicated, all data are presented as
mean ± SE.

RESULTS
Habitat use
A total of 16 individuals were instrumented with
biologging equipment over the study (2013: n = 6;
2014: n = 10), with 2 individuals equipped over both
years (seal ID 4/9 and seal ID 2/16). Body length
and axillary girth measurements indicated that the
tagged males were reproductively mature individuals (Warneke & Shaughnessy 1985, Stewardson et
al. 1998; Table 1). Data were collected across 3 austral seasons (winter, spring and summer) for an
average of 106.7 ± 12.5 d ind.−1 (range: 30 to 187 d),
with half of the units (n = 8) being recovered to provide the raw archival data. Of the remaining devices, one (seal ID 14) did not transmit diving
behaviour data, and thus was excluded from diverelated analyses. The proportion of total archived
dives for which information was transmitted was
32.1 ± 5.3% (range: 12.1 to 55.7%) and there was no
temporal bias (time of day or season) in the transmitted data. No difference in mean dive depth was
detected between the archival and transmitted dive
data (t 7 = −1.20, p > 0.05). Consequently, the transmitted data (dive depth and dive frequency) obtained from individuals that were not recaptured
(i.e. no archival record) were considered represen-

Table 1. Deployment summary and basic dive data for all 16 male Australian fur seals Arctocephalus pusillus doriferus tagged at
Kanowna Island in winter 2013 and 2014. Deployment date is given as dd/mm/yyyy. Individuals for which archive data was successfully
obtained are indicated by (*). Seals IDs 4 and 9, and 2 and 16 were the same individual tagged in consecutive years. Proportion of benthic
dives were calculated using intra-depth zone (IDZ) score (see ‘Materials and methods: Data processing and analyses’ for details). Mass
and age were estimated from body length following Arnould & Warneke (2002)
Seal
ID

Deployment Deployment
date
duration (d)

1
2*
3*
4*
5*
6
7
8*
9*
10
11
12*
13
14
15
16*

30/05/2013
30/05/2013
02/06/2013
02/06/2013
02/06/2013
03/06/2013
28/07/2014
30/07/2014
01/08/2014
02/08/2014
02/08/2014
02/08/2014
03/08/2014
03/08/2014
03/08/2014
05/08/2014

Mean ± SE

76
68
51
52
149
86
140
96
90
171
166
88
187
30
172
85

Length
(cm)

Axillary
girth (cm)

Est. mass
(kg)

Est. age
(yr)

162.0
163.0
189.0
171.0
173.0
194.0
167.0
177.0
188.0
173.0
152.0
179.0
185.5
176.0
207.0
165.5

123.0
115.0
126.0
139.0
121.0
130.0
−
−
134.0
143.5
130.0
129.5
157.0
135.0
−
118.0

129.9
109.2
138.2
177.8
124.5
149.7
−
−
161.8
193.0
149.7
148.2
243.2
165.0
−
116.7

4.5
4.5
7.5
5.5
5.5
8.5
4.7
5.7
6.7
5.7
3.7
6.7
6.7
5.7
10.7
5.7

No. of dives Modal max.
Max.
analysed
depth (m) depth (m)
1604
7766
4768
4707
15 227
1895
4627
8152
6833
2742
3834
7681
2388
−
2036
9601

76.5
77.0
78.5
83.5
83.0
84.5
82.5
82.5
75.0
84.5
78.5
79.5
76.5
−
70.5
84.0

86.5
86.0
85.0
86.5
86.0
86.5
259.5
86.5
86.5
86.5
221.5
83.5
86.5
−
283.5
86.5

Benthic
dives (%)
92.3
75.5
87.4
90.2
83.4
96.8
79.4
92.5
82.6
79.8
74.2
85.6
95.4
−
84.0
65.5

106.7 ± 12.5 176.4 ± 3.5 130.8 ± 3.1 154.4 ± 9.9 6.1 ± 0.4 5590.7 ± 956.6 79.8 ± 1.1 119.8 ± 18.3 85.6 ± 2.4

863.3 ± 910.9 ±
36.1
82.9
6.1 ± 6.5 ±
0.3
0.2
40.8 ±
4.0
38.9 ±
1.8
1.5 ± < 0.1
1.5 ± < 0.01
1.4 ± < 0.1
1.4 ± < 0.1
3.8 ± < 0.1 3.7 ± < 0.1
Mean ± SE3.7 ± 0.3 2.6 ± 0.2

−
−
−
931.3
768.3
1211.6
893.3
750.0
939.4
739.2
876.9
977.5
681.0
863.6
917.9
911.0
−
−
−
6.8
6.4
7.2
5.9
6.3
7.3
5.6
5.6
7.0
4.3
6.0
5.9
6.8
−
−
−
49.5
40.0
46.4
41.9
26.5
35.0
39.4
40.6
46.7
31.7
39.2
44.4
34.0
−
−
−
1.68 ± 0.01
1.48 ± 0.01
1.53 ± 0.01
1.34 ± 0.01
1.48 ± 0.01
1.45 ± < 0.01
1.29 ± < 0.01
1.55 ± < 0.01
1.68 ± < 0.01
1.36 ± < 0.01
1.67 ± 0.01
1.39 ± 0.01
1.48 ± 0.01
−
−
−
1.51 ± 0.01
1.47 ± 0.01
1.47 ± < 0.01
1.19 ± 0.01
1.43 ± 0.01
1.36 ± < 0.01
1.27 ± < 0.01
1.54 ± < 0.01
1.47 ± < 0.01
1.39 ± 0.01
1.51 ± 0.01
1.25 ± 0.01
1.50 ± 0.01
−
−
−
4.4 ± < 0.1
3.8 ± < 0.1
3.9 ± < 0.1
4.3 ± < 0.1
2.5 ± < 0.1
2.9 ± < 0.1
4.2 ± < 0.1
4.3 ± < 0.1
4.0 ± < 0.1
4.4 ± < 0.1
3.9 ± < 0.1
4.5 ± < 0.1
3.0 ± < 0.1
−
−
−
3.0 ± 0.4
1.4 ± 0.3
2.5 ± 1.0
2.6 ± 0.5
5.6 ± 1.1
3.0 ± 0.4
5.0 ± 0.7
4.3 ± 0.9
3.3 ± 0.7
2.8 ± 1.4
4.8 ± 0.6
3.1 ± 0.3
5.7 ± 0.7
2
3
4
5
8
9
12
16

Dive rate
(m h−1)
W
S
Dive frequency
(no. dives h−1)
W
S
Proportion of time
spent diving (%)
W
S
Ascent rate (m s−1)
W
S
Descent rate (m s−1)
W
S
Dive duration (min)
W
S
Trip duration (d)
W
S
Seal ID

Table 2. Dive parameters for archival individual Australian fur seals Arctocephalus pusillus doriferus. Values are presented as mean ± SE. ‘W’ and ‘S’ refer to winter and
spring, respectively
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tative of the dive behaviour and used in diverelated analyses.
A total of 26 688 GPS locations were obtained
across the 16 deployments (1668 ± 227 ind.−1). On
average, individuals travelled a total of 3561 ±
405 km (range: 770 to 6251 km) over the instrumentation period, covering 34.2 ± 1.9 km d−1. All of the
individuals returned to Kanowna Island at least once
(4.2 ± 1.0 times) over the study period. While the
majority (94%) of individuals frequented other
colonies and haul-out sites (2.9 ± 0.3 sites), 1 individual (seal ID 12) returned only to Kanowna Island from
where it made 12 foraging trips to approximately the
same location, 50 to 80 km to the southwest.
For the 8 recaptured individuals (for which complete archived data record was available), foraging
trips lasted on average 3.1 ± 0.2 d. There was no significant difference in the mean trip duration between
winter and spring (t4 = 2.24, p > 0.05; Table 2). The
longest continuous at-sea period lasted 11.5 d in
spring (seal ID 16: 6–18 Oct 2014). The kernel UD
analysis revealed that the winter foraging range of all
males remained within the continental shelf of Bass
Strait (Fig. 1). This restricted foraging range was also
evident for the majority of the spring. However, in the
period immediately prior to the breeding season (late
spring), 3 males (seal IDs 7, 11, and 15) dispersed
from central Bass Strait and foraged along the edge of
the continental shelf on either side of Tasmania, where
they remained until their devices stopped transmitting. During the breeding season, 1 individual (seal
ID 13) established a breeding territory at Kanowna Island (T. C. Knox pers. obs.). The GPS of another male
(seal ID 10) revealed that it spent the majority of its
time hauled out at Seal Rocks, where it is also presumed to have held a territory during the breeding
period. Post-breeding movements showed that these
2 individuals remained to forage within Bass Strait
until their devices stopped transmitting.

Dive behaviour
A total of 64 735 dives were obtained from devices
that were recovered (n = 8; 8092 ± 1177) and used
for analysis. Mean dive durations ranged between
2.7 ± 0.9 to 4.4 ± 0.8 min between individuals, with
the longest recorded dive lasting 9.8 min (seal ID 8;
Table 1). No seasonal difference in mean dive duration was detected (t4 = 1.0, p > 0.05). All individuals
displayed predominantly benthic diving behaviour,
with 85.6 ± 2.4% (range: 65.5 to 96.8%) of dives
falling within the IDZ of the preceding dive (Fig. 2,
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Fig. 1. (A) Kanowna Island (filled orange circle) and other breeding colonies (open circles) of Australian fur seals Arctocephalus
pusillus doriferus within the southeastern Australian region. The 95% home range (HR: light blue shading) and 50% core range
(CR: dark blue) utilisation distribution probabilities are shown for (B) winter 2013 (n = 6), (C) winter 2014 (n = 10), (D) spring
2014 (n = 10), and (E) summer 2014 (n = 5). The HR and CR utilisation distribution overlap index (UDOI) between each season is
reported in the corresponding panel. Grey lines: bathymetry (in 20 m intervals) to the edge of the continental shelf

Table 2). In some cases, shorter than normal dives
followed by subsequent shallow dives near the surface were apparent (Fig. 2B). This behaviour was
indicative of handling large prey at or near the surface, as seen using animal-borne cameras on female
Australian fur seals (Volpov et al. 2015). The modal
maximum depth ranged from 70.5 to 84.5 m (79.8 ±
1.1 m; Table 1). Throughout the winter tracking
period of both 2013 and 2014, the maximum depth
achieved was 86.5 m (86.1 ± 0.2 and 85.2 ± 0.7 m,
respectively). While this depth was consistent across
the majority (70%) of individuals tracked throughout spring and summer (max. depth: 85.6 and 85.5 m,
respectively), 3 of the individuals (seal IDs 7, 11,
and 15) for which transmitted data was obtained
achieved depths ≥ 220 m during the same period
(max. depth: 283.5 m; Table 1). Two of these individuals (seal IDs 7 and 15) appeared to switch to a
predominantly pelagic foraging mode, with only
44.5 and 48.7% of dives, respectively, considered to
be benthic.

On average, individuals spent 39.3 ± 2.1% of their
time at sea diving (mean range: 28.5 to 47.9%) and
made 6.2 ± 0.2 dives h−1 (Table 2). Vertical travel
rates showed comparatively little variation between
individuals, ranging from 681 to 977.5 m h−1 in winter
and 750 to 1211.6 m h−1 in spring, with no difference
detected between seasons (t4 = −0.47, p > 0.05;
Table 2). Mean descent (1.40 ± < 0.01 m s−1) and
ascent (1.46 ± < 0.01 m s−1) rates were nearly identical
between seasons (t4 = −1, p > 0.05 in both cases) and
males showed relatively little individual variation,
with mean values for individual males ranging from
1.20 to 1.54 and 1.29 to 1.68 m s−1 for descent and
ascent rates, respectively.
Hierarchical clustering of the dissimilarity matrix
created from the 2 h mean proportion of dives produced a dendrogram of 3 well-defined groups based
on their seasonal preferences of diving: nocturnal, no
preference, and diurnal (Fig. 3). Across all individuals and seasons, there were 12 (40%) instances where
nocturnal preferences of diving were detected, while
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iours observed in winter and spring, a preference for
nocturnal diving was not observed at all during the
summer, with 66% of the tracked males showing
a preference for diurnal diving during this time
(Fig. 3B). The majority (80%) of males switched their
foraging strategies between seasons (Figs. 3B & 4),
while only 1 seal (seal 7) was consistent in its foraging strategy across all 3 seasons. The 95% HR UD
analysis revealed that all 3 diel foraging strategies
occurred throughout large areas of central Bass
Strait; however, the 50% CR UD contour suggested
that there was little overlap in core area use between
the 3 strategies (Fig. 5).

DISCUSSION
Habitat use

Fig. 2. (A) Representative dive profile of a typical Australian
fur seal Arctocephalus pusillus doriferus foraging trip (mean:
3.1 ± 0.2 d; max.: 11.5 d). Dives were primarily benthic (85.6 ±
2.4%) across all individuals (modal max. depth: 83.5 m), lasting on average 3.8 ± 0.1 min. (B) In some cases, shorter than
normal dives, followed by subsequent shallow dives near the
surface were apparent (highlighted by red bar) and may be
indicative of handling large prey such as squid, octopus, or
stingrays at or near the surface (as seen using animal-borne
cameras on female Australian fur seals; Volpov et al. 2015)

the remaining 60% were clustered evenly across the
nocturnal diving group, or the group that did not display a preference for time of day (30% each). In the
winter and spring months, the majority of individuals
preferred to dive during the night, with nocturnal
diving preferences recorded for 40 and 60% of individuals, respectively (Fig. 3B). In addition, diurnal
diving preferences were observed to be the least
prevalent strategy during these months, with only
27% of individuals recorded diving during the day in
winter and 20% in spring. In contrast to the behav-

Throughout the austral winter and most of the
spring, male Australian fur seals typically foraged
benthically, and their movements were restricted to
the shallow continental shelf of Bass Strait. The findings of the present study differ from the wide ranging
movements of male otariids that are characterised by
a pelagic foraging mode, such as New Zealand fur
seals Arctocephalus foresteri (Page et al. 2006) and
Californian sea lions Zalophus californianus (Weise et
al. 2010). However, these results are similar to male
otariids of other species, which have a predominantly
benthic foraging mode, such as Australian sea lions
Neophoca cinera (Lowther et al. 2013) and southern
sea lions Otaria flavescens (Baylis et al. 2016). This
suggests that the foraging ranges of male otariids are
influenced by their foraging mode (pelagic or benthic)
and the available habitat. In addition, these findings
provide further evidence to suggest that despite the
available continental shelf habitat adjoining Bass
Strait, male Australian fur seals have a foraging range
that is largely restricted to Bass Strait (Kirkwood et al.
2006, Kernaléguen et al. 2015).
There are a number of reasons why male Australian
fur seals may choose to remain within the continental
shelf of Bass Strait throughout the winter period. Despite the region being considered nutrient-poor (Gibbs
et al. 1986, Sandery & Kämpf 2007, Kämpf 2015), the
benthic habitat of Bass Strait may still provide sufficient prey resources to support the Australian fur seal
population during winter (Arnould & Hindell 2001,
Hoskins et al. 2015b, Kernaléguen et al. 2015). Additionally, Bass Strait has many offshore islands dispersed throughout the region that are free from predators. The males of the present study visited many of
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Fig. 3. Inter-individual variation within the diving strategies of male Australian fur seals Arctocephalus pusillus doriferus. (A)
Representative examples of the mean frequency of dives per day (% ± SE). (B) Clustering analysis revealed 3 distinct diel strategies: nocturnal (red), no preference (green), and diurnal (blue). Mean day and night hours are indicated by background shading

these land locations between foraging trips. By hauling out at these land sites, male Australian fur seals
are able to rest in relatively close proximity to their
foraging grounds within Bass Strait, consequently
minimising their at-sea energetic costs and reducing
their risk of predation (Boyd et al. 1998, Arnould &
Kirkwood 2007, Staniland et al. 2012).
The only times male Australian fur seals foraged
outside of Bass Strait was in late spring and summer.
Spring movements of male Australian fur seals away
from foraging areas in close proximity to the breeding colony may reflect these areas being suboptimal
for larger males at a time of great nutritional importance. Male otariid seals fast throughout the breeding season (up to 60 d) while they maintain a territory, and consequently, lose a significant proportion
of their body mass (Stirling 1983, Warneke &

Shaughnessy 1985). Hence, for territorial males, foraging conditions immediately prior to the breeding
season (late spring) are critical for them to acquire
the reserves necessary for territorial tenure and to
replenish their body mass after the extended fasting
during the breeding period (Staniland & Robinson
2008). As a consequence, prior to the breeding season, territorial Australian fur seal males may be required to search for more productive foraging areas
or seek more energetically profitable prey outside of
central Bass Strait.
Alternatively, intra-specific competition for resources close to the breeding colony may cause a
local depletion of resources (Ashmole 1963, Boyd et
al. 1998, Weise et al. 2006). Therefore, the foraging
efficiency of males may be enhanced by travelling
further away from foraging areas that are within

Fig. 4. Intra-individual variation in the diving strategies of male Australian fur seals Arctocephalus pusillus doriferus, showing mean frequency of dives (% ± SE) per
day for each individual. Bar colour corresponds to the foraging strategy determined by cluster analysis (blue: diurnal diel strategy; green and red: mixed and nocturnal
diel strategies, respectively). Grey shading: mean day and night hours for each season
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close proximity to breeding colonies and likely reduce intra-specific competition with adult female
Australian fur seals. This notion is broadly consistent
with other male otariid species such as Californian
sea lions Z. californianus and Antarctic fur seals Arctocephalus gazella which travel extended distances
(>1000 km) to forage in more productive waters after
the breeding season, while females remain to forage
in areas closer to the breeding colony (Boyd et al.
1998, Weise et al. 2006, 2010). Indeed, 3 males who
did not attend a breeding colony over the breeding
season left central Bass Strait and foraged in areas
along the coast of Tasmania known to support large
aggregations of seabirds and other marine mammals
(Brothers & Pemberton 1990, Brothers et al. 1998).

Dive behaviour
Throughout winter and spring, the modal dive
depth of the males (72.5 to 84.5 m) was consistent
with the depth of the sea floor within Bass Strait. The
only previously available information on the dive
behaviour of male Australian fur seals was from a
single translocated male whose data may be more
typical of transient behaviour, given it returned to
forage at the salmon farm in southern Tasmania
where it was initially captured (Hindell & Pemberton
1997). Consequently, direct comparisons with the
current study are difficult. However, as previously
stated, the results of the present study revealed that
male Australian fur seals, like adult females, are predominantly benthic foragers (Arnould & Hindell
2001, Hoskins & Arnould 2013, 2014, Hoskins et al.
2015a). Such benthic diving in fur seals is rare, and
more typical of sea lion behaviour (Arnould & Costa
2006). The benthic foraging mode of the Australian
fur seal is likely due to the relatively low productivity
of Bass Strait during winter (Sandery & Kämpf 2007,
Kämpf 2015), where the distribution of suitable prey
resources occurs predominantly along the benthos of
the shallow continental shelf in which they forage (60
to 80 m; Arnould & Hindell 2001). However, during
the spring and summer seasons the proportion of
pelagic dives increased, as individuals dove to much
greater depths (> 200 m) along the edge of the continental shelf where they could access temporally
abundant prey resources (Hume at al. 2004, Kirkwood et al. 2008, Hoskins & Arnould 2014).
Measures of dive effort by the male Australian fur
seals (i.e. proportion of time diving and vertical travel
rates) were similar to those reported for female Australian fur seals (ca. 41% and 997 to 1133 m h−1 for
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Fig. 5. The 95% home range (HR) and 50% core range (CR) utilisation distribution (UD) probabilities for each diel diving strategy of Australian fur seals Arctocephalus pusillus doriferus: (A) diurnal (blue), (B) mixed (green), and (C) nocturnal (red). Overlap between each diel strategy is presented in (D) 95% HR and (E) 50% CR, with the 95% HR utilisation distribution overlap index (UDOI) reported for each of the corresponding strategies (the overlap for the 50% UD was < 0.01 in all cases). Grey lines:
bathymetry (in 20 m intervals to the edge of the continental shelf)

mean proportion of time diving and range of vertical
travel rates, respectively; Arnould & Hindell 2001,
Hoskins & Arnould 2013). These results revealed
that, in general, benthic-foraging Australian fur
seals, irrespective of sex, will spend substantially
more time diving and have greater travel rates than
pelagic fur seals (15 to 24% of their time diving;

Arnould & Costa 2006) and the pelagic-foraging California sea lion (32%; Feldkamp et al. 1989). However, the dive effort of Australian fur seals is similar
to other benthic-foraging sea lions (44 to 58%; Gentry & Kooyman 1986, Georges et al. 2000, Arnould &
Costa 2006). Therefore, the increased effort displayed by Australian fur seals may reflect benthic
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habitats being of low prey abundance, but spatially
and temporally predictable (Arnould & Hindell 2001,
Arnould & Costa 2006).
Mean dive durations for male Australian fur seals
were greater than reported for other fur seals, and
more typical of larger sea lions (e.g. Boyd et al. 1991,
Harcourt et al. 1995, Georges et al. 2000, Page et al.
2005, Arnould & Costa 2006, Waite et al. 2012). In
addition, male Australian fur seals have longer mean
dive durations and longer foraging trip durations
than female conspecifics (males: 2.7 to 4.4 min and
3.1 d, females: 2.9 to 3.1 min and 2.9 d; Arnould &
Hindell 2001, Hoskins & Arnould 2013). Similar sexrelated differences have been observed in New Zealand fur seals, where males have longer dive durations than females, and in southern sea lions, where
males spend longer at sea than their female conspecifics (Campagna et al. 2001, Page et al. 2005).
Sex differences in dive duration are consistent with
an increase in physiological capacity of larger animals due to their body mass (Costa 1991, Weise &
Costa 2007, Weise et al. 2010). Within Australian fur
seals, males and females may forage in the same
areas of Bass Strait, and to the same depth throughout the same temporal periods. However, an increase
in the foraging ability of males may enable them to
search longer in order to pursue more cryptic prey
resources, thereby leading to sexual segregation in
diet as has been previously reported (Kernaléguen et
al. 2015).
We also found strong inter-individual variation in
temporal patterns of diving, and some evidence to
suggest that the core area use of these strategies differed in their location. Diel variation is a common
feature in the diving behaviour of pelagic foraging
otariids, as it is typically associated with diurnal and
nocturnal movements of vertically migrating prey
(Boyd & Croxall 1992, Boyd et al. 1994, Harcourt et
al. 1995, Georges et al. 2000). However, it appears to
be less apparent in benthic-foraging otariids whose
cryptic prey species do not normally migrate (Costa &
Gales 2003). Furthermore, few studies of otariids
have examined individual or spatial variation within
such diel strategies, with most examining temporal
patterns in dive behaviour at the population level
(Boyd et al. 1991, Lea et al. 2002). Australian fur seals
are considered opportunistic foragers that consume a
broad range of fish, cephalopods, and elasmobranchs
(Littnan et al. 2007, Kirkwood et al. 2008, Deagle et
al. 2009, Arnould et al. 2011, Kernaléguen et al.
2016). However, the inter-individual variation in dive
strategies observed in the present study may be
indicative of individuals targeting specific resources
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at certain periods of the day or night. Furthermore,
the intra-individual (seasonal) variation within the
diel strategies may also be indicative of individuals
focussing their effort on profitable prey resources
that are only temporally abundant within a particular
season (Kirkwood et al. 2008, Kernaléguen et al.
2016). There was also some evidence to suggest spatial separation of foraging strategies within Bass
Strait. This was surprising, given that Bass Strait is
considered both uniform in habitat and distribution
of prey (Gibbs et al. 1986, Gibbs 1992, Sandery &
Kämpf 2007, Kämpf 2015). Spatial separation of foraging strategies may reflect male individuals targeting specific prey resources in certain areas of Bass
Strait, or may be due to competitive exclusion by conspecifics (Hardin 1960, Van Valen 1965, Banks et al.
2014, Hoskins et al. 2015b). However, the spatial separation of foraging strategies could also be a result of
low sample size. Consequently, additional tracking
studies are ultimately required to characterise and
assess any spatial separation of foraging strategies.
In summary, the present study determined that the
foraging behaviour of male Australian fur seals is
characterised by a primarily benthic foraging mode
over the non-breeding period (winter and early
spring). However, there were also strong inter- and
intra-individual variations in the temporal patterns of
diving, with 3 dive strategies (diurnal, mixed, and
nocturnal). Male Australian fur seals predominantly
foraged within the relatively shallow continental
shelf of Bass Strait during winter. However, during
the pre-breeding period (late spring) and in summer,
some males moved away from central Bass Strait and
foraged in deeper waters associated with the continental shelf slope (> 200 m). Over this period, the proportion of pelagic dives increased. These pre-breeding movements may be associated with increased
energetic demands of males, or seasonal changes in
the availability or abundance of preferred prey. The
results of the present study highlight the individual
and temporal variation that exists within the foraging
behaviour of male Australian fur seals, which may
have important implications for the future understanding of the trophic dynamics of Bass Strait and
surrounding marine regions.
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