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Abstract
Optimal foraging theory predicts that predators will employ strategies that maximise their net energetic return. Foraging site 
fidelity (the re-use of a prior foraging area) is assumed to be beneficial, because it facilitates direct travel to foraging areas 
and familiarity with a foraging area may confer energetic advantages over the lifetime of an animal. In the present study, 
foraging site fidelity was investigated in 16 male Australian fur seals (Arctocephalus pusillus doriferus) from Kanowna Island 
(39°10′S, 146°18′E), in northern Bass Strait, south-eastern Australia, during the winters of 2013 and 2014. Male Australian 
fur seals used several haul-out sites and made relatively short foraging trips (3.4 ± 0.2 days) to nearby foraging areas. Males 
behaved like central place foragers and foraged exclusively on the continental shelf (modal dive depth range: 70.5–85.5 m). 
Presumably, short foraging trips enabled males to minimise the metabolic costs of transit, while maximising their net ener-
getic intake. Site fidelity varied considerably between individuals (site fidelity index ranged 0.1–0.6). However, the degree 
of site fidelity was unrelated to individual morphology parameters (such as body length). While long-term fidelity could 
make some individuals susceptible to increased environmental variability, the intra-variability in site fidelity reported in the 
present study suggests that males maximise their fitness by optimizing the time spent in different foraging areas. Variability 
in male foraging site fidelity highlights behavioural flexibility within Australian fur seals, which could help to reduce intra-
specific competition or be a response to environmental variability.

Introduction

Optimal foraging theory predicts that when searching for 
prey, predators will make decisions on where, when, and 
how to forage that maximises their foraging efficiency and, 
ultimately their fitness (Charnov 1976; Pyke et al. 1977; 
Stephens and Krebs 1987). Within a population, individuals 
often differ in their morphology and foraging ability, which 
can lead to ecologically significant variation in their resource 
use (Bolnick et al. 2003; Araújo et al. 2011; Bolnick et al. 

2011). In addition, extrinsic factors, such as inter- and 
intra-specific competition, and seasonal fluctuations in prey 
resources, can influence the profitability of foraging areas 
(Ashmole 1963; Birt et al. 1987; Wege et al. 2016). There-
fore, prior experience may be utilized by an individual to 
determine when and where to forage to maximise their for-
aging efficiency (Orians 1969; Switzer 1993; Bolnick et al. 
2003; Piper 2011).

While prey resources in the marine environment are often 
considered patchy and heterogenous (Weimerskirch 2007), 
many small-scale marine features, such as reefs, may lead 
to an increase in localized productivity and congregate prey 
resources (Hixon and Beets 1993; Bombace et al. 1994; Rus-
sell et al. 2014). These static features may provide benthic 
predators, such as seals and seabirds, temporally stable con-
gregations of prey. Accordingly, benthic foraging predators 
may repeatedly target these prey congregations to increase 
their net energetic gain (Greenwood 1980; Switzer 1993; 
Piper 2011). Consequently, foraging site fidelity, or the 
return to a prior foraging area, is frequently reported across 
a broad range of benthic predators (e.g., Chilvers 2008; Auge 
et al. 2014; Baylis et al. 2017; Camprasse et al. 2017).
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The Australian fur seal (Arctocephalus pusillus 
doriferus) is a benthic foraging otariid species (seals and 
sea lions) that is endemic to the south-east Australian 
region (Arnould and Hindell 2001; Hoskins and Arnould 
2013; Hoskins et al. 2015a; Knox et al. 2017). It is the 
largest of all fur seals with males and females weighing on 
average 279 and 76 kg, respectively (Warneke and Shaugh-
nessy 1985; Arnould and Warneke 2002). The species has 
a breeding range restricted to the continental shelf region 
of Bass Strait between mainland Australia and Tasmania 
(Kirkwood et al. 2005; Kirkwood et al. 2010), and studies 
have shown that males and females remain to forage within 
Bass Strait over winter (Hoskins et al. 2015a; Kernaléguen 
et al. 2015a; Knox et al. 2017). With an estimated popula-
tion size of ca 120,000 individuals (Kirkwood et al. 2010), 
the Australian fur seal is an important resident consumer 
of marine resources in the region.

Throughout winter, the productivity of Bass Strait is 
lower than in the spring and summer months (Sandery 
and Kämpf 2007). Accordingly, Australian fur seals must 
utilize optimal foraging strategies, such as site fidelity, that 
maximise their net energetic intake and reduce foraging 
costs during this time. As obligate central place forag-
ers over winter, females must regularly return to the same 
breeding colony to provision their offspring (Arnould and 
Hindell 2001). As a result, lactating females have shown 
consistency in their spatial habitat use, behaviour, and diet 
(Arnould et al. 2011, 2015; Hoskins et al. 2015a, b; Ker-
naléguen et al. 2015b), with many of these studies linking 
differences in female behaviour to their morphology and 
age (Arnould et al. 2011, 2015; Hoskins et al. 2015b).

However, unlike lactating females, males play no role 
in parental care and, therefore, are not constrained to a 
central place. Consequently, males may have access to 
a broader range of habitats and niches (Bonner 1984; 
Boyd et al. 1998), and may not display the same degree 
of site fidelity as females. Yet, despite otariids being the 
subject of considerable tracking effort, our understand-
ing of otariid ecology, including Australian fur seals, is 
largely derived from studies that examine lactating females 
(Thompson et al. 1998; Harcourt et al. 2002; Call et al. 
2008; Lowther et al. 2011; Staniland et al. 2012; Baylis 
et al. 2015). Thus, it remains unclear if male Australian 
fur seals exhibit foraging site fidelity or whether intrinsic 
factors (such as morphology) contribute to individual vari-
ation in male habitat use. Given males represent a consid-
erable proportion of the species’ biomass (Warneke and 
Shaughnessy 1985), understanding individual variation in 
male behaviour and habitat use within the population has 
important implications for understanding the ecology of 
the species. The aims of the present study, therefore, were 
to investigate in male Australian fur seals: (1) individual 
consistency in fine-scale habitat use (dive behaviour and 

spatial movements) during winter; and (2) the intrinsic 
factors that might affect these parameters.

Methods

Animal handling and instrumentation

The study was conducted at the Australian fur seal colony 
on Kanowna Island, in central northern Bass Strait, south-
eastern Australia (39°10′S, 146°18′E; Fig. 1) which has an 
annual pup production of ca 3400 (Kirkwood et al. 2010). 
Fieldwork was conducted in June–July of 2013 and 2014. 
Adult male Australian fur seals were remotely administered 
a 1:1 mixture of tiletamine–zolazepam (Zoletil, Virbac, 
France; ca 1.5 mg kg−1 of estimated mass) via darts pro-
pelled by a  CO2 powered tranquiliser gun (Dan Inject JM 
Standard; Baylis et al. 2014). Anaesthesia was maintained 
during the procedures using isoflurane delivered via a port-
able gas vaporizer (Stinger™, Advanced Anaesthesia Spe-
cialists, Gladesville, NSW, Australia).

Each seal (n = 6 in 2013, n = 10 in 2014) was instru-
mented with a Mk10-AF Splash Tag (Wildlife Computers, 
Redmond, USA), glued to the dorsal fur along the mid-line, 
just posterior to the scapula, using quick setting two-part 
epoxy (Accumix 268, Huntsmen, USA). Devices were pro-
grammed to collect depth sensor data at 5 s intervals and 
GPS location every 10 min. These data were transmitted to 
the CLS ARGOS system with transmission schedules being 
optimised to maximise the number of uplinks when satel-
lites were overhead. In addition to device instrumentation, 
morphometric data (standard length; axis length, i.e., length 
on dorsal surface from tip of nose to fore flipper insertion 
point; axillary girth, and length of front right flipper) were 
recorded using a tape measure (± 0.5 cm) and biological 
samples (blubber biopsy, whisker, and blood) were taken 
for use in concurrent studies. Species- and sex-specific allo-
metric relationships were used to estimate body mass from 
axillary girth (Arnould and Warneke 2002). After a mini-
mum period of 2 months, individuals were recaptured oppor-
tunistically 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 
from the recovered devices. For individuals that could not 
be recaptured, the devices continued to transmit summary 
data via CLS ARGOS until the battery failed or the device 
moulted off.

Data processing and analyses

Given male Australian fur seals alter their spatial move-
ments and diving behaviour in late spring (Knox et  al. 
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2017), potentially in preparation for the extended fasting 
(> 60 days) associated with the breeding season (Stirling 
1983; Warneke and Shaughnessy 1985; Staniland and Rob-
inson 2008), analyses in the present study were restricted 
to winter and early spring (June-October). For data loggers 
that were recovered (n = 8), dive data were corrected for any 
potential drift in depth readings in the R package ‘diveMove’ 
(Luque and Fried 2011), and then summarised for basic per 
dive metrics (dive duration, post-dive interval, dive depth, 
descent and ascent rate, and bottom time). Due to errors with 
the transmitted dive data, only the maximum dive depth and 
dive frequency were available for individuals where the data 
loggers were not recovered (see Knox et al. 2017 for further 
details). Hence, analyses of diving behaviour were restricted 
to individuals where the full dive archive was available. 
Furthermore, one individual did not transmit any dive data 
due to device malfunction and, therefore, was not included 
in dive related analyses. The intra-depth zone (IDZ) is a 
common metric used to determine if dives were benthic or 
pelagic. The IDZ assumes that benthic divers will repeatedly 
dive to the same depth zone (i.e., sea floor; Tremblay and 
Cherel 2000). Dives that occurred ± 10% of the maximum 

depth of the preceding dive were considered benthic dives, 
while dives that fell outside of this depth zone were con-
sidered pelagic. A clustering analysis was run on the mean 
proportion of dives for each 2-hourly interval to determine 
the diel foraging strategy of an individual (see Knox et al. 
2017 for details). Australian fur seals have been observed 
to spend large periods of time at the surface for purposes 
other than foraging, such as thermoregulation (JPY Arnould 
personal communication). Therefore, given that the aims of 
the present study were to investigate foraging behaviour, we 
defined a dive as when animals reached depths of > 10 m, 
which is consistent with prior Australian fur seal studies 
(Arnould and Hindell 2001; Hoskins and Arnould 2013; 
Knox et al. 2017).

All GPS location data were filtered using a basic speed 
filter (maximum swim speed of 8 m s−1) to remove any 
potentially erroneous locations (McConnell et al. 1992), and 
then linearly interpolated at 10 min intervals in the R pack-
ages ‘diveMove’ and ‘trip’ (Luque and Fried 2011; Sum-
ner 2013). In addition, to limit potential bias from tracks 
converging around haul-out sites/breeding colonies, a 2 km 
buffer was placed around all locations that occurred on land 

Fig. 1  The location of a the study site, Kanowna Island (filled star) 
in south-eastern Australia. The at-sea movements of 16 male Austral-
ian fur seals (Arctocephalus pusillus doriferus) are shown for b 2013 
(n = 6) and c 2014 (n = 10). Male fur seals visited several haul-out 
sites/breeding colonies within the Bass Strait region (a; filled black 

circles). The remaining 5 haul-out sites/Australian fur seal breed-
ing colonies in Bass Strait (identified by Kirkwood et al. 2010) were 
not visited (indicated by open black circles). Grey lines represent 
bathymetry contours (in 20 m intervals) to the edge of the continental 
shelf (200 m)



 Marine Biology  (2018) 165:108 

1 3

 108  Page 4 of 12

(Breed et al. 2011; Knox et al. 2017). All locations (at sea 
and on land) that occurred within this buffering zone were 
excluded from further analyses. A foraging trip was defined 
as any continuous at-sea period ≥ 2 h (Knox et al. 2017). To 
quantify important foraging areas across the entire track-
ing period, the 95% home foraging range (HR), 50% core 
foraging area (CFA), and 25% intensive foraging area (IFA) 
utilization distribution probabilities were calculated using 
the R package ‘adehabitatHR’ (Calenge 2006). Smooth-
ing parameters for the utilization distribution probabilities 
were determined using the ad hoc method (Worton 1989), 
and bathymetry data were used as a habitat grid to avoid 
unrealistic probabilities spanning across land. The number 
and area of each kernel utilization distribution (HR, CFA, 
and IFA) were then calculated for each individual. With the 
exception of Table 3, where credible intervals are presented, 
all data are presented as mean ± SE.

To examine spatial consistency between foraging trips 
(i.e., foraging site fidelity), a 10 × 10 km grid was selected 
a priori and placed over the entire foraging range of each 
individual in the R package ‘raster’ (Hijmans and Van Etten 
2012). For each trip, the number of grid cells used that over-
lapped with all pairwise combinations of other trips were 
calculated (e.g., trip 1 vs trip 2, trip 1 vs trip 3, and trip 2 vs 
trip 3) and then divided by the mean number of grid cells 
used for each trip. The resulting metric (hereafter referred to 
as ‘site fidelity index’) produced a single score for each indi-
vidual between 0 and 1, where a value approaching 0 indi-
cates a low degree of spatial consistency (low site fidelity), 
and a value approaching 1 indicates a high degree of spatial 
consistency (high site fidelity). Hierarchical clustering, with 
Ward’s linkage criterion, was used to place seals into one of 
four groups according to their fidelity scores (low, moderate, 
high, and extreme fidelity). Finally, the site fidelity index 
will vary depending on the grid cell size used. To investigate 
how grid cell size influenced site fidelity index values, the 
site fidelity index was calculated for grid cells of 5, 15, and 
25 km2.

Model specification

To investigate the influence of intrinsic factors and forag-
ing metrics on site fidelity, four models were applied. The 
first model was fitted to investigate relationships between 
site fidelity and individual morphology. The morphometric 
variables selected were flipper length, axis length, stand-
ard length (proxy for age), axillary girth (proxy for body 
condition), and the flipper length/standard length ratio (a 
factor which can affect manoeuvrability in seals) (Arnould 
and Warneke 2002; Fish et al. 2003). These variables corre-
late with different foraging behaviours in female Australian 
fur seals (Arnould et al. 2011, 2015; Hoskins et al. 2015b). 
Collinearity between candidate variables was assessed using 

variance inflation factors (VIF), and two variables were 
removed from the model (flipper length and axis length), so 
that all VIF values were < 3 (Zuur and Ieno 2016). This left 
standard length, axillary girth, and the flipper length/stand-
ard length ratio, for inclusion in the first model, with year 
as a random effect. The second model investigated whether 
site fidelity varied according to diving metrics. Mean maxi-
mum depth was excluded from the model due to collinear-
ity. Modal depth, IDZ score (proportion of benthic dives), 
and mean trip duration were included as predictor variables 
within the model, with year included as a random effect. A 
third model explored whether site fidelity was influenced 
by dive duration, which was available for eight seals whose 
tags were recovered. Finally, to determine if site fidelity was 
influenced by diel foraging strategy, a fourth model was run, 
with the diel strategy considered as a three-level factor (diur-
nal, mixed, and nocturnal). To avoid model over-specifica-
tion for models three and four, each covariate was considered 
as sole predictor variables within the model, while year was 
included as a random effect. Given that only two individu-
als were sampled in both years (seals 4/9 and 2/16), seal 
ID was not included as a random effect (Bolker et al. 2009; 
Zuur et al. 2013).

For all models, the response variable (site fidelity index) 
was a proportional score that can include 0 and 1, and, there-
fore, a beta GLMM model was applied (Zuur et al. 2013). 
Each model adopted a Bayesian analysis framework with 
Markov Chain Monte Carlo (MCMC) techniques using 
JAGS (Plummer 2003) in the R package ‘R2jags’ (Su and 
Yajima 2015) to obtain a distribution of each parameter 
within the model. For each posterior distribution of the four 
GLMM’s, we applied three Markov chains, each of 100,000 
iterations, using only every 100th value (thinning rate), 
while the first 30,000 values (burn in) were excluded. Dif-
fuse normal priors were used for the regression parameters 
and diffuse uniform priors were used for the standard devia-
tion parameters. Diagnostic plots were used to assess appro-
priate mixing of the Markov chains (Jonsen et al. 2013).

Results

Dive behaviour and habitat use

In total, 16 male Australian fur seals were successfully 
tracked, with two individuals instrumented in both study 
years (seal IDs 4/9 and 2/16). Males ranged in length from 
152 to 207 cm (mean 176.4 ± 3.5 cm), and had a mean axil-
lary girth of 130.8 ± 3.1 cm (Table 1). Between June and 
October, a total of 77,963 dives were recorded, with a mean 
of 4886 ± 1030 per individual, n = 15; Table 1). Compari-
sons between CLS Argos transmitted and archival data from 
the recovered devices (n = 8) revealed that information for 
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25.0 ± 0.1% of dives was obtained from the transmitted 
record over the investigation period. The mean dive dura-
tion ranged between 2.6 and 4.4 min (mean 3.8 ± 0.2 min), 
while the modal dive depth was consistent across all indi-
viduals (mean 79.8 ± 1.1 m). The IDZ scores (the propor-
tion of benthic dives) confirmed a primarily benthic mode 
of foraging for all males (mean 87.4 ± 2.2%; Table 1). The 
hierarchical clustering analysis placed eight of the males 
(53%) into a nocturnal foraging group, while four (27%) and 
three (20%) individuals were placed into mixed and diurnal 
foraging groups, respectively (Table 1). The two seals that 
were sampled in both years were not consistent in their for-
aging strategies (seal ID 4/9 2013: mixed, 2014: nocturnal; 
seal ID 2/16 2013: diurnal, 2014: mixed).

Individuals were tracked for an average of 83 ± 6 days and 
an average of 1495 ± 254 hits per individual were obtained. 
After filtering and interpolation, 8124 ± 666 GPS locations 
per individual were available for analysis (n = 16; total 
129,983 GPS locations). A total of 248 individual foraging 
trips were recorded (15.5 ± 1.8 per individual), lasting on 
average 3.4 ± 0.2 days (Table 2). There was little difference 
in movements between years, and all individuals foraged 
exclusively within the Bass Strait basin (Fig. 1). The maxi-
mum distance travelled from Kanowna Island was 214 km 

(mean maximum distance: 195 ± 7.9 km across all individu-
als). Upon leaving Kanowna Island, 81% of individuals (13 
of 16) travelled on either a south-east or south-west bearing 
(mean bearing range 157.6°–212.1°) towards other known 
Australian fur seal breeding/haul-out sites located along 
the northern coast of Tasmania (Fig. 1). The remaining 
19% (3) of males never travelled to the northern coast of 
Tasmania. Instead, two individuals visited other breeding 
colonies/haul-out sites within northern and eastern Bass 
Strait (mean bearing 245.2° and 127.1°, respectively), and 
one foraged exclusively in an area approximately 50–75 km 
WSW from Kanowna Island (mean bearing 294°). Over the 
tracking period, the males in the present study visited a total 
of 16 separate land sites (haul-out locations/breeding colo-
nies) that were dispersed throughout the entire Bass Strait 
region (Fig. 1), spending on average 1.5 ± 0.1 days hauled 
out (maximum 12 days).

Spatial consistency in habitat use

The area covered by the 95% HR UD contour varied con-
siderably between individuals, and ranged from 1704 to 
24,075 km2 (mean 10,634 ± 1566 km2; Table 2 and Fig. 2). 
The majority of males occupied a relatively narrow HR as 

Table 1  Deployment summary and dive behaviour of 16 male Australian fur seals deployed at Kanowna Island in winter of 2013 and 2014 (date 
is given as dd/mm/yyyy)

Seal IDs 4 and 9, and 2 and 16 were the same individual tagged in consecutive years. Sampling duration represents the number of data days 
between the months of June to October in each year. Mass was estimated from axillary girth following Arnould and Warneke (2002). The pro-
portion of benthic dives was determined using IDZ scores (see Tremblay and Cherel 2000 for details). Diel strategy was calculated by the fol-
lowing methods of Knox et al. (2017)
a Individuals where full archival dive data are successfully obtained

Seal ID Dep date Standard 
length (cm)

Axillary 
girth (cm)

Est. mass 
(kg)

Sampling 
duration 
(days)

Dives analysed Modal max. 
dive depth 
(m)

IDZ score 
(%)

Diel strategy

1 30/05/2013 162.0 123.0 130.0 76 1604 76.5 92.3 Mixed
2a 30/05/2013 163.0 115.0 109.0 68 7839 78.0 74.8 Diurnal
3a 2/06/2013 189.0 126.0 138.0 51 4876 79.5 87.0 Diurnal
4a 2/06/2013 171.0 139.0 178.0 52 4714 84.0 90.0 Mixed
5a 2/06/2013 173.0 121.0 125.0 149 15,228 83.0 83.4 Nocturnal
6 3/06/2013 194.0 130.0 150.0 86 1895 84.5 96.8 Mixed
7 28/07/2014 167.0 – – 97 3239 82.5 85.0 Diurnal
8a 30/07/2014 177.0 – – 94 8178 82.5 92.3 Nocturnal
9a 1/08/2014 188.0 134.0 162.0 83 6831 75.0 92.6 Nocturnal
10 2/08/2014 173.0 143.5 193.0 91 1274 84.5 77.1 Nocturnal
11 2/08/2014 152.0 130.0 150.0 92 2010 78.5 89.1 Nocturnal
12a 2/08/2014 179.0 129.5 148.0 88 7689 79.5 95.4 Nocturnal
13 3/08/2014 185.5 157.0 243.0 91 1255 80.5 96.7 Nocturnal
14 3/08/2014 176.0 135.0 165.0 31 – – – –
15 3/08/2014 207.0 – – 90 1387 70.5 94.5 Nocturnal
16a 5/08/2014 165.5 118.0 117.0 85 9944 85.5 64.0 Mixed
Mean ± SE 176.4 ± 3.5 130.8 ± 3.1 154.5 ± 9.9 82.8 ± 6.4 4886.4 ± 1030.2 79.8 ± 1.1 87.4 ± 2.2
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they made direct foraging trips between haul-out sites and 
breeding colonies located in northern and southern Bass 
Strait (e.g., seals 1, 3, 4, and 5). Other males (e.g., seals 2, 
6, and 13) travelled to southern Tasmania where they alter-
nated between two haul-out sites/breeding colonies located 
along the northern coast of Tasmania. Although all of these 
individuals spent considerable periods regularly transiting 
between these locations, the 50% CFA and 25% IFA UD 
distributions for these individuals were primarily located 
in the southern areas of Bass Strait, and in close proxim-
ity to rest sites (haul-out sites/breeding colonies) along the 
northern coast of Tasmania (Fig. 2). Conversely, a smaller 
proportion of individuals had a large HR UD that encom-
passed large portions of Bass Strait (e.g., seals 8, 10, 11, and 
16). These males would typically roam Bass Strait in loop-
ing trajectories, where they visited many different haul-out 
sites/breeding colonies distributed throughout the region. 

The CFA and IFA for these individuals were also larger and 
located further away from peripheral haul-out sites/breeding 
colonies (i.e., closer to central Bass Strait) than those with 
a narrower HR. In addition, these individuals had multiple 
IFA and CFA areas, whereas those with a narrow HR would 
typically display a single CFA or IFA area.

The calculated foraging site fidelity index (for a 10 km2 
grid cell size) varied considerably between individuals 
(range 0.10–0.60; Table 2). Irrespective of grid cell size used 
(5, 10, 15, and 25 km2) site fidelity index values for each 
seal were highly correlated (Pearson’s r range 0.91–0.98, 
p < 0.001 in all cases; supplementary material). Hence, 
while the site fidelity index varied depending on the grid 
cell size used, the general trend in fidelity across individuals 
(and, therefore, the interpretation of results) did not. Clus-
tering analysis categorized four seals as having ‘low’ fidel-
ity scores (mean SFI: 0.12 ± 0.01; Fig. 3a), reflecting their 

Fig. 2  95% home foraging range (blue), 50% core foraging areas 
(yellow), and 25% intensive foraging areas (orange) calculated from 
individual utilization distribution probabilities for each of the 16 

Australian fur seals tracked June–October of 2013 (n = 6, males 1–6) 
and 2014 (n = 10, males 7–16). Males 4 and 9, and 2 and 16 were the 
same individual tagged in consecutive years
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broad movements around Bass Strait. Five seals were clas-
sified as having a ‘moderate’ degree of fidelity (mean SFI: 
0.23 ± 0.02; Fig. 3b) and six seals displayed a ‘high’ degree 
of fidelity (mean SFI: 0.36 ± 0.01; Fig. 3c). Upon inspection 
of cumulative cell use plots (Fig. 3f, g), these individuals 
displayed fidelity to multiple sites (i.e., exploited a single 
site over multiple consecutive trips and then commuted to 
another site to exploit repeatedly). When compared to other 
males, one seal (seal 12) had a substantially higher site fidel-
ity score (0.60), reflecting faithfulness to a single foraging 
site located ca 75 km WSW of Kanowna Island (Fig. 3d). 
This individual made 19 consecutive foraging trips back and 
forth to this foraging site from Kanowna Island and was the 
only male to be placed into the ‘extreme’ fidelity cluster. 
The two seals who were deployed over both years exhibited 
slightly lower fidelity scores in 2014 when compared to 2013 
(seal 2/16: 0.22 and 0.10; seal 4/9: 0.37 and 0.34, in 2013 
and 2014, respectively). While seal ID 4/9 remained in the 
same ‘high’ cluster over both years, seal ID 2/16 was placed 
in the ‘moderate’ fidelity cluster in 2013 and then into the 
‘low’ fidelity cluster in 2014. However, their UDs indicated 
that that they used similar areas of Bass Strait during both 
years (Fig. 2). Inspection of the posterior distributions from 
the MCMC beta GLMM outputs determined that none of 

the variables assessed within each of the four models (model 
one: axillary girth, standard length, and the flipper length/
standard length ratio; model two: modal depth, IDZ and 
mean trip duration; model three: mean dive duration; and 
model four: diel strategy) significantly influenced site fidel-
ity (Table 3). 

Discussion

Dive behaviour and habitat use

Male Australian fur seal dive depth showed little variation 
within and between individuals, which is consistent with the 
dive behaviour of female Australian fur seals (Arnould and 
Hindell 2001; Hoskins and Arnould 2014). Most dives were 
characterized as benthic, which reflects the shallow depths 
associated with Bass Strait (60–80 m). While a benthic for-
aging strategy is inconsistent with the pelagic strategies of 
many other fur seals (Arnould and Costa 2006), it is fre-
quently reported in studies examining the foraging behaviour 
of Australian fur seals (Arnould and Hindell 2001; Hoskins 
and Arnould 2014; Knox et al. 2017). This benthic behaviour 
may reflect the relatively low productivity of the continental 

Fig. 3  Foraging tracks of 16 male Australian fur seals separated 
by their respective site fidelity index. Each male was placed into 
the corresponding group using hierarchical clustering analysis: a 
individuals with low fidelity (n = 4; mean site fidelity index ± SE 
0.12 ± 0.01); b moderate fidelity (n = 5; 0.23 ± 0.02); c high fidelity 

(n = 6; 0.36 ± 0.01); d extreme fidelity (n = 1; 0.60). The number of 
10 × 10  km grid cells entered in each trip was used to calculate the 
site fidelity index for each male (mean ± SE: 15.2 ± 1.8 trips per indi-
vidual). The corresponding cumulative grid cell use for each seal is 
presented by the same colour in panels (e)–(h), respectively
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shelf habitat (Gibbs et al. 1986; Sandery and Kämpf 2007) 
and the distribution of preferred prey resources along the sea 
floor of Bass Strait (Arnould and Hindell 2001).

In the present study, male Australian fur seals foraged 
exclusively within the continental shelf of Bass Strait over 
winter. These results are consistent with prior studies that 
have examined the spatial distribution of male and female 
Australian fur seals, indicating a high degree of spatial over-
lap between the sexes during winter (Arnould and Hindell 
2001; Arnould and Kirkwood 2007; Kirkwood and Arnould 
2011; Hoskins et al. 2015a; Kernaléguen et al. 2015a; Knox 
et al. 2017). Given a high degree of intra-specific competi-
tion surrounding breeding colonies, local prey resources may 
become depleted (Ashmole 1963; Birt et al. 1987). While 
nursing females must continue to return to the same breed-
ing colony in between foraging trips (Arnould and Hindell 
2001), males have the option to utilize other rest sites (haul-
out locations) that are in closer proximity to profitable forag-
ing areas, or areas that contain preferred prey not available 
in other areas, thereby leading to sexual segregation in diet 
(Knox et al. 2017).

Indeed, males in the present study visited many of the 
islands that are dispersed throughout Bass Strait, which is 
consistent with previous reports on the locations of male 
Australian fur seal haul-out sites during winter (Warneke 
and Shaughnessy 1985; Kirkwood et al. 2006). Males uti-
lized these sites in a similar manner to a central place for-
ager by making regular short commutes to nearby foraging 
areas. Similar central place foraging behaviour has also been 
observed in other male otariids, such as southern sea lions 
(Otaria flavescens; Baylis et al. 2017), which highlights that 
the degree of post-breeding dispersal in male otariids var-
ies depending on life history and habitat availability (Boyd 
et al. 1998; Sterling et al. 2014). Utilizing haul-out sites that 
are located nearby foraging areas may reduce the metabolic 

costs of transiting to foraging areas and give greater access 
to higher quality prey patches (Staniland et  al. 2012). 
Accordingly, this could be an optimal foraging strategy for 
male otariids as it may maximise their net energetic intake 
(Pyke 1984; Stephens and Krebs 1987).

Spatial consistency and individual variation 
in habitat use

Some male Australian fur seals exhibited a high degree of 
foraging site fidelity, and one male (seal ID 12) exhibited an 
‘extreme’ degree of fidelity to a single foraging site, south-
west of Kanowna Island. These results are consistent with 
prior studies investigating spatial consistency within female 
Australian fur seals (Hoskins et al. 2015a). Furthermore, 
these results are consistent with the behaviour of other ben-
thic foraging otariid species (e.g., Chilvers 2008; Auge et al. 
2014; Baylis et al. 2017). This suggests that prior knowledge 
of foraging areas is important for Australian fur seals when 
deciding where to forage, as it may minimise the metabolic 
costs associated with searching for prey, increasing their 
net energetic gain (Greenwood 1980; Switzer 1993; Piper 
2011). Sea floor characteristics or bathymetric features could 
provide visual cues for benthic foragers, such as Australian 
fur seals, to memorize the location and quality of specific 
foraging habitats (Cook et al. 2006; Mattern et al. 2007; 
Woo et al. 2008). Consequently, given that prey resources 
within Bass Strait are likely to be associated with spatially 
predictable and static features (e.g., reefs), site fidelity is 
likely to be an advantageous foraging strategy for Austral-
ian fur seals.

However, the foraging success of individuals who exhibit 
extreme fidelity may be affected by environmental variability 
and associated fluctuations in prey resources within the area. 
In ‘poor’ years, individuals who continue to exhibit a high 

Table 3  Results of the Bayesian 
beta generalized linear mixed-
effects models assessing the 
response of the site fidelity 
index (see Table 2) to variations 
in body shape (model 1), 
foraging metrics (model 2), dive 
duration (model 3), and diel 
foraging strategy (model 4)

Model Model terms Posterior mean 2.5% credible 
interval

97.5% cred-
ible interval

Model 1 (n = 13) Intercept − 0.51 − 1.61 1.20
Standard length 0.00 − 0.41 0.41
Axillary girth 0.14 − 0.32 0.55
FL/SLEN − 0.08 − 0.59 0.41

Model 2 (n = 15) Intercept − 0.62 − 1.62 1.08
IDZ 0.25 − 0.10 0.62
Modal depth − 0.13 − 0.50 0.23
Mean trip duration 0.14 − 0.19 0.48

Model 3 (n = 8) Intercept − 0.50 − 1.54 1.15
Dive duration 0.43 − 0.07 0.96

Model 4 (n = 15) Diurnal strategy − 0.48 − 1.60 1.19
Mixed strategy − 0.42 − 1.21 0.38
Nocturnal strategy − 0.31 − 1.17 0.54
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degree of faithfulness over the longer term may be more 
susceptible to environmental variability (Switzer 1993; Bol-
nick et al. 2003; Wakefield et al. 2015). Within the present 
study, fidelity was not consistent between males, with some 
individuals exhibiting a higher fidelity index score when 
compared to others. There are several hypotheses that may 
help to explain the findings of the present study. First, if prey 
resources are spatiotemporally predictable and a predator 
was previously successful in a specific foraging area, indi-
viduals may employ a ‘win-stay, lose-shift’ approach to opti-
mise their foraging efficiency (Battin 2004; Wakefield et al. 
2015). Hence, site fidelity may only occur over a relatively 
short temporal period. In the present study, most individuals 
exhibited some degree of fidelity to several sites over the 
tracking period. Although the present study was limited to 
winter (ca 3 months), temporal fluctuations in prey resources 
and fluctuations in intra-specific competition will impact the 
profitability of foraging patches over time (Ashmole 1963; 
Charnov et al. 1976; Birt et al. 1987; Ropert-Coudert et al. 
2009; Garthe et al. 2011; Wege et al. 2016). By moving 
between several foraging sites, most male Australian fur 
seals could maximise their fitness by optimizing the time 
spent in different foraging areas (Piper 2011; Merkle et al. 
2015; Patrick and Weimerskirch 2017). Furthermore, of the 
two males that were deployed over both years (seal ID’s 2/16 
and 4/9), both seals exhibited lower fidelity scores in 2014 
when compared to 2013 (0.22 and 0.10 in 2013 and 0.37 
and 0.34, respectively) and neither male displayed the same 
diel strategy. These results suggest that, in male Australian 
fur seals, foraging site fidelity is variable between years and 
within individuals and, therefore, was presumably a response 
to environmental variability and associated fluctuations in 
prey resources, implying behavioural flexibility.

Given that male Australian fur seals have a winter forag-
ing range that is restricted to the continental shelf waters of 
Bass Strait, the individual differences in site fidelity reported 
in the present study may also be important in reducing the 
niche overlap between individuals (Bolnick et al. 2003; 
Araújo et al. 2011). Indeed, individual differences in forag-
ing behaviour and diet are commonly reported with Austral-
ian fur seals (Hoskins et al. 2015b; Knox et al. 2017), with 
age, body size, and body shape shown to influence the prey 
selection and foraging areas of females (Arnould et al. 2011, 
2015; Hoskins et al. 2015b). While the morphometrics used 
in the present study may be good body size/shape proxies for 
females, no relationship between the degree of foraging site 
fidelity and morphometrics of males was found. This may be 
due to the foraging ability of males showing stronger rela-
tionships with other morphometric variables that were not 
measured, or given that site fidelity was only examined over 
winter (ca 3 months), it is possible that any intrinsic factor 
signal would not be strong enough to be detected. Alter-
natively, the males in the present study may be operating 

within their physiological limits (Weise et al. 2010), and 
body size/shape may not influence the foraging behaviour 
of male Australian fur seals.

In summary, male Australian fur seals displayed a high 
degree of individual consistency in their fine-scale habi-
tat use over winter. Most males utilized known Australian 
fur seal breeding colonies and haul-out sites, and typically 
behaved like central place foragers. However, in contrast to 
adult females, that must regularly return to the same breed-
ing colony to provision offspring, males are able to utilize 
other sites (haul-out locations) that are adjacent to foraging 
areas. Using haul-out sites as a central place, males mini-
mise the metabolic costs of transit, presumably maximising 
their net energetic intake. While some individuals exhibited 
a higher degree of fidelity than others, intra-individual vari-
ation indicates that male Australian fur seals have the flex-
ibility to respond to environmental variability and associated 
fluctuations in prey resources. Furthermore, variation in site 
fidelity between males may also be important in reducing 
niche overlap between individuals.
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