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INTRODUCTION

Acquisition of food is a major problem faced by
marine mammal apex predators such as seals, which
must constantly address the challenges presented by
geographic decoupling of breeding (terrestrial) and
foraging (aquatic) areas. In dynamic, heterogenous
environments such as ocean ecosystems, predators
that are constrained by the amount of time they can
spend away from dependent offspring must rely on
some form of predictable prey distribution (Gende &

Sigler 2006, Willson & Womble 2006, Thayer & Syde-
man 2007, Bost et al. 2008). Seals use 3 broad forag-
ing strategies in response to the challenges of locat-
ing sufficient food to survive and reproduce:
epipelagic foragers such as California sea lions Zalo-
phus californianus (Feldkamp et al. 1989) and sub-
Antarctic fur seals Arctocephalus tropicalis (Georges
et al. 2000) focus their foraging effort in the upper
water column to depths of 200 m; mesopelagic
depths (200 to 2000 m) are the realm of predators
such as the northern and southern elephant seals
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Miroungia angustirostris and M. leonina (LeBoeuf
1994, Campagna et al. 1995); while benthic foragers
such as Weddell seals (Hindell et al. 2002), southern
sea lions Otaria flavescens (Werner & Campagna
1995, Thompson et al. 1998, Campagna et al. 2001),
and New Zealand sea lions Phocarctos hookeri feed
on the sea floor (Crocker et al. 2001).

Typically, epipelagic and mesopelagic foragers
rely on predictable dynamic oceanographic features
such as frontal zones and upwellings, where en -
hanced productivity supports higher densities of prey
species (Olson & Backus 1985, Schneider 1990). This
imparts a degree of seasonality to foraging behav-
iour, and this has been observed in a wide variety of
predators including king penguins Aptenodytes
patagonicus (Guinet et al. 1997), southern elephant
seals (Field et al. 2002), New Zealand fur seals (Har-
court et al. 2002), and sub-Antarctic fur seals (De
Bruyn et al. 2009). As postulated by the ‘meeting
point’ hypothesis, benthic or epibenthic prey tend to
congregate around permanent topographical fea-
tures such as shelf-breaks and reef systems (Langton
et al. 1995, Klimley & Holloway 1999, Fréon &
Dagorn 2000), making such features important to
benthic predators such as yellow-eyed penguins
Megadyptes antipodes (Mattern et al. 2007) and the
Australian fur seal A. pusillus doriferus (Arnould &
Kirkwood 2007).

Investigating the foraging behaviour of air-breath-
ing marine predators typically involves the use of
expensive geospatial tracking devices and time-
depth recorders to describe 3-dimensional move-
ments of these large, wild, elusive predators during
foraging trips to sea. Researchers face a further chal-
lenge when working with otariid seals that undergo
seasonal molts, as this restricts when tracking
devices can be attached, thereby defining the onset
and duration of the temporal window over which
tracking can occur. Thus, prohibitive costs, logistical
difficulties, and the biology of animals often limits
answering questions of seasonal, intersexual, and
ontogenetic differences in foraging to those that may
be answered using data from a small subsample of
animals (Hays et al. 2003, Cronin & McConnell 2008).

Once a population or species niche range has been
defined, conspecifics tend to be treated as equals
(Bolnick et al. 2003), which, from both evolutionary
and conservation perspectives, has important ramifi-
cations. Yet there is a growing body of literature that
suggests individual niche-width specialisation is of
great importance in fur seals and sea lions (Otari-
idae) (Thompson et al. 1998, Staniland et al. 2004,
Chilvers et al. 2005). However, the temporal window

afforded by tracking is frequently relatively narrow,
and so long-term temporal consistence of individual
specialisation remains poorly documented. Variation
in behaviours under selective pressure may provide a
metric of ecological diversity and subsequent evolu-
tionary potential. However, selective and competi-
tive pressures will operate in markedly different
ways on populations, depending upon whether indi-
vidual specialisation is ephemeral, stochastic, or tem-
porally fixed (Bolnick et al. 2003).

Individuals which are long-term foraging special-
ists may be able to exploit their niche more efficiently
but are vulnerable to change, as they are less able to
adapt to new resources when their preferred habitat
becomes rare or is no longer able to sustain them.
Conversely, individuals which are generalists or sea-
sonal specialists are used to altering search images
and prey-capture techniques, and are unlikely to be
exposed to selection in the same way. Therefore to
effectively model population responses to changes in
habitat it is crucial to determine what habitat types
animals use and for how long they are used (Ryall &
Fahrig 2006). When a large portion of an individual’s
foraging behaviour remains cryptic, as is the case
with fur seals and sea lions, modelling potential
changes in species distribution under climate
change-driven habitat alteration becomes problem-
atic at best (Kaschner et al. 2006).

Attempts to characterise the individual specialisa-
tion in foraging behaviour must overcome temporal
constraints yet remain financially and logistically
plausible. Recently, the use of cost-effective stable
isotope biogeochemistry has provided great insights
into foraging ecology across a range of marine mam-
mals (see Crawford et al. 2008 for review). There is
strong support for the upward cascade of stable
nitrogen isotopes (δ15N) from primary producers to
the top of the food web. In marine ecosystems a
decreasing stable carbon ratio (δ13C) gradient has
been identified with distance from shore (Hobson et
al. 1996, Post 2002). Isotope ratios provide ecological
geotrophic data that has been used to describe tem-
poral and individual variation in foraging location
and diet outside the scope of traditional tracking
methods using δ13C and δ15N from metabolically
active (blood) and inert (vibrissae, feathers) tissues
for several seal and marine bird species (Forero &
Hobson 2003, Aurioles et al. 2006, Bearhop et al.
2006, Awkerman et al. 2007, Lowther & Goldsworthy
2010). Recently multi-year, individual variation in
foraging behaviour has been described using isotope
values from serially subsampled adult male Antarctic
fur seal vibrissae (Cherel et al. 2009).
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The biogeography and unique reproductive eco -
logy of the Australian sea lion Neophoca cinerea
make characterising its foraging ecology challeng-
ing. Distributed from the Pages Islands in South
 Australia to the Houtman Abrolhos Islands in
 Western Australia, a species census estimate of
~13 000 individuals makes the species one of the
rarest otariids in the world and listed as endangered
on the International Union for Conservation of
Nature (IUCN) ‘Red List’. Adult female Australian
sea lion natal site philopatry is among the strongest
observed in  mammals, with temporally asynchronous
breeding episodes occurring between colonies sepa-
rated by as little as 30 km of water (Campbell et al.
2008), which may suggest that adult female Aus-
tralian sea lions are not dependent on seasonality of
prey resource.

Two recent studies have identified inter-individual
variation in foraging behaviours of adult female
Australian sea lions, which are characterised as
benthic predators (Costa & Gales 2003); individuals
which forage in shallow, coastal waters (<10 m) and
those which forage offshore in waters up to 120 m
(Baylis et al. 2009, Lowther & Goldsworthy 2010).
However, neither study was able to characterise the
temporal stability of these 2 behaviour types, though
previous short-term deployments (>30 d) of tele -
metry devices on adult females suggested foraging
site fidelity over the duration of tracking events
(S. D. Goldsworthy unpubl. data). With this in mind,
the present study had 2 interdependent aims: (1) to
establish the temporal fidelity to previously detected
alternate foraging be haviours of adult female Aus-
tralian sea lions across a large portion of their range
using a synergistic combination of tracking and sta-
ble isotope analysis of serially-subsampled vibrissae,
and (2) to determine whether individual foraging
specialisation resulted in significantly different
 phenotypes using proximal metrics of movement,
diving, and morphology.

MATERIALS AND METHODS

Study sites and sampling

Whisker samples, depths, and location data were
collected from 20 adult female Australian sea lions at
7 breeding colonies spanning the South Australian
range of the species between October 2006 and June
2009 (Fig. 1). Females were captured, restrained, and
anaesthetised using isofluorane delivered through a
portable gas anaesthesia machine (5% induction, 0.5

to 3% maintenance; Veterinary Companies of Aus-
tralia). After anaesthetic induction, the sea lion was
secured on a stretcher and suspended from a spring
balance (Salter Weigh-Tronix; 100 kg, 0.5 kg incre-
ments). Standard length and axillary girth measure-
ments were recorded, and a whisker was sampled by
clipping at its base. Kiwisat ARGOS satellite-linked
transmitters (pre 2008) or archival fastloc GPS log-
ging devices (Sirtrack), sampling at 15 min intervals
in conjunction with time-depth recorders (mk9 TDR,
Wildlife Computers) sampling at depth increments of
2 m and 1 s intervals, were attached to the pelage
1 hand span distal to the midpoint on the back of
each adult female using 2-part epoxy glue (Araldite
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Fig. 1. Neophoca cinerea. The endemic Australian sea lion is
distributed from Kangaroo Island in South Australian through
to The Abrolhos Islands in Western Australia (light relief).
 Inset: our 7 study sites (breeding colonies; red dots) along the
South Australian range of Australian sea lions,  encompassing
80% of the entire species. Numbers in parentheses represent
approximate pup production (Goldsworthy et al. 2009).
Bathy metry lines are at 50 m increments to 200 m. Geospatial
and isotopic data were collected from 20 adult females across 

7 breeding colonies between 2006 and 2009
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2017, Vantico, or RS Components). Devices were
left attached for at least 1 foraging trip (determined
either by observed departure and arrival or atten-
dance with and subsequent absence from their pup),
whereupon adult females were recaptured and the
devices removed.

All vibrissae were cleaned in a method similar to
that used for human hair (O’Connell & Hedges 1999)
and southern elephant seal Mirounga leonina vi -
brissae (Lewis et al. 2006). Briefly, vibrissae were
cleaned individually for 20 min with de-ionised
water, then with a solution of 2:1 methanol:chloro-
form for a further 20 min to remove lipids, followed
by a final clean with de-ionised water for an addi-
tional 20 min. Each whisker was checked under a
stereomicroscope for any remaining tissue or dirt;
contaminants were removed using a scalpel blade.
All samples were then rinsed with distilled water and
left to air-dry overnight in a fume cupboard.

Available data on otariid whisker growth rates sug-
gest linear growth at a rate of ~3 mm mo−1 (Hirons et
al. 2001, Cherel et al. 2009). This may apply to Aus-
tralian sea lions, but in the absence of species specific
data, we refer to each 3 mm segment as a time-step.
Vibrissae were cut into 3 mm segments starting at the
base and the middle 1 mm of each segment was
placed in labelled 7 ml glass scintillation vials. All
samples for isotope analysis were analysed at the
Australian National University Environmental Biol-
ogy Stable Isotope Facility. Analysis was performed
using a Microass isoChrom CFIR mass spectrometer
coupled to a Carlo Erba EA-1100 CHN-O analyser.
The standard control ratio for 13C and 15N were Pee
Dee Belemnite and atmospheric nitrogen, respectively.
Observed error rates were recorded as <±0.1‰ (δ13C)
and <±0.3‰ (δ15N).

DATA ANALYSIS

Geospatial data processing

Raw GPS, platform terminal transponder (PTT),
and time depth recorder (TDR) data were down-
loaded and processed using proprietary software
(Sirtrack Fastloc Admin Tool ver. 1.1.5.8 and Wildlife
Computers Mk9 Host ver. 1.09.1028). We divided
geospatial data into 2 groups based on spatial resolu-
tion of the telemetry data: (1) high-quality data com-
prising both GPS and TDR data (n = 12) or just GPS
data (n = 4) were filtered by excluding locations fixed
by 4 or less satellites (Bradshaw et al. 2007), and dive
data ex tracted at 1 s intervals; (2) lower-quality PTT

datasets (n = 4) were filtered using an iterative back-
wards-forwards filter that excludes locations associ-
ated with implausible swim speeds (McConnell et al.
1992). For the 16 GPS datasets, foraging trip start and
end times were identified by the first and last in-
water GPS locations. The mean swim speed between
the first and last 2 filtered in-water PTT positions of a
trip were used to estimate departure and arrival
times of the remaining 4 sea lions. For each trip of
each sea lion, new positions were interpolated at
10 min intervals assuming straight-line travel and
constant speed between GPS or Argos fixes using the
‘trip’ package in R (R Development Core Team 2010).

Segregation of adult female Australian sea lions
into alternate foraging ecotypes

We employed the methods in Lowther & Goldswor-
thy (2010) to classify individual sea lions into signifi-
cantly different foraging behaviours (ecotypes). To
determine the broad-scale distribution of foraging
effort, a fixed-kernel core range at the 50% utilisa-
tion distribution (UD-50) using least squares cross
validation (LSCV) (Worton 1989, Börger et al. 2008)
was calculated for each sea lion over all trips using
the R package ‘adehabitat’.

A foraging trip representative of the calculated
50% UD was selected at random for each sea lion
and used for all subsequent analyses. Zero offset cor-
rection and behavioural analysis of dive data was
conducted using the R package diveMove. Data
exploration suggested that the definition of diving
(submergence event >6 m) used in other studies of
Australian sea  lions (Costa & Gales 2003) may
exclude large portions of dive data for some sea lions
foraging close to shore. We therefore define a dive
as submergence below 4 m depth as a compromise
between capturing the foraging behaviour of all sea
lions and avoiding misidentification of dives (Waluda
et al. 2010). Distance from mainland coast at the
 foraging-trip inflection point and mean dive depth
were used to group individuals using a model-based
agglomerative hierarchical clustering approach
(Lowther & Goldsworthy 2010).

Bayesian information criteria (BIC) was used to
select the optimal number of clusters, and a posteriori
classification success was assessed using leave-one-
out cross-validated quadratic discriminant analysis
(LOOCV-QDA). Clusters were defined as represent-
ing inshore and offshore foraging ecotypes based on
significant differences in mean behavioural para -
meters of individuals.
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Stability of foraging behaviour over time

As vibrissae were clipped and not plucked, we
assumed the first time-step was contained in the foli-
cle and the first segment analysed represented feed-
ing from 2 time-steps prior to sampling. Mean values
for δ13C and δ15N (±SE) (across multiple time-steps,
range 1 to 24), were calculated for each sea lion and
for each ecotype. To quantify temporal variation in
foraging behaviour we fitted univariate ARIMA (p, d,
q) (autoregressive integrated moving average) mod-
els to stable carbon (δ13C) and nitrogen (δ15N) isotope
values using the 3-step Box Jenkins method (Box et
al. 1994) (see ‘Methods’ section in Supplement 2 at
www.int-res.com/articles/suppl/m443p249_supp. pdf).
As SARIMA modelling requires sample sizes greater
than the number of parameters to be estimated (Mak -
ridakis et al. 2008), only individuals with >18 isotopic
measurements/time-steps were considered (n = 14).

Visual inspection of isotope plots and autocorrelo-
grams were used to determine whether data re -
quired differencing to achieve stationarity and to
identify the number of parameters to be estimated.
Conditional sum of squares (to assess initial parame-
ter values), followed by exact maximum likelihood
methods, was employed to estimate each parameter
(Gardner et al. 1980). Finally, models were validated
by checking for autocorrelation of residuals using
autocorrelograms and portmanteau tests (Ljung-Box
Q statistic) (Ljung & Box 1978). Optimal SARIMA
models were then selected using Bayesian informa-
tion criteria (BIC), as this method penalises over -
fitting and is widely used in time series analyses
(Hurvich & Tsai 1989).

Identification of individual foraging areas

First passage time (FPT) was used to identify the
scale at which area restricted search (ARS) was con-
ducted (Pinaud 2008, Bailey et al. 2009). To perform
FPT, each track was redescretized into 50 m step
lengths and a new time index interpolated for each
new position. The FPT of circle radii ranging from
0.05 km to twice the maximum daily step length
(Bradshaw et al. 2007) were calculated and the radii
responsible for varlogmaxFPT identified for each sea
lion (herein referred to as ARS patch size). FPT val-
ues for this radii were then plotted against time for
each trajectory, with ARS behaviour being inferred
at segments of tracks that took the longest time to tra-
verse (i.e. expressed maximum FPT values) (Hamer
et al. 2009, Bailleul et al. 2010, Votier et al. 2011).

Mean parameters of time spent, distance covered,
and speed (km h−1), depth (m), bottom time (time
spent at >80% of maximum depth [min]), dive dura-
tion (min), dive rate (number of dives:time [min]),
dive efficiency (bottom time:[dive duration + post-
dive interval]), and proportion of dives conducted
were calculated for all locations that occurred within
ARS patches and during transit. To characterise
whether individuals preferred foraging in areas of
variable bottom topography, we used the standard
error of mean dive depths during transit and within
ARS patches as a metric for bathymetric gradient
(Burns et al. 2008), making the assumption that Aus-
tralian sea lions dive benthically throughout a forag-
ing trip (Costa & Gales 2003, Fowler et al. 2006).
Nautical twilight times for each foraging trip were
collated from Geoscience Australia and used to
assess the propensity of adult female Australian sea
lions to forage nocturnally by calculating the propor-
tion of ARS dives that occurred at night.

Morphometric and ecotype-specific differences in
movement and diving behaviour

As model fitting has the potential to provide a close
fit to data without being biologically informative, we
refrained from including every parameter into a sin-
gle model and opted to separate behavioural para-
meters into ‘movement’ (speed, distance, ARS patch
size, and time spent transiting and foraging) and ‘div-
ing’ (rate, efficiency, depth, SE of mean depth, dura-
tion, bottom time, and number of dives) (Kimura &
Weiss 1964, Villegas-Amtmann et al. 2008). We mod-
elled the relative importance of mean behavioural
parameters in predicting ecotype membership using
a series of generalised additive models (GAM) using
the ‘gam’ package in R. Parameters that were nor-
mally distributed were modelled against foraging
ecotype using generalised linear models (GLM).
Residuals were checked for normality of distribution
(Shapiro-Wilks test) and lack of correlation with fit-
ted values (ANOVA). For all GAM we assumed a
binomial distribution for the response variable (eco-
type) and a logit function.

We were also interested to examine the interplay
between foraging behaviour, body condition, and
age. For the 12 adult females that were measured, we
used body length (as a proxy for the age of adult
females) (McKenzie et al. 2007) and the residuals
from regressing mass on length (as a body condition
index, BCI) (Trites 1991, McDonald et al. 2009) as
predictors in 2 generalised additive mixed models

http://www.int-res.com/articles/suppl/m443p249_supp.pdf
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(GAMM) using a Poisson distribution with an identity
link. We included ecotype as a fixed effect and
behavioural parameters as random effects. A step-
wise forwards and backwards model selection pro-
cess based on Akaike information criteria (AIC) was
used to select the parsimonious model (Hastie &
 Tibshirani 1990).

Statistical analyses

All statistical analyses were conducted within the R
framework and OriginPro Lab ver. 8. Values are
reported as mean (±SE) and significant at p < 0.05
unless otherwise stated.

RESULTS

Inshore and offshore foraging ecotype designation

Between October 2006 and June 2009 GPS (n = 16)
and PTT (n = 4) datasets were collected from 20 adult
female Australian sea lions along the South Aus-
tralian range of the species (Fig. 1) recording an
average of 616 (±139) GPS and 802 (±259) Argos

locations per sea lion. Average tracking duration was
30 d (±8.5) (range 2.7 to 113.1 d) capturing ~10 (±2.4)
foraging trips per sea lion (range 1 to 45) (Table S1
in Supplement 1 at www.int-res. com/ articles/suppl
(m443p249_ supp.pdf). Filtering and removal of
hauled-out locations left ~67 (±10) GPS and 28 (±9)
Argos locations per foraging trip at an average of 1.3
(±0.19) and 0.25 (±0.05) GPS and Argos positions,
respectively, per at-sea hour. Archival dive recorders
were recovered from 14 sea lions and dive data col-
lected at 1 s resolution. Throughout the tracking
period, an average 1534 (±491) dives were recorded
for each sea lion (range 344 to 6121) with individual
mean depths ranging from 5.3 (±0.41) to 86.4 m
(±11.4) (Table S1). The highest-value BIC model
incorporating mean parameters of distance from
shore and dive depth at the foraging trip inflection
point calculated for all trips combined for each indi-
vidual described 2 distinct clusters (Fig. 2). These
clusters were strongly supported by LOOCV-QDA
(99% classification success), and henceforth sea lions
are referred to as expressing either ‘inshore’ or ‘off-
shore’ foraging ecotypes. Kernel density estimates of
UD-50 for individuals were invariant between eco-
types and scale-independent of the number of forag-
ing trips recorded (Wilcoxon W = 32, p = 0.19 and
Kruskal-Wallis χ2 = 13.7, p = 0.24, respectively), rang-
ing from 5.2 to 1582.7 km2 (mean 227.7 ± 90.2 km2)
(Fig. 3).

Stability of foraging behaviour over time

Adult female Australian sea lion whisker lengths
were normally distributed (Shapiro-Wilks W = 0.95,
p = 0.36), ranging from 56 to 241 mm (mean 125.2 ±
9.35 mm) with between 12 and 24 whisker segments
being analysed for δ13C and δ15N (Table S2). Individ-
ual sea lion isotope signatures varied between −11.9
to −18.4 ‰ (δ13C) and 11.6 to 16.8 ‰ (δ15N) (Fig. 4).
Generally, significant within-colony differences in
mean δ13C values followed expectations for charac-
terising inshore and offshore foraging behavior, with
the exception of Liguanea and The Pages Islands
(Student’s t-test t > 13.5, p < 0.001 in all significant
cases). Within-colony differences between al ternate
foraging ecotype δ15N ratios were all significantly dif-
ferent (Student’s t-test t > 4.9, p < 0.05 in all cases);
however, a priori expectations of offshore  foragers
expressing higher δ15N ratios were reversed at Olive
Island, West Waldegrave, and Seal Slide (Table 1).

Autoregressive modelling detected significant sea-
sonal components to temporal variation in δ15N or

Fig. 2. Neophoca cinerea. Dendrogram displaying alternate
foraging ecotypes of 20 adult female Australian sea lions
sampled between June 2006 and Jun 2009 at 7 breeding
colonies in South Australia. Optimal clusters were deter-
mined using maximum value Bayesian information criteria
(BIC) modelling of hierarchical agglomerative clustering of
mean dive depth and mean distance from the mainland
coast at foraging trip inflection point for all trips of each sea
lion (leave-one-out cross-validated classification success =
99%). Numbers represent individual adult female ID 

number (see Table S1)

http://www.int-res.com/articles/suppl/m443p249_supp.pdf
http://www.int-res.com/articles/suppl/m443p249_supp.pdf
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δ13C ratios of 7 sea lions, with no significant autocor-
relation of residual values, indicating our models
were appropriate (Ljung-Box Q < 2.8, p < 0.1 in all
cases). Seasonality of δ13C and δ15N SARIMA models
were mainly characterised in 6- or 12-unit time-steps,
with 3 individuals expressing identical time-step
 seasonality in both δ13C and δ15N (Table S3 in Sup-
plement 1 at www.int-res.com/articles/suppl/ m443
p249_ supp.pdf). Stable isotope data from an addi-
tional 3 sea lions required differencing in order to
achieve stationarity (LIG2, OL138B, and BL94). Only
3 sea lions (L1, L6, and 55938) displayed AR(1) struc-
tured isotope measurements, whilst one (L3) was
characterised by an AR(2) structure.

Movement patterns of individuals

Using data from randomly selected foraging trips
representative of UD-50, instrumented sea lions
undertook foraging trips between 0.4 and 3.5 d dura-
tion (mean 1.5 ± 0.17 d) with corresponding variation
in total distance travelled (range 15.5 to 216.3 km,
mean 87.8 ± 13.23 km; ANOVA F1,18 = 36.1, p < 0.001,
R2 = 67%). Total time spent and  distance travelled
whilst at sea did not differ sig nificantly between
adult females from alternate foraging ecotypes (Stu-
dent’s t-test t < 0.6, p > 0.58 in both cases). Optimal
FPT radius identified by varlogmaxFPT ranged from
0.05 to 8.9 km (mean 2.3 ± 0.56 km) and was unre-
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Fig. 3. Neophoca cinerea. Representative tracking data from 20 adult female Australian sea lions tracked at (a) The Nuyts
Archipelago, (b) West Waldegrave, (c) Liguanea Island, and (d) The Pages Islands and Seal Slide. Red points are locations
identified by first passage time (FPT) as representing area restricted searching. Areas of seagrass habitat are shown in blue
(Edyvane 1999). Individuals travelled similar distances during foraging trips irrespective of foraging ecotype. Ellipses repre-
sent the 50% home range utilisation distribution of space of all trips for each individual sea lion calculated by fixed kernels
and are colour-coordinated with individual tracks. Kernel home range size estimates were not affected by deployment dura-
tion and did not differ significantly between alternate foraging ecotypes. Grey lines represent changes in bathymetric slope
derived from a 9 arc-second bathy metry digital elevation model. Sea lions which foraged offshore displayed a preference for 

more variable bottom topography characterised by greater mean foraging dive depth SE

http://www.int-res.com/articles/suppl/m443p249_supp.pdf
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Fig. 4. Neophoca cinerea. δ13C and δ15N isotope plots for serially subsampled adult female Australian sea lion vibrissae (3 mm
segments) from (a) Lilliput Island, (b) Blefuscu Island, (c) Olive Island, (d) West Waldegrave, (e) Liguanea, (f) Seal Slide, and
(g) The Pages Island. Each subsample approximates feeding behaviour incorporated into 1 time step assumed to represent
1 mo of growth. Most recent sample is at time step 1. *adult females with 18 or more measurements (n = 14) who expressed
seasonal structure (either 6 or 12 mo) in one or both stable isotopes (n = 7). Stable isotope data from an additional 4 sea lions
required differencing in order to achieve stationarity. The remaining individuals were parsimoniously characterised as corre-

lated random walkers with respect to stable isotope ratios
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lated to foraging ecotype (ANOVA F1,18 = 2.6, p =
0.13). Locations identified within ARS patches along
each track are highlighted in Fig. 3. In all cases
where both behavioural modes were identified, indi-
viduals swam significantly faster and travelled fur-
ther during transit than when inside an ARS patch
(Mann-Whitney U = 154, p < 0.05 in both cases; Table
S1). Individual sea lions displayed no significant dif-
ferences in time spent, distance covered, diving rate,
and diving efficiency in each behaviour (Mann-Whit-
ney U = 83, p = 0.53 in all cases). Transit distance was
the only movement parameter to successfully predict
ecotype membership, with offshore-foraging sea
lions travelling further than inshore-foragers (binom-

inal GAM [bGAM] χ2 = 6.4, p < 0.05), although ARS
patch size differences did ap proach significance
(bGAM χ2 = 7.28, p = 0.06). Offshore-foraging adult
females also appeared to prefer foraging in regions
of variable benthic  topography (bGLMz(mean foraging

depth SE) = 1.9, p = 0.05) (Shapiro-Wilks W(model residuals)

= 0.98, p ≈ 1, ANOVA(fitted vs residuals) F1,12 = 0, p ≈ 1).
Adult female body length and mass were unrelated
to foraging ecotype; however, body condition was
significantly poorer in offshore foragers and sea
lions with slow transit swimming speeds (GAMM T
> 6.7, df = 7, p < 0.01 in both cases) irrespective of
the trophic level of foraging (ANOVA F1,10 = 0.18,
p = 0.68).
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DISCUSSION

The present study supports the partitioning of
adult female Australian sea lion foraging behaviour
into significantly different ecotypes (Lowther &
Goldsworthy 2010) and extends these findings over a
large part of the species range. To our knowledge
this is the first study identifying multi-season consis-
tency in individual foraging behaviour of a temperate
otariid species.

Top predators characterised as generalists tend to
have diets dominated by relatively few main prey
species but include a large number of less numerous
secondary prey species, necessitating a diverse
prey community structure. As such, they tend to be
spatially or temporally associated with prey biodiver-
sity and are commonly used to identify areas of eco-
logical significance (Sergio et al. 2006, Baylis et al.
2008a). However, whether a predator population con-
sists of true generalists or a collection of long-term
 individual specialists is likely to have profound effects
on how conservation management and policy is for-
mulated. The incorrect labelling of a predator pop -
ulation as generalists may result in the protection of
habitat types that are inappropriate for individual
specialists (Bolnick et al. 2003). Furthermore, the suc-
cessful implementation of policy designed to protect
species against threatening processes such as fisheries
bycatch is contingent on understanding interaction
rates (Goldsworthy & Page 2007). These rates are
likely dependent upon the spatial and temporal usage
of habitat, which may be very different for generalist
and specialist foragers. Examples of individual varia-
tion in foraging behaviour that is independent of envi-
ronmental or life history effects are seldom reported
though are more prevalent in systems with high levels
of intraspecific competition (Hoffman et al. 2006). As
such, several authors suggest a model of frequency-

dependent prey choice, where density-dependent
 depletion of intrinsically valuable prey may make
it more profitable for some individuals to specialise
on less valuable but more available prey types
(Beauchamp et al. 1997, Bolnick et al. 2003)

The presence of alternate, stable foraging ecotypes
within Australian sea lion breeding colonies suggests
that adult female foraging behaviour is not influ-
enced by broad-scale environmental variability, as
theoretically any adult female from a colony can
reach the foraging habitat of any ecotype present at
that colony. We identify long-term temporal stability
of previously identified alternate foraging ecotypes
of adult female Australian sea lions (Lowther &
Goldsworthy 2010) and extend these findings over a
substantial part of the species range. Thus our data fit
the criteria out lined by Estes et al. (2003), that true
differences in foraging behaviour must be temporally
persistent and unrelated to environmental or pheno-
typic variation.

Individual long-term specialisation in foraging
behaviour

The present study demonstrates clear and un equi -
vocal long-term individual specialisation in female
Australian sea lions, previously characterised as gen-
eralist predators. The accessibility of multiple suitable
habitats may require an sea lion to develop specialist
foraging techniques to successfully exploit one, which
may preclude exploitation of others (McLaughlin et
al. 1999, Bolnick et al. 2003, Knudsen et al. 2011).
Whilst no ecotype-specific bias to either detected sea-
sonality existed, tracking and isotopic data from the
present study suggest individual adult female Aus-
tralian sea lions are repeatedly targeting the same
 foraging locations and similar trophic levels of prey.

Colony                                                 δ13C                                                          δ15N                         
                                                    Inshore       ±SE           Offshore     ±SE                   Inshore       ±SE           Offshore     ±SE
                                                                                                                                                                                                      

Lilliput Island                           −14.7 (3)      0.21           −15.6 (2)      0.05                      12.9         0.12               15.9         0.04
Blefuscu Island                         −11.9 (1)      0.12           −15.3 (1)      0.03                      11.6           0.1               15.6         0.04
Olive Island                               −15.4 (1)      0.08           −16.4 (1)      0.03                      15.8         0.04               14.9         0.09
West Waldegrave                     −14.9 (1)      0.04           −18.4 (1)      0.13                      16.5         0.04                16           0.12
Liguanea                                   −16.3 (1)      0.09           −15.4 (2)      0.06                      15.4         0.11               16.2         0.08
Seal Slide                                   −15.4 (1)      0.03           −16.4 (1)      0.06                      15.9         0.06               13.9         0.07
Pages Island                              −14.9 (2)      0.04           −14.9 (2)      0.03                      14.3         0.04               15.5         0.27

Table 1. Neophoca cinerea. Colony-level mean δ13C and δ15N ratios for serially subsampled vibrissae from 20 adult female
Australian sea lions across the South Australian range of the species. Numbers in parentheses represent sample size. Mean
inshore δ13C values were significantly lower than offshore values, with the exception of Liguanea and The Pages Islands
 (Student’s t-test t > 13.5, p < 0.001 in all significant cases). Offshore foragers also fed at a significantly higher trophic level, with 

the exception of individuals at Olive Island, West Waldegrave, and Seal Slide
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Influx of terrestrial organic material (including
13C-rich C4 and CAM plants), recycling of organic
carbon (Crawford et al. 2008), and the presence of
seagrasses (extremely rich in 13C) (Hemminga & Ma-
teo 1996) influence the δ13C values of inshore waters.
Seagrass meadows in South Australia represent one
of the largest temperate seagrass ecosystems in the
world (Shepherd & Robertson 1989) and are hetero-
geneously distributed in sheltered inshore waters
throughout the range of this study. Stable carbon ra-
tios were congruent with tracking data and followed
a priori expectations of a latitudinal cline with 2 no-
table exceptions; Liguanea and The Pages Islands lie
in a high-energy marine environment that promotes
admixture with oceanic-depleted 13C waters, possibly
reducing any latitudinal cline to un detectable levels
over the spatial scale of our study.

Limited dietary analysis of Australian sea lions sug-
gests a broad range of prey from crustacean, teleost
fish, elasmobranchs, and Little penguins Eudyptula
minor spanning several trophic levels (Richardson &
Gales 1987, Gales & Cheal 1992, McIntosh et al.
2006). This is consistent with our findings of δ15N
variation spanning almost 3 trophic levels. δ15N val-
ues for piscivorous fishes that typically inhabit sea-
grass beds such as flathead Platycephalus speculator
(11.5‰) and Australian salmon Arripis truttacea
(12‰) (Jenkins & Wheatley 1998, Hindell et al. 2000,
Davenport & Bax 2002, Hindell 2006) are approxi-
mately one trophic level (1 to 2‰) lower than adult
female Australian sea lions at the inshore Lilliput,
Blefuscu, and Pages Islands foraging locations where
seagrass beds are most dense (Edyvane 1999).

Inshore foraging locations of sea lions from Olive
Island, West Waldegrave, Liguanea, and the Seal
Slide where seagrass was absent (Edyvane 1999)
were characterised by δ15N ratios approximately one
trophic level higher than other inshore foragers
(Table 1). The inshore habitat occupied by these
adult females is dominated by heavy limestone or
calcarenite reefs in high-energy marine environ-
ments (Edyvane 1999). Inshore-foraging adult female
Australian sea lions from these colonies appear to
prefer foraging around areas of variable bottom
topography, supporting our assumption that they are
targeting such habitats. All offshore-foraging sea
lions (with the exception of no. WW5) expressed δ15N
values that were indistinguishable from inshore-reef
foraging sea lions and shared a similar propensity for
diving on high-relief bottom topography. Nitrogen
isotope values from both these groups suggest feed-
ing on a mixture of benthopelagic piscivores and sec-
ondary piscivores such as large fish, small sharks,

and Little penguins. Conversely, it is possible both
inshore groups forage on the same prey species, but
the increased complexity of inshore reef systems may
result in the same species being at a higher trophic
level than in seagrass beds (Nagelkerken et al. 2002).
We must caution that the absence of isotope data on
local species necessitated basing our interpretation
on isotope values of prey sampled in Bass Strait
 (Davenport & Bax 2002). Australian sea lions dive
benthically throughout a foraging trip, so it appears
that offshore-foraging sea lions are targeting reefs
and steep bathymetric gradients, capturing prey
items that on balance are 1 trophic level higher than
prey in  seagrass.

Ecotype-specific differences in movement
 behaviour and body condition

A tenet of central place foraging theory is that ani-
mals must be suitably rewarded for undertaking
longer foraging trips (Orians 1979). The foraging
behaviour of several marine apex predators such as
Cooks petrel Pterodroma cookie (Rayner et al. 2010),
common guillemot Uria aalge (Burke & Montevecchi
2009), Antarctic fur seal (Staniland et al. 2007), and
chinstrap penguin Pygoscellis antarctica (Ichii et al.
2007) follow this prediction, targeting larger presum-
ably more energy-dense prey items when foraging at
greater distances from breeding locations. Our data
appear in line with this expectation; offshore-forag-
ing adult female Australian sea lions that travelled
further to foraging grounds fed at the highest trophic
levels. More interestingly, adult females that foraged
inshore were in better condition than offshore for-
agers. Those sea lions that we assume fed on nearby
inshore reef systems may have encountered the same
quality prey items as offshore foragers, yet would
have expended less resource accessing them. If no
significant differences between ecotypes in foraging
time equate to similar levels of prey-acquisition then
an assumed increase in body condition is reasonable.

The question of whether fine-scale environmental
heterogeneity significantly influences body condition
is intriguing. Further intensive sampling of sea lions
foraging in both inshore habitat types would prove
informative.

Seasonality of individual foraging behaviour

Seasonal and geographical variation in foraging
behaviour and diet has been inferred in several otari-
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ids by changes in dive and movement metrics (Boyd
et al. 2002), hard part analysis of scats and regurgi-
tates (Casaux et al. 2003), combinations of the above
(Harcourt et al. 2002), and more recently using stable
isotope analysis (Cherel et al. 2007, 2009). Two other
Australian otariids notable for either breeding in
geographical sympatry (New Zealand fur seals) or
sharing a similar benthic foraging strategy (Aus-
tralian fur seals) to Australian sea lions also appear to
display seasonality in foraging behaviour. New
Zealand fur seals, which are epipelagic predators,
move from continental shelf foraging areas into
deeper oceanic waters near the subtropical front
 during the winter (Page 2001, Baylis et al. 2008b).
Australian fur seals appear to work hardest during
winter months, undergoing significantly longer for-
aging trips, with a recent study identifying signifi-
cant individual variation in preferred prey types
(Arnould & Hindell 2001, Arnould et al. 2011),
though no data exists as to the temporal stability of
these preferences.

To detect temporal or spatial variation in foraging
behaviour and diet of apex predators using stable
isotopes, a relatively large change in the trophic
makeup of ingested prey is required (Bolnick et al.
2003, McCutchan et al. 2003). Adult female Aus-
tralian sea lions do not appear to display uniform
seasonality in foraging behaviour or diet. Our find-
ings show limited congruence with the only other
study examining Australian sea lion temporal varia-
tion in foraging behaviour, which reported seasonal
variability in foraging energetics and dive behaviour
(Costa & Gales 2003). Unlike New Zealand and
Australian fur seals, Australian sea lions breed in a
mosaic-like fashion; a species-level, 17 to 18 mo
breeding cycle, and asynchronously breeding
colonies means colonies are temporally decoupled
with respect to the stage of lactation. If there were a
lactation influence on foraging strategy then we
would expect within-colony variation of foraging
behaviour to be uniform between individuals but
significantly different between colonies at different
stages of breeding. With no such pattern observed,
it appears that the foraging behaviour of adult
female Australian sea lions is unaffected by lacta-
tion stage, and the presumed increase in energetic
demands of nursing and gestation do not necessitate
a change in foraging strategy. Weak, spatially and
temporally stochastic seasonality observed in the
present study may reflect opportunistic feeding on
seasonal influx of prey items into a preferred forag-
ing area and not a change in the location of
foraging per se.

CONCLUSIONS

The present study clearly illustrates that long-term
individual specialisation may confound population
level generalisations. We demonstrate that the syner-
gistic use of biogeochemical markers and tracking
data is a powerful, cost-effective tool that can be
used to determine the spatial and temporal utilisation
of foraging habitat. In the case of central-place for-
agers, this technique could prove informative across
a wide range of marine and terrestrial predators.
Characterisation of Australian sea lions as generalist
predators appears to be an oversimplification and
may be misleading. Adult female Australian sea lions
express foraging behaviour that appears to be geo-
graphically fixed, temporally stable, invariant to lac-
tation stage, and probably influenced by the pres-
ence of fine-scale heterogeneity in habitat structure.
The large degree of inter-individual variation in
movement and dive parameters we observed sug-
gests that extrapolating colony or population-level
processes from a small subset of sea lions is inappro-
priate in this species. The specialisation-disturbance
hypothesis predicts populations made up of individ-
ual specialists are more sensitive to habitat loss than
generalists (Vázquez & Simberloff 2002). If, as our
data suggests, adult female Australian sea lions are
long-term individual specialists, then the characteris-
tic low-density of breeding colonies and the vulnera-
bility of seagrass meadows to the potential effects of
climate change means the loss of even a small pro-
portion of adult females may result in localised extir-
pation. Given that adult female foraging behaviour is
stable, the inferences made by employing proxies of
maternal foraging behaviour can now be extended to
characterise the degree and significance of individ-
ual specialisation within and between colonies across
seasons and years (Lowther & Goldsworthy 2010).
Collection of fine-scale habitat data using techniques
such as benthic swath mapping and baited underwa-
ter remote video will enable us to test the relation-
ship between individual foraging behaviour and
habitat type. Such data can then be used to underpin
modelling colony-level reactions to alteration of criti-
cal habitats such as seagrass meadows and reef-fish
assemblages.
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