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INTRODUCTION

Marine ecosystems are highly dynamic, changing on
a range of spatial and temporal scales under a variety
of influences (Bertram et al. 2001, Misarti et al. 2009).
Detecting such changes may be challenging at times,
due to the complex trophic interactions that occur and
the logistical restrictions that limit the range and
extent to which oceanic regions can be feasibly sam-
pled (Fulton et al. 2004). Marine apex predators such
as pinnipeds (seals and sea lions) and seabirds, how-

ever, provide practicable and convenient means of
monitoring marine ecosystem variability (Boyd & Mur-
ray 2001). Because these species must return to land to
breed and raise young, their foraging parameters
(e.g. diet, hunting behaviour) and the corresponding
biological consequences (e.g. reproductive output,
offspring growth rates) can be readily sampled. For
example, monitoring of Antarctic fur seal Arcto-
cephalus gazella faeces has revealed inter-annual and
geographic variation in the growth rate and composi-
tion of krill Euphausia superba populations (Reid et al.
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1999), while the foraging behaviour and reproductive
performance of fur seals, penguins and other seabirds
have been used to infer the spatial distribution and
abundance of this keystone prey species (Reid et al.
2005). Knowledge of how the diets and foraging
behaviour of apex predators spatially and temporally
vary, however, is also integral to predicting how their
populations may respond to environmental perturba-
tions, both natural and anthropogenic, in resource
availability (Lea et al. 2006, Rolland et al. 2009).

The Australian fur seal Arctocephalus pusillus
doriferus, the largest of the fur seal species, has a
breeding distribution restricted to just 13 sites, all but
one occurring within Bass Strait, in south-eastern
Australia (Kirkwood et al. 2010). With mean adult
female and male body masses of 76 and 229 kg,
respectively (Arnould & Warneke 2002), and a current
estimated population size of ca. 120 000, the species
represents the largest predator biomass in the marine
ecosystem of the region (Goldsworthy et al. 2003). In
addition, several studies have demonstrated that the
foraging range of the species is restricted to the shal-
low continental shelf (mean maximum depth <100 m)
of Bass Strait such that its impact is locally concen-
trated (Arnould & Hindell 2001, Arnould & Kirkwood
2007). Consequently, the influence of Australian fur
seals on the trophic dynamics of the region, and how
this varies with environmental fluctuations, is of sig-
nificant ecological interest and critical for understand-
ing how the species, and its prey populations, may
respond to changing climatic and oceanographic con-
ditions.

Using faecal analysis, several studies across the spe-
cies’ range have documented that the diet of Aus-
tralian fur seals consists predominantly of fish, e.g. red-
bait Emmelichthys nitidus, barracouta Thyrsites atun,
jack mackerel Trachurus declivis, red cod Pseudophy-
sis bachus and leatherjacket (family Monocanthidae),
as well as of Gould’s squid Nototodarus gouldi (Gales
et al. 1993, Gales & Pemberton 1994, Hume et al. 2004,
Page et al. 2005, Littnan et al. 2007, Kirkwood et al.
2008). These studies, however, have all demonstrated
that Australian fur seals regularly consume a wide
variety of prey (43 to 49 species) and that the species is
a generalist predator (Littnan et al. 2007). This has
been further highlighted in a recent analysis of faecal
DNA, which, while confirming the identity of the doc-
umented species predominantly consumed, demon-
strated an even greater array of prey (>62 species)
than previously identified (Deagle et al. 2009).

From analysis of faecal samples collected over a 9 yr
period, Kirkwood et al. (2008) documented a major
inter-annual shift in Australian fur seal diet composi-
tion. A multi-year increase in the frequency of occur-
rence of redbait coincided with decreases in red cod

and barracouta, as well as a reduction in the size of
Gould’s squid. This change was associated with colder
sea surface temperatures (SST) in the foraging areas in
the western Bass Strait, suggesting oceanographic
influences on the availability and abundance of prey
(Kirkwood et al. 2008). The limitations and inherent
biases of faecal analysis (Dellinger & Trillmich 1988,
Gales & Cheal 1992), however, restrict inferences
about how observed changes in prey remains reflect
changes in prey biomass consumption, especially in
generalist predators like Australian fur seals, which
consume such a wide variety of prey (Arim & Na-
ya 2003). Furthermore, there is currently no informa-
tion on inter-individual variation in the diet of this spe-
cies, e.g. it is not known whether the observed diet
changes are uniform or limited to particular age or sex
classes, factors important for determining population
responses to environmental variability (Winship et al.
2002).

Over the last decade, analysis of the stable isotope
ratios of C (13C/12C) and N (15N/14N) in tissues has
increasingly been used to investigate various aspects
of foraging ecology in marine mammals. Information
on trophic position, spatial variation in diet and geo-
graphic sources of prey has been obtained for a variety
of species (e.g. Huckstadt et al. 2007, Porras-Peters et
al. 2008). Seasonal, inter-annual and decadal differ-
ences in diet have also been detected and related to
fluctuations in prey availability and oceanographic
conditions (e.g. Hall-Aspland et al. 2005b, Drago et al.
2009b, Hanson et al. 2009). In addition, in conjunction
with data on prey values, estimates of the relative con-
tribution of various prey species to biomass consump-
tion have been obtained (Hall-Aspland et al. 2005a,
Hammill et al. 2005, Huckstadt et al. 2007), as well as
evidence of ontogenetic and inter-individual variation
in niche breadth (Tucker et al. 2007, Drago et al. 2009a,
Newsome et al. 2009).

There are currently few data on stable isotope values
in Australian fur seals; thus, it is not possible at present
to use this technique to monitor temporal or geo-
graphic variation in diet, or to estimate relative bio-
mass contributions of prey, in this species (Davenport
& Bax 2002). Furthermore, it is not possible to assess
the degree of inter-individual variation in niche
breadth (Newsome et al. 2009). While the Australian
fur seal is considered a generalist predator, it is not
known whether the population is comprised of gener-
alists or an array of specialist individuals, as has been
observed in some other otariid species (Villegas-Amt-
mann et al. 2008). The aims of the present study, there-
fore, were to assess whether stable isotope analyses
could be used to detect inter-annual, spatial and inter-
individual variation in the trophic position of female
Australian fur seals.
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MATERIALS AND METHODS

Field procedures. The study was conducted primar-
ily at the Australian fur seal Arctocephalus pusillus
doriferus breeding colony on Kanowna Island
(39° 10’ S, 146° 18’ E), central northern Bass Strait
(Fig. 1), between May and October each year during
2 sampling periods (1998 to 2000 and 2003 to 2005).
Additional samples were collected from a breeding
colony at The Skerries (37° 45’ S, 149° 31’ E) in eastern
Bass Strait, at the eastern extent of the species’ breed-
ing range (Kirkwood et al. 2005), between April and
October in 1999 and 2000. Together, these colonies
account for 24% of the total species population (Kirk-
wood et al. 2010). The samples were collected oppor-
tunistically during other concurrent studies (Arnould &
Hindell 2001, Littnan 2003, Gibbens et al. 2010).

Adult females selected at random were captured
using a modified hoop-net (Fuhrman Diversified).
Upon capture, an intra-muscular injection (ca. 0.15 mg
kg–1) of the sedative Midazolam (Hypnovel, Roche)
was administered to facilitate handling and reduce
capture stress. Once sedated, individually numbered
plastic tags (Super Tags, Dalton I.D. Systems) were
placed in the trailing edge of each fore-flipper and a
single blood sample (5 ml) was collected into a
heparinised syringe (S-Monovette, Sarstedt SA) by
venipuncture of a small inter-digital vein in a hind-

flipper. Blood samples were kept cool (4°C) for several
hours before being centrifuged and were separated
into plasma and red cell fractions. For samples col-
lected at The Skerries, both fractions were retained,
whereas, for samples from Kanowna Island, only red
cell and then only plasma fractions were retained dur-
ing the 1998 to 2000 and 2003 to 2005 sampling peri-
ods, respectively. The separated blood fractions were
stored frozen at –20°C until analysis in the laboratory.

During the 2003 to 2005 sampling period, individuals
were also maintained on isoflurane gas anaesthesia
throughout the handling procedures (Gales & Mattlin
1998). The presence of a pup was noted before capture,
and, after blood samples were collected, females not
observed with a pup were checked for lactation status
by manual expression of the teats following injection of
oxytocin (0.5 to 1.0 ml, 10 UI ml–1; Heriot Agvet) to stim-
ulate milk release. Individuals were then weighed
(body mass, BM) on a flat platform using a spring scale
(200 ± 0.5 kg; Salter) and measured for standard length
(STDL) and fore-flipper length (FL) using a metal tape
measure (±0.5 cm). Following injection of local anaes-
thetic (10 mg lignocaine hydrochloride; Xylocaine,
AstraZeneca) into the gum, dental elevators were used
to extract a lower first post-canine tooth for age deter-
mination from annual cementum lines (Arnbom et al.
1992). Extracted teeth were stored in 70% ethanol until
thin-sectioning, staining and examination under trans-
mitted light (polarising filter) on a stereo microscope (4×
to 10 ×) in the laboratory following the methods de-
scribed by Gibbens & Arnould (2009a).

To investigate potential relationships between inter-
annual variation in trophic position and food availabil-
ity, the condition of all adult females captured (as part
of this and concurrent studies) was determined. Indi-
vidual female body condition was estimated using a
body condition index (BCI) that has been correlated
with blubber depth in Australian fur seals (Arnould &
Warneke 2002). Using data for all adult females cap-
tured between May and October in the years from
1998 to 2009 at Kanowna Island, BM was regressed
against STDL using a power function, and each indi-
vidual’s residual value was taken as its BCI (Arnould &
Warneke 2002). Mean BCI was then calculated for
each year of stable isotope sampling.

Laboratory procedures, calculations and statistical
analyses. In the laboratory, aliquots of the thawed
plasma and red cell fractions were dried in an oven at
60°C and ground to a fine powder. The powdered red
cells were rinsed with hexane in a capillary tube
stuffed with glass wool to remove any lipids (Smedes
1999). After 3 rinses, the red cells were transferred to a
glass vial and dried in a vacuum oven at 60°C for
24 h to remove any remaining solvent. Sub-samples
(ca. 1.5 mg) of the powdered plasma and red cell frac-
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Fig. 1. Map of south-eastern Australia showing Kanowna
Island and The Skerries, both Australian fur seal Arcto-
cephalus pusillus doriferus breeding colonies (open circles),
where blood samples were collected from adult female
seals. The foraging regions of females from these 2 colonies is
indicated by the stippled areas. The other Australian fur seal
breeding colonies (filled circles) and the major currents influ-
encing oceanographic conditions within Bass Strait are also
shown. Solid line indicates 200 m bathymetric contour (conti-
nental shelf edge). EAC: East Australia Current; SAC: South 

Australian Current; SASW: Subantarctic Surface Water
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tions were then loaded into tin capsules and were com-
busted at 1000°C in a CHN elemental analyser
(CE1110, Carlo Erba). The resultant CO2 and N2 gases
were analysed using an interfaced Fisons isochrom
continuous-flow isotope ratio mass spectrometer (GV
Instruments), with unknowns separated by laboratory
standards. Analyses were conducted in the Environ-
mental Biology Group laboratory at the Research
School of Biology, Australian National University
(Canberra, Australia).

Stable isotope abundances were expressed in
δ-notation as the deviation from standards in parts per
thousand (‰) according to the following equation:

δX =  [(Rsample/Rstandard) – 1] × 1000 (1)

where X is 13C or 15N and R is the corresponding ratio
of 13C/12C or 15N/14N. Rstandard values were based on
PeeDee Belemnite for 13C, or atmospheric nitrogen
(N2) in air for 15N. Replicate measurements of labora-
tory standards showed measurement errors of ±0.1‰
and ±0.3‰ for stable carbon and nitrogen isotope
measurements, respectively. Quality control samples
were run before and after each sequence.

To investigate the potential impact of pregnancy on
isotope values, aliquots of the 2003 to 2005 plasma
samples were also assayed using coated-tube radio-
immunoassay kits (Spectria, Progesterone RIA, Orion
Diagnostica) for progesterone concentration to deter-
mine pregnancy status as described by Gibbens et al.
(2010). Briefly, the organic component of each sample
of plasma was extracted with ethyl acetate, then resus-
pended in water to achieve a 1:4 dilution. A 50 µl
aliquot of diluted extract was added to duplicate poly-
clonal (rabbit) progesterone antibody-coated assay kit
tubes with 500 µl of 125I-progesterone and was incu-
bated for 2 h at room temperature before measure-
ment. Samples with progesterone concentrations of
≥ 3.1 ng ml–1 were considered indicative of pregnancy.

Using SPSS (Version 17.0 for Windows, SPSS), differ-
ences between tissues, locations and years were tested
by analysis of variance (ANOVA) after assessing data
for normality (Kolmogorov-Smirnov test) and Levene’s
test for homogeneity of variances (F-test). Tukey’s post
hoc tests were conducted to determine homogenous
subsets. Where data were not normally distributed, ap-
propriate non-parametric tests were used. Unless oth-
erwise stated, data are presented as means (±1 SE) and
results are considered significant at the p < 0.05 level.

For the 2003 to 2005 samples, the relationship be-
tween age and mean plasma δ15N and δ13C values was
tested using a weighted regression. An information-
theoretic approach, as described by Burnham & Ander-
son (2002), was then taken to examine the influence of
all measured individual characteristics after they were
tested for multicollinearity (Zar 1984). As the present

study had a relatively small sample size for the number
of variables used and the data were not over-dispersed,
the second order Akaike information criterion cor-
rected for small sample sizes (AICc) was utilised. Gen-
eralized linear models using a Gaussian distribution
were used to investigate the relationship between both
δ15N and δ13C in plasma and the predictor variables age
(yr), BM (kg), STDL (cm), FL (cm) and the ratio
FL/STDL, a factor which can influence manoeuvrability
(Fish et al. 2003, Cheneval et al. 2007).

Akaike differences (ΔAIC) were used to determine
the level of support for each model in the candidate set.
Burnham & Anderson (2002) suggest that candidate
models with Akaike differences of <2 have substantial
support for being the best of the candidate set of mod-
els. Akaike weights (ωi) were additionally used to
determine the evidence of support for each model.
Akaike weights are the proportional weight of evi-
dence in support of the particular model being the best
model for the situation (Burnham & Anderson 2002).
Summed AIC weights were also used to help identify
influential predictor variables in the models. The AIC
weights are summed for all models that include a par-
ticular variable, with a highly influential variable
being able to have a maximum weight of 1.

Model averaging was used to give unconditional
model variances when the Akaike weight suggested
no individual model was clearly the best of the candi-
date set of models (ωi > 0.9) (Anderson et al. 2001).
Weighted model averaging based on 1000 boot-
strapped samples was used to reduce model selection
bias. Hierarchical partitioning was used to determine
the independent contribution of each predictor vari-
able to the overall model. Models were developed
using R statistical packages (Ihaka & Gentleman 1996),
using algorithms to calculate AICc, bootstrap frequen-
cies and model-averaged estimates (M. Scroggie,
Arthur Rylah Institute of Environmental Research, Hei-
delberg, Victoria 3084 Australia, unpubl. data). Hierar-
chical partitioning was undertaken in R using the
hier.part package (Walsh & Mac Nally 2003).

RESULTS

Temporal and spatial variation

A total of 184 and 58 blood samples were collected
from adult female Arctocephalus pusillus doriferus at
Kanowna Island and at The Skerries, respectively
(Table 1). There were no significant differences
between seasons at either site for δ13C or δ15N values
(p > 0.3 in all cases), so data for all months were com-
bined within years at each site. In the years when sam-
ples were collected at both sites (1999 to 2000), there
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were small, but significant, differences in isotope val-
ues between years and sites. Red cells were signifi-
cantly more enriched in δ13C (2-way ANOVA: F3,88 =
56.56, p < 0.0001) in 2000 (+0.4‰) and at The Skerries
(+1.0‰). Conversely, red cells were more enriched in
δ15N (2-way ANOVA: F3,88 = 20.43, p < 0.0001) in 1999
(+0.3‰) and at Kanowna Island (+0.7‰).

Both δ13C and δ15N values in the plasma and red cell
fractions from the same samples (n = 57) collected at
The Skerries were positively correlated (r2 = 0.47 and
r2 = 0.66, respectively, p < 0.001 in both cases). Red cell
δ13C (range: –19.3 to –17.1‰) was more enriched (by
0.9 ± 0.1‰), whereas plasma δ15N (range: 14.2 to
16.4‰) was consistently enriched compared to red
cells (by 0.6 ± 0.1‰). Consequently, correction factors
of –0.9‰ and +0.6‰ for δ13C and δ15N, respectively,
were applied to the 1998 to 2000 Kanowna Island red
cell values to enable comparison with those from the
plasma samples collected in 2003 to 2005.

Overall, plasma δ13C (–20.5 to –17.0‰) and δ15N
(12.8 to 17.5‰) values varied substantially at Kanowna
Island, both within and between years. The coefficient
of variation (CV) within years was greater for δ13C
(range: 0.3 to 2.8%) than for δ15N (range: 0.6 to 1.8%).
Previous studies have indicated that lipids in samples
can negatively bias δ13C values in tissues as they are
13C-depleted (Deniro & Epstein 1977) and that otariid
blood can vary greatly in lipid content, especially in
lactating females (Arnould et al. 2002). While lipids
were not removed from plasma samples in the present
study, the C:N ratio in samples ranged from 3.4 to 3.8,
indicating that lipids are unlikely to have significantly
affected the δ13C values (Cherel et al. 2005). Further-
more, comparison of replicates from a random sample
(n = 12) of red blood cells in which lipids were
extracted and not removed found no significant differ-
ences in δ13C values (paired t-test: t11 = 0.673, p = 0.52).

There were significant differences in both plasma δ13C
and δ15N between years at Kanowna Island. Plasma δ13C

differed significantly between the 1998 to 2000 and 2003
to 2005 sampling periods (ANOVA: F5,183 = 47.26, p <
0.001). Similarly, but less variable within the groupings,
females in 1998 to 2000 were more enriched (ca. 2‰) in
δ15N than those in 2003 to 2004, which, in turn, were
slightly more enriched (ca. 0.4‰) than those in 2005
(ANOVA: F5,183 = 235.83, p < 0.001; Fig. 2). The mean
δ13C and δ15N values in each year were also negatively
correlated (r2 = 0.81, n = 5, p = 0.015).

The BCI of all adult females captured on Kanowna
Island (Table 1) varied significantly between sampling
years (ANOVA: F4,287 = 13.05, p < 0.001), with individ-
uals being in better condition from 1998 to 1999. Mean
BCI was significantly positively correlated with mean
δ15N (Spearman’s rank correlation: ρ = 0.80, n = 5, p <
0.05). There was no correlation, however, between
mean BCI and mean δ13C (p = 0.21). There were also
no significant correlations between the mean δ15N and
δ13C values and observed total pup production
(Gibbens & Arnould 2009b) each year (Spearman’s
rank correlation: ρ < 0.60, n = 5, p > 0.5 in both cases).

Inter-individual variation

The adult females sampled at Kanowna Island from
2003 to 2005 included individuals from a broad range of
age, body mass and size classes (Table 2). Of the 111 in-
dividuals in which it could be determined, 81% were
pregnant and/or 86% were lactating. Pregnant females
(7.9 ± 0.4 yr) were significantly younger than non-
pregnant individuals (12.9 ± 0.6 yr, t109 = 6.38, p <
0.001), but there was no significant difference between
the ages of lactating and non-lactating females (t19 =
0.11, p = 0.9), nor were there differences in mean age
between the 3 years dealt with in this sampling period
(F2,122 = 3.01, p = 0.16). There were no significant differ-
ences in either δ13C or δ15N values between pregnant
and non-pregnant females (p > 0.5 in both cases).
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Location Year n Red blood cells Plasma Female
δ13C δ15N δ13C δ15N BCI

Kanowna Island 1998 31 –18.5 ± 0.1 15.9 ± 0.1 – – 8.27 ± 1.83a

Kanowna Island 1999 21 –18.8 ± 0.1 15.7 ± 0.1 – – 5.13 ± 1.42a

The Skerries 1999 32 –18.3 ± 0.1 15.5 ± 0.1 –19.2 ± 0.1 16.1 ± 0.1 –
Kanowna Island 2000 10 –18.2 ± 0.1 15.5 ± 0.1 – – –
The Skerries 2000 26 –17.7 ± 0.1 15.3 ± 0.1 –18.6 ± 0.1 16.0 ± 0.1 –
Kanowna Island 2003 28 – – –18.1 ± 0.1 14.2 ± 0.1 –0.18 ± 0.78b

Kanowna Island 2004 45 – – –18.2 ± 0.1 14.2 ± 0.1 0.18 ± 0.08b

Kanowna Island 2005 49 – – –18.7 ± 0.1 13.8 ± 0.1 –1.77 ± 0.71b

Table 1. Arctocephalus pusillus doriferus. Summary of stable isotope values in blood (red cells and plasma) collected from adult
female Australian fur seals at 2 breeding colonies (Kanowna Island and The Skerries) and the mean body condition index (BCI)
of adult females in the sampling years (when available). See ‘Materials and methods: Field procedures’ for details of BCI calcu-
lation. Data are presented as means ± SE. No BCI data were available for Kanowna Island in 2000 or The Skerries. The same 

superscripted letters represent homogenous subsets at p > 0.05
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Small, but significant differences, however, were ob-
served in both isotopes between lactating and non-lac-
tating individuals. Plasma δ13C was more enriched by
0.3‰ in lactating females (–18.4 ± 0.1‰, t30.94 = –2.56,
p < 0.05), while, conversely, δ15N in non-lactating fe-
males (14.3 ± 0.1‰) was enriched by 0.4‰ in compari-
son to non-lactating individuals (t108 = 2.47, p < 0.05). In
contrast to the inter-annual comparisons, δ15N was not
significantly correlated with individual BCI (p > 0.3).

The range of δ13C and δ15N values in
the Kanowna Island samples from 1998
to 2000 (2.1 and 2.2‰, respectively)
was similar to that observed in the
2003 to 2005 samples (2.7 and 2.5‰,
respectively), suggesting that individ-
uals within both sampling periods
experienced a similar variety of forag-
ing conditions and prey diversities.
Within the range observed in the latter
sampling period, there was a signifi-
cant negative correlation between
δ15N and female age (weighted least-
squares regression: F1,12 = 8.14, r2 =
0.40, p < 0.01; Fig. 3). No significant
relationship was evident for δ13C
values.

Six generalized linear models exam-
ining the relationships between δ13C
and individual characteristics were
produced and had substantial support
(Table 3). All the supported models
included the ratio FL/STDL, indicating
some importance of this variable. The
R2 values for all the models were very
low, indicating there is considerable
variation unaccounted for by these
models, and, thus, any interpretation of
these data must be treated with cau-
tion. Model averaging was conducted
due to the lack of a single best model
for the candidate set of models. High
summed AIC weights and high inde-
pendent hierarchical partitioning con-
tributions suggest that the ratio
FL/STDL had a positive influence on
δ13C values (Table 4). Age of the seal,
with moderate summed AIC weights
and 15.2% independent contributions,
may also have a positive influence on
the δ13C levels of seals (Table 4).

The generalized linear models inves-
tigating individual influences on δ15N
isotope values that had substantial
support all included BM and FL,
indicating their broad importance

(Table 3). The R2 values for all the models were rela-
tively low, indicating there is considerable variation
unaccounted for by these models. Model averaging
was conducted, as no single model had substantial
support for being the best candidate model. The boot-
strap weights from model averaging suggest that the
top 2 models are likely the best from this candidate set
of models (Table 3). High summed AIC weights and
high independent hierarchical partitioning contribu-
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Fig. 2. Arctocephalus pusillus doriferus. δ13C and δ15N values (mean ± SE) in
plasma of adult female Australian fur seals collected at the Kanowna Island (KI)
and The Skerries (TS) breeding colonies between the 1998 to 2000 and 2003 to
2005 sampling periods. The values for Kanowna Island from 1998 to 2000 were
calculated from data on red blood cells (see ‘Results: Temporal and spatial vari-
ation’ for correction factors). The isotopic values of species consistently identi-
fied in faecal analyses as being the most important prey items of Australian fur
seals are also provided (data obtained from Davenport & Bax (2002). B: barra-
couta Thyrsites atun, n = 36; JM: jack mackerel Trachurus declivis, n = 52; RC:
red cod Pseudophysis bachus, n = 9; LJ: leatherjackets (family Monocanthidae), 
n = 10; GS: Gould’s squid Nototodarus gouldi, n = 8; RB: redbait Emmelichthys
nitidus, n = 25; MG: minor gurnard Lepidotrigla modesta, n = 29; CF: cuttlefish
Sepia sp., n = 5; MO: Maori octopus Octopus maorum, n = 4; KO: keeled octopus 

Octopus berrima, n = 1

Variable n Mean ± SE Min. Max.

Age 120 8.7 ± 0.3 3 16
Mass (kg) 121 81.0 ± 1.1 50 112
Standard length (cm) 120 154.5 ± 0.8 134 175
Axillary girth (cm) 120 103.7 ± 0.8 82 132
Flipper length (cm) 108 42.7 ± 0.2 39 49

Table 2. Arctocephalus pusillus doriferus. Characteristics of the adult female
Australian fur seals on Kanowna Island from which plasma samples were
obtained for stable isotope analysis from 2003 to 2005. Not all variables could be 

measured in each individual
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tions suggest that BM had a negative influence on
plasma δ15N (Table 4). FL also had high summed AIC
weights, but lower independent hierarchical partition-
ing contributions (Table 4). While the contribution of
FL was not as strong, it appears that FL had a positive

influence on plasma δ15N. Therefore, although the
amount of variation accounted for by these models is
relatively low, it appears plasma δ15N was influenced
to some extent by the BM of individuals, as well as by
their FL.

DISCUSSION

Trophic implications of isotopic values

The only previous data available on stable isotopes
in Australian fur seals is for 2 individuals (sex and loca-
tion not documented), in which the δ15N value in mus-
cle was 15.8‰ (Davenport & Bax 2002). In comparison
to blood, muscle has been shown in pinnipeds to differ
in δ15N by +0.7‰ (Hobson et al. 1996). Consequently,
the δ15N values in the present study encompass those
previously reported for Australian fur seals and are
consistent with the observation by Davenport & Bax
(2002) that the species occupies the highest trophic
level within the Bass Strait marine ecosystem.

Because of differences in metabolism and protein
turnover, the isotopic signatures of different tissues can
provide information on diet at various timescales, with
plasma, red cells and liver reflecting shorter integrating
periods than muscle, hair and bone (Tieszen et al. 1983,
Hobson et al. 1996). Isotopic turnover rates have not
been established for any tissues in Australian fur seals,
nor are there data for blood components in pinnipeds.
Hilderbrand et al. (1996), however, determined that
plasma and red cells in a large eutherian mammal
(black bear Ursus americanus) had half-lives of 4 and
28 d, respectively, and that it took approximately 10
and >40 d for isotope values in these blood compo-
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Fig. 3. Arctocephalus pusillus doriferus. Relationship between
age and mean (±SE) plasma (a) δ13C and (b) δ15N in adult
female Australian fur seals from Kanowna Island (2003 to
2005). Sample sizes for each cohort are given above the data

Model K AICc ΔAIC Rank ωi i R2 ωi/ωj

δδ13C
Age + FL/STDL 4 216 0.000 1 0.155 0.276 0.090 –
BM + FL/STDL 4 217 0.957 2 0.096 0.097 0.082 1.61
FL/STDL 3 217 1.009 3 0.094 0.168 0.063 1.66
Age + FL + FL/STDL 5 218 1.855 4 0.061 0.028 0.093 2.53
Age + BM + FL/STDL 5 218 1.954 5 0.058 0.009 0.092 2.66
Age + STDL + FL/STDL 5 218 1.969 6 0.058 0.009 0.092 2.68

δδ15N
BM + FL 4 112.9 0.000 1 0.226 0.337 0.148 –
STDL + BM + FL + FL/STDL 6 114.1 1.172 2 0.1259 0.291 0.173 1.80
STDL + BM + FL 5 114.7 1.725 3 0.0955 0.016 0.152 2.37
Age + BM + FL 5 115.0 2.095 4 0.079 0.038 0.149 2.85

Table 3. Arctocephalus pusillus doriferus. AICC based model selection for the levels of δ13C and δ15N in the blood of seals. Values
represent the number of parameters (K ), Akaike information criterion corrected for small sample sizes (AICC), AIC differences
(ΔAIC), Akaike weights (ωi), bootstrap selection frequencies (i) and regression explanation scores (R2) for the best models and 
evidence ratios (ωi/ωj). The best 4 models are provided. Extra models are provided if >4 models had a ΔAIC score of <2. Model 

variables: Age (yr); STDL: standard length (cm); BM: body mass (kg); FL: flipper length (cm); ratio FL/STDL
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nents, respectively, to reflect changes to an isotopically
distinct diet. The mean foraging cycle (trip and atten-
dance) duration of adult female Australian fur seals at
The Skerries has been recorded as 8.7 d (Arnould &
Kirkwood 2007). Consequently, assuming similar iso-
tope turnover rates in Australian fur seals to that re-
ported for black bears, the significant correlations be-
tween isotope values in plasma and red blood cells
observed in animals from The Skerries suggest that iso-
topic inputs and, thus, prey species, were relatively
consistent within individuals over at least the 3 or 4 for-
aging trips prior to sampling. Significant correlations
between red cell and plasma isotope values, suggesting
consistent individual preferences in diet over several
months, have also been observed in South American
sea lions Otaria flavescens (Drago et al. 2010).

Australian fur seals have been shown to consume a
wide variety of prey, and the species is considered to
be a generalist predator (Littnan et al. 2007, Kirkwood
et al. 2008). If the individual consistency in isotope val-
ues observed at The Skerries is representative of the
species in general, the substantial variation observed
within years and at each site suggests that female Aus-
tralian fur seals display distinct individual dietary pref-
erences. While the species is primarily a benthic for-
ager on the relatively uniform shallow continental
shelf of Bass Strait (Arnould & Hindell 2001, Arnould &
Kirkwood 2007), recent tracking studies have shown
that females target prey in individually preferred areas
(Arnould et al. unpubl. data). It is possible that these
areas correspond to differences in the availability of
various prey types and, therefore, that the Australian
fur seal population is comprised of an array of special-
ist foragers. Similar instances of individual specialisa-
tion in foraging areas and diet have been observed in

another benthic forager, the Australian sea lion Neo-
phoca cinerea (Baylis et al. 2009).

In the present study, mean δ15N values in each year
of sampling ranged from 13.8 to 16.4‰. Isotope frac-
tionation values are not available for Australian fur
seals, but prey-to-tissue fractionation values of from
3.1 to 5.2‰ have been reported for serum/plasma δ15N
in captive pinnipeds (Kurle 2002). These would equate
to mean prey δ15N values of from 10.7 to 13.2‰ and
from 8.6 to 11.2‰, respectively. Isotope data on poten-
tial prey were not collected in the present study, but,
where possible, data for the fish and cephalopod spe-
cies consistently identified as being the most important
in faecal analyses (Gales et al. 1993, Gales & Pember-
ton 1994, Hume et al. 2004, Page et al. 2005, Littnan et
al. 2007, Kirkwood et al. 2008) were obtained from
a previous ecosystem study in eastern Bass Strait
(Davenport & Bax 2002; Fig. 2, present study), a region
encompassing The Skerries. While not exhaustive, this
list is likely to represent the greatest biomass contribu-
tions to the diet. With the exception of keeled octopus
Octopus berrima, the δ15N values for these prey were
all within 11.5 to 13.3‰, thus suggesting that a 3.1‰
prey-to-tissue fractionation for plasma appears appro-
priate for Australian fur seals.

Previous studies have documented geographic dif-
ferences in the diet of Australian fur seals, though
these may have been partially due to temporal varia-
tions, as samples were collected over different time
periods (Gales et al. 1993, Hume et al. 2004, Deagle et
al. 2009). Littnan et al. (2007) compared the diet of
Australian fur seals at both Kanowna Island and The
Skerries during the same period that blood samples
were collected for the present study. Whereas Littnan
et al. (2007) did not find significant differences in the
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Variable Coefficient Standard error Z Pr(>|Z|) Contribution Summed 
Conditional Unconditional AIC weights

δδ13C
Age 0.016 0.0235 0.019 0.878 0.380 15.2 0.529
STDL –0.003 0.041 0.016 –0.167 0.867 14.8 0.378
BM 0.005 0.010 0.007 0.631 0.528 9.9 0.416
FL –0.008 0.144 0.057 –0.142 0.887 16.7 0.385
FL/STDL 13.246 21.979 8.504 1.558 0.119 43.4 0.831

δδ15N
Age –0.001 0.014 0.006 –0.117 0.907 6.9 0.263
STDL –0.020 0.025 0.024 –0.841 0.400 19.3 0.432
BM –0.012 0.006 0.005 –2.388 0.017 34.3 0.881
FL 0.102 0.088 0.088 1.155 0.248 16.7 0.774
FL/STDL –8.574 13.514 12.719 –0.674 0.500 22.8 0.474

Table 4. Arctocephalus pusillus doriferus. Model averaged coefficients, conditional and unconditional standard errors, Z-scores
and significance of each variable in each model (Pr), and summed Akaike information criterion (AIC) weights (total AIC weight
for each model including that variable). Results from hierarchical partitioning are shown, with the percentage of independent 

contributions. Variables as in Table 3
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prey remains in faeces and regurgitates between the 2
sites, significant differences in δ15N values were
detected in the present study, suggesting stable iso-
tope analyses, as has also been recently suggested for
faecal DNA analysis (Deagle et al. 2009), may provide
a more sensitive means of detecting inter-colony dif-
ferences than traditional methods. The benefit of sta-
ble isotope analysis over faecal DNA methods, how-
ever, may be the multiple time-scales that various
tissues provide and the relatively simple sample pro-
cessing and analyses required (Tieszen et al. 1983,
Hobson et al. 1996, Deagle et al. 2009).

Whereas δ15N values are indicative of trophic posi-
tion, δ13C values can been used to infer the geographic
origin of prey as the isotope signature of particulate
organic matter (POM), and the trophic levels above it,
vary with location (e.g. Trull & Armand 2001, Cherel et
al. 2007). Prey-to-tissue fractionation for serum/plasma
δ13C in pinnipeds has been reported to be between
0.2 and 0.8‰ (Kurle 2002, Lesage et al. 2002). For the
individuals in the present study, therefore, this would
equate to prey with δ13C values in the range of from
–18.4 to –20.5‰. The majority of δ13C values reported
by Davenport & Bax (2002) for commonly consumed
prey, however, are higher than this (Fig. 2). As Aus-
tralian fur seals forage almost exclusively within Bass
Strait (Arnould & Hindell 2001, Arnould & Kirkwood
2007), the results suggest that some of their prey origi-
nate from outside the region. In addition, while the
Davenport & Bax (2002) study encompassed the area
in which animals from The Skerries forage (Arnould &
Kirkwood 2007), it was conducted in 1993 to 1996 and
the region may have been under different oceano-
graphic influences at the time.

The shallow continental shelf of Bass Strait has been
characterised as having low marine primary productiv-
ity, but it is fed by the currents of the Subantarctic Sur-
face Water (SASW) from the south, the South Aus-
tralian Current (SAC) from the northwest and the East
Australia Current (EAC) from the northeast (Gibbs
1991, Middleton & Bye 2007). The strengths of these
currents, each of which is likely to have different POM
isotope signatures (Waite et al. 2007, Revill et al. 2009),
vary temporally, but most flow through Bass Strait is
in an eastward direction and is influenced by the pre-
dominantly westerly winds across southern Australia
(Middleton & Bye 2007). In addition, some prey, such as
redbait, which originate from deeper outer-shelf waters
and move to shallower depths when surface waters
cool, may be carried into Bass Strait by these currents
(Williams & Pullen 1993, Ewing & Lyle 2009). These fac-
tors may have contributed to the variability in, and ap-
parently low, δ13C values observed in the present study.
Further information on the spatial variability in the iso-
topic signatures of prey species, especially in western

and central Bass Strait, is needed to better assess the
geographic origin of the Australian fur seal diet.

Inter-annual and inter-individual variation

For a generalist predator known to consume >60
prey species (Kirkwood et al. 2008, Deagle et al. 2009),
detecting temporal or spatial differences in diet may be
problematic if diet changes involve only mild alter-
ations in the relative proportions in a suite of prey. For
isotope analyses, this would be further compounded if
the prey involved were on similar trophic levels. In the
present study, however, significant differences in
plasma δ15N values were observed between the 1998
to 2000 and 2003 to 2005 sampling periods, corre-
sponding to two-thirds (ca. 2‰) of a trophic level
(Minagawa & Wada 1984). While it is possible that
some of this variation could be due to changes in ocean
currents bringing the same prey species from different
isotopic environments into Bass Strait, these results are
consistent with the findings of Kirkwood et al. (2008),
which indicated a shift in the diet of Australian fur
seals in central Bass Strait between the 2 periods.
Coinciding with cooler surface waters in Bass Strait in
2002 to 2005, the proportion of redbait (11.6‰ δ15N) in
the diet increased, while red cod and barracouta (both
13.3‰ δ15N) decreased. In addition, Kirkwood et al.
(2008) observed a significant decrease in the size of
Gould’s squid (12.9‰ δ15N) consumed by seals after
2002. A reduction in the biomass consumption of this
prey, therefore, would reduce the δ15N values in seals.

The period of higher δ15N values coincided with adult
females having greater mean BCI values. This would
suggest that foraging conditions were more favourable
when the seals consumed relatively more red cod, barra-
couta and jack mackerel and larger Gould’s squid than
when redbait predominated in the diet (Kirkwood et al.
2008). This is surprising as redbait have a lipid content 
2- to 3-fold higher than the other commonly consumed
prey (Vlieg 1984). However, while redbait were recor-
ded as forming a larger proportion of the Australian fur
seal diet from 2002 to 2005, it is not known whether this
species was in relatively greater abundance than usual
in comparison to other prey and/or whether total prey
availability was different. In addition, due to their ma-
noeuvrability, small schooling fish such as redbait may
be harder for Australian fur seals to capture than larger
prey such as Gould’s squid and barracouta (Fish et al.
2003); thus, even at higher abundance, they may be less
profitable (Arnould & Costa 2006).

Small but significant differences in plasma isotope
values were observed between lactating and non-
lactating females, the latter being depleted in δ13C and
enriched in δ15N. While these isotope values could
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indicate differences in dietary intake between the
2 groups, similar observations for δ15N have been
made in a captive northern fur seal fed a consistent
diet during lactating and non-lactating periods (Kurle
2002). Alternatively, the differences may reflect varia-
tions in the physiology of the animals, including the
metabolism of specific amino acids between the 2 re-
productive states (Houser & Crocker 2004).

No significant age-related trends in plasma δ13C
values were observed in the 2003 to 2005 sampling pe-
riod, suggesting adult female Australian fur seals of all
ages consume prey of generally the same geographic
origin. This is consistent with tracking data that indi-
cate the foraging range of adult females from Kanowna
Island is largely restricted to the central Bass Strait re-
gion (Arnould & Kirkwood 2007). In contrast, a signifi-
cant decrease in mean δ15N values was observed over
the 14 yr age-span covered. While the observed de-
crease represents an average decline of just 0.7‰ over
most of the adult life-span, considering the large array
of prey consumed by this species, it suggests a consis-
tent shift in the proportions of prey consumed from dif-
ferent trophic levels with age. Due to differences in the
contributions of various age cohorts to the population
(e.g. ages 3 to 9 yr represent >70% of adult females
(Gibbens & Arnould 2009a), such age-related changes
may have important implications for estimates of a pop-
ulation’s prey consumption (Winship et al. 2002).

Whereas numerous studies have shown age-related
differences in the diet and foraging behaviour of pin-
nipeds, these have been restricted to the differences
between juveniles and adults (e.g. Tucker et al. 2007).
Few studies have documented age-related differences
in the trophic niches of adult pinnipeds. While no sig-
nificant differences in δ15N values were observed with
age in southern sea lions, Drago et al. (2009a) observed
an increase in δ13C suggestive of a shift to more ben-
thic prey species in older animals. Hanson et al. (2009)
observed a linear increase in δ15N values in the teeth of
male Antarctic fur seals up to age 7. While Antarctic
fur seals are sexually mature at an age of 3 to 4 yr, they
continue to grow and generally do not hold territories
until they are 7 to 8 yr old (Payne 2010). Consequently,
male Antarctic fur seals appear to consume increasing
amounts of prey from higher trophic levels (krill-eating
and piscivorous fish) during the post-pubertal stage of
rapid growth (Hanson et al. 2009). In contrast, the
decrease in δ15N observed in the present study indi-
cates adult female Australian fur seals consume
increasing amounts of lower trophic level prey with
age. Potential prey that could account for this are octo-
pus species. Indeed, recent studies involving animal-
borne video cameras suggest that octopus (Arnould et
al. unpubl. data), in particular the keeled octopus, are
regularly consumed and may account for a greater pro-

portion of the diet than previously assumed, because
their beaks rarely appear in faeces (Gales & Cheal
1992, Gales et al. 1993). Whether older Australian fur
seal females consume greater amounts of octopus, or
other, as yet undetermined, prey of lower trophic lev-
els, than younger seals remains to be determined.

In addition to the observed decrease in δ15N with
age, there was substantial inter-individual variation
(range: ca. 2‰) within each age cohort. Such variation
suggests that individual specialisation for particular
prey types is evident early in adulthood, but that its
composition changes as females age. This is consistent
with the findings of generalized linear models that
body mass has a negative influence on δ15N. Body
mass has been found to be a significant determinant of
foraging behaviour in pinnipeds (Weise et al. 2010), as
greater mass equates to larger total body oxygen
stores, which facilitate longer submergence times (Vil-
legas-Amtmann et al. 2008). This may be particularly
important for individuals that hunt cryptic prey on the
sea floor (e.g. octopus, gurnards) or prey that require
greater encounter-to-capture time. The range of tro-
phic niches displayed by individuals within each age
cohort, therefore, may reflect foraging choices medi-
ated by body size, which continues to increase slightly
throughout adulthood (Arnould & Warneke 2002).
Clearly, individual specialisation (and its potential con-
sequences on fitness) in Australian fur seals requires
further investigation; this can be achieved by ex-
amining the isotopic signatures of archival tissues
that record foraging over the long-term (e.g. whiskers;
Cherel et al. 2009).

In summary, the present study has demonstrated that
C and N isotopic analyses of blood samples can detect
population-wide, inter-annual variations in the diet of
the Australian fur seal, a generalist predator. Conse-
quently, the technique could be used as a potentially
cost-effective monitoring tool, especially if samples
were to be collected from different age/sex classes.
In addition, the study revealed substantial inter-
individual differences in trophic position, suggesting
that adult females display individual prey preferences
from an early stage on, and that these are potentially
mediated by body size limitations/advantages and may
change with age. To better understand these relation-
ships, further studies investigating the species compo-
sition of the diet of different aged individuals and
showing how this relates to individual characteristics
and foraging behaviours are needed.
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