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the level of specialisation by not recording the entire diet 
of seals. Indeed, the correlation in isotopic values was 
tighter between the red cells and whiskers (mid- to long-
term foraging ecology) than between plasma and red cells 
(short- to mid-term) (R2 = 0.93–0.73 vs. 0.55–0.41). δ13C 
and δ15N values of whiskers confirmed the temporal con-
sistency of individual specialisation. Variation in isotopic 
niche was consistent across seasons and years, indicating 
long-term habitat (WIC/TNW = 0.28) and dietary (WIC/
TNW = 0.39) specialisation. The results also highlight 
time-averaging issues (under-estimation of the degree of 
specialisation) when calculating individual specialisation 
indices over long time-periods, so that no single timescale 
may provide a complete and accurate picture, emphasising 
the benefits of using complementary methods.

Keywords Arctocephalus pusillus · Diet · Nested 
network · Time aggregating · Vibrissae

Introduction

In most studies and theoretical models, individuals of a 
population are considered to be ecologically equivalent, 
with inter-individual variability usually being treated as sta-
tistical noise (Bolnick et al. 2003; Pires et al. 2011). How-
ever, conspecifics may differ in many traits including their 
sex, age, morphology, physiology, social status or learned 
abilities. Accordingly, individuals might meet contrasting 
optimum criteria and adopt different strategies to exploit 
available resources (Bolnick et al. 2011). Assessments 
at the individual level, rather than at the population level, 
might, therefore, be necessary for understanding niche 
use and resource partitioning in a population or ecosystem 
(Lorrain et al. 2011; Robertson et al. 2014; Tranquilla et al. 

Abstract Estimating the degree of individual specialisa-
tion is likely to be sensitive to the methods used, as they 
record individuals’ resource use over different time-peri-
ods. We combined animal-borne video cameras, GPS/TDR 
loggers and stable isotope values of plasma, red cells and 
sub-sampled whiskers to investigate individual foraging 
specialisation in female Australian fur seals (Arctocepha-
lus pusillus doriferus) over various timescales. Combining 
these methods enabled us to (1) provide quantitative infor-
mation on individuals’ diet, allowing the identification of 
prey, (2) infer the temporal consistency of individual spe-
cialisation, and (3) assess how different methods and time-
scales affect our estimation of the degree of specialisation. 
Short-term inter-individual variation in diet was observed 
in the video data (mean pairwise overlap = 0.60), with the 
sampled population being composed of both generalist and 
specialist individuals (nested network). However, the brev-
ity of the temporal window is likely to artificially increase 

Communicated by Aaron J Wirsing.

 * Laëtitia Kernaléguen 
 lkernale@deakin.edu.au

1 School of Life and Environmental Sciences, Deakin 
University, 221 Burwood Highway, Burwood, VIC 3125, 
Australia

2 South Atlantic Environmental Research Institute, 
Stanley FIQQ1ZZ, Falkland Islands

3 Institute for Marine and Antarctic Studies, University 
of Tasmania, Sandy Bay, TAS, Australia

4 National Geographic, Remote Imaging Department, 
Washington, DC 20036, USA

5 Centre d’Etudes Biologiques de Chizé, UMR 7372 du 
CNRS-Université de La Rochelle, 79360 Villiers-En-Bois, 
France

http://crossmark.crossref.org/dialog/?doi=10.1007/s00442-015-3407-2&domain=pdf


658 Oecologia (2016) 180:657–670

1 3

2014). For example, many apparent generalist populations 
exploiting a wide range of resources are composed of het-
erogeneous specialist individuals that use a small subset of 
the available population niche (Bolnick et al. 2003; Araújo 
et al. 2011).

Such individual specialisation has profound implications 
for population dynamics and how species adapt to the envi-
ronmental variability (Lomnicki 1978). Individuals are not 
affected to the same extent by perturbations, and a higher 
diversity within a population confers a greater stability 
and resilience to disturbances (Lomnicki 1978; Hughes 
et al. 2008). The level of individual specialisation within a 
population might also affect species interactions and com-
munity structure (Crutsinger et al. 2006; Pruitt and Ferrari 
2011) and the ecological functions the population plays in 
its ecosystem (Bolnick et al. 2011; Cantor et al. 2013). For 
example, an important role of generalist top order predators 
is to couple nutrient and energy pathways from discrete 
food webs (Rooney et al. 2006). However, if the popula-
tion is composed of specialist individuals feeding on a lim-
ited number of prey, it may no longer serve this food-web 
connectivity function (Quevedo et al. 2009; Matich et al. 
2011).

The timescale over which we record individuals’ 
resource use is an important factor to consider when inves-
tigating individual specialisation. For example, in forag-
ing studies, gut contents provide only a recent snapshot 
of an individual’s diet that might not be representative of 
its long-term foraging habits, especially if prey are patch-
ily distributed or exhibit temporal variation in abundance 
(Araújo et al. 2007). Hence, a generalist individual might 
appear to be specialist if it encountered a patch of a specific 
prey just before the sampling period. When not recording 
the entire niche of individuals, short-term studies are likely 
to over-estimate differences between individuals and artifi-
cially increase the apparent degree of individual specialisa-
tion of a population (Bearhop et al. 2004). It is, thus, neces-
sary to study individuals over a sufficient period to account 
for the intra-individual variation and avoid stochastic sam-
pling effects.

The most direct method to assess the temporal consist-
ency in resource use is to monitor individuals through time 
(e.g. Bryan and Larkin 1972; Bridcut and Giller 1995; 
Tinker et al. 2008). However, such longitudinal studies are 
labour-intensive as they require repeated observations or 
captures of the same individuals. Other studies have com-
bined a ‘snapshot method’ to document individual resource 
use in detail, with the use of an indirect proxy such as mor-
phological variation (Robinson et al. 1993), parasite fauna 
(Curtis et al. 1995) or stable isotopes (Fry et al. 1978; 
Araújo et al. 2007; Rosenblatt et al. 2015) to infer the tem-
poral consistency of individual specialisation. In particular, 
the isotopic signature of tissues integrate the diet over the 

period they were synthesised (Tieszen et al. 1983; Dalerum 
and Angerbjorn 2005). Hence, tissues with various protein 
turnover rates provide information on the feeding ecology 
over different timescales and provide insights in the tempo-
ral consistency of the isotopic niche, a proxy of the forag-
ing niche (Bearhop et al. 2006; Del Rio et al. 2009; Connan 
et al. 2014).

Numerous dietary studies based on scat and regurgitate 
content analyses have shown that the Australian fur seal 
(Arctocephalus pusillus doriferus) is a top order predator 
that forages upon a large variety of prey (45–60 species), 
characterising it as a generalist species (Hume et al. 2004; 
Kirkwood et al. 2008). Little is known, however, of varia-
tion in foraging niche between individuals and how vari-
able is the diet within individuals (but see Arnould et al. 
2011). The Australian fur seal represents the largest marine 
predator biomass in south-eastern Australia (Kirkwood 
et al. 2010). The degree of individual specialisation, there-
fore, might be an important factor for this species, how it 
may respond to environmental variability (Lomnicki 1978), 
and for understanding its top–down effects on the local 
marine ecosystem, an area predicted to be greatly affected 
by climate change (Ridgway 2007).

In the present study, complementary methods were com-
bined and compared to (1) document fine-scale but short-
term inter-individual variation in foraging ecology in the 
Australian fur seal, (2) infer the temporal consistency of 
individual specialisation over the long term, and (3) criti-
cally assess how different methods and timescales affect 
our estimation of the degree of individual specialisation. 
Faced with the difficulties associated with monitoring the 
foraging behaviour of top order predators with large geo-
graphic ranges in the marine environment, animal-borne 
video cameras offer a novel opportunity to document the 
diet of cryptic species (Takahashi et al. 2008; Heaslip et al. 
2012). Associated with GPS/TDR loggers, they provide a 
comprehensive picture of individual foraging ecology of 
Australian fur seals over the short term. Comparison of the 
isotopic values of three tissues of contrasting turnover rates 
(plasma, red blood cells and sub-sampled whisker) allows 
then the assessment of the consistency of inter-individual 
variation in foraging habitat (δ13C values) and diet (δ15N 
values) across seasons and years.

Similar to other species feeding upon a large variety of 
prey (Roughgarden 1974; Darimont et al. 2009; Araújo 
et al. 2011), some individual specialisation is expected 
to occur in the Australian fur seal. Related otariid spe-
cies exhibit levels of specialisation ranging from 0.37 to 
0.96 (Franco-Trecu et al. 2013; Kernaléguen et al. 2015). 
Considering the broad trophic niche of the population 
(i.e. high ecological opportunities) and the spatial restric-
tions in foraging areas of this benthic species (i.e. poten-
tial high intra-specific competition), relatively high levels 
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of inter-individual variation are expected in the Australian 
fur seal compared to other otariid species (Araújo et al. 
2011; Kernaléguen et al. 2015). Furthermore, the degree of 
specialisation might differ between individuals, with some 
females being more specialised than others (Araújo et al. 
2010; Tinker et al. 2012). It was also hypothesised that the 
measured degree of individual specialisation would vary 
according to the time period over which it is calculated, 
with higher degrees of specialisation found in the short 
term.

Materials and methods

Study site and animal handling

The study was conducted on Kanowna Island (39º10′S, 
146º18′E), northern Bass Strait, south-eastern Australia, 
which hosts the third largest Australian fur seal colony 
with an annual pup production of ca 3400 (Kirkwood et al. 
2010). During the winters of 2008–2012 (May–July), a 
total of 16 accessible lactating females (i.e. breeding in the 
highest part of the colony) were captured using a modified 
hoop-net (Fuhrman Diversified, Flamingo, TX, USA) and 
anaesthetised using isoflurane delivered via a portable gas 
vaporiser (Stinger™; Advanced Anaesthesia Specialists, 
Gladesville, NSW, Australia) (Gales and Mattlin 1998). 
Morphometric measurements (standard length, axillary 
girth, axis length, right flipper length, ±0.5 cm) and body 
mass (±0.1 kg) were recorded and the longest whisker was 
cut at its base. A blood sample was collected by venipunc-
ture of an inter-digital vein in a hind-flipper using heparin-
ised syringes, kept cool (4 °C) for several hours before 
separating the red cells from the plasma fraction and then 
stored frozen at −20 °C until analysis.

Each seal was instrumented with a dive behaviour data 
logger (MK10; Wildlife Computers, Washington, USA), a 
GPS data logger (FastLoc®; Sirtrack, Havelock North, NZ) 
and a video data logger (Crittercam® Gen 5.7; National 
Geographic Society, Washington, USA). Data loggers were 
glued in series to the dorsal mid-line fur just behind the 
scapula using quick-setting epoxy (Accumix 268; Hunts-
man Advanced Materials, Deer Park, VIC, Australia). To 
assist in relocating animals for recapture, a small VHF 
transmitter (Sirtrack) was also attached, and individual 
numbered plastic flipper tags (Super TagsH®; Dalton Sup-
plies, Woolgoolga, NSW, Australia) were inserted into both 
fore-flippers. In total, attached devices weighed <2 % of 
body mass and represented <1 % of cross-sectional surface 
area. The distance between the camera lens to the tip of 
the nose as well as the mid-point between the ears and the 
head width at the ears were measured (±0.5 cm) to provide 
a comparative scale for prey observed in the camera field 

of view. At recapture, devices were retrieved by cutting the 
hair beneath the glue.

To conserve battery life and sample as much of the for-
aging trip as possible, animal-borne video cameras were 
programmed to record on a 1 h on:3 h off duty cycle. A 
depth trigger of 40 m was also used (i.e. cameras recorded 
only after the seal descended below 40 m and stopped once 
the animal ascended above 40 m), knowing that female 
Australian fur seals are benthic feeders (Arnould and 
Hindell 2001; Arnould and Kirkwood 2008; Hoskins and 
Arnould 2014). Examination of the diving behaviour data 
of the sampled females confirmed that dives were almost 
exclusively below 40 m. During night recordings, a near 
infra-red LED beam was activated. While it was understood 
that such visual stimuli could potentially affect seals’ forag-
ing behaviour (Heaslip and Hooker 2008), not introducing 
light would completely preclude collection of data at night. 
The low frequency red lights were selected as a compro-
mise, based on the presumption that visual sensitivity of 
marine animals (fur seals and their prey) should decrease at 
longer wavelengths as an adaptation for aquatic vision, lim-
iting the bias caused by the camera’s light source (but see, 
e.g., Lythgoe and Partridge 1989; Levenson et al. 2006).

Spatial and diet analyses

TDR and GPS data loggers were programmed to record 
depth every second and location information at a minimum 
interval of 15 min when seals were at the surface, respec-
tively. Location data were speed filtered (McConnell et al. 
1992) and interpolated at 10-min intervals. Dives were 
classified into benthic or pelagic according to the propor-
tion of the diving time spent at the bottom and the maxi-
mum depth of the dive following Hoskins et al. (2015).

Each prey was identified into the lowest taxonomic level 
possible using identification guides (Kuiter and Kuiter 
1996). When possible (for 92 % of prey), fish fork length 
or cephalopod mantle length was measured when in the 
mouth of the seal to the nearest centimetre using the known 
seal head measurements as scale. Prey biomass was then 
estimated using species-specific length–mass allometric 
equations (Furlani et al. 2007; Froese and Pauly 2014). 
Coefficients of the most common prey species of the cor-
responding family/order were used for prey that could not 
be identified to the species level. Average prey length for 
the species captured by the same individual were used for 
fish that could not be measured and overall average man-
tle length was used for cephalopod prey that could not be 
measured.

The degree of individual specialisation was calculated 
on the proportion of reconstructed biomass of each prey 
order consumed by individuals. Similar results were found 
with numerical abundance but the results for biomasses are 
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reported as they are more representative of the nutritional 
contribution of each prey category. However, results are 
likely to be biased towards large prey (e.g. cephalopods, 
elasmobranchs) because fur seals probably do not consume 
the entire large prey.

The diet overlap between each individual and the popu-
lation was measured by the proportional similarity index 
(PS; Bolnick et al. 2002). If pi,j and qj are the proportion of 
the jth resource category in individual i’s and population’s 
diet, respectively, then,

High PS values (tending to 1) indicate the individual 
consumes resources in the same proportion as the popu-
lation (generalist individual), and low values of PS (tend-
ing to 0) denote the individual forages on prey that were 
scarce in the population resource use distribution (special-
ist individual). The degree of individual specialisation of 
the population IS was then calculated averaging the PS 
scores across all individuals (Bolnick et al. 2002). As a 
reference, IS was also calculated on the seven individuals 
sampled the same year (in 2011; Table 1). All indices were 
calculated using the R package RInSp (Zaccarelli et al. 
2013). Significance of IS was assessed using a nonpara-
metric Monte Carlo technique to generate 10,000 replicate 
datasets under the null hypothesis that all individuals are 
generalists, from which P values were calculated (Bolnick 
et al. 2002).

When individuals vary in their feeding habits, they 
might be organised into discrete groups (clusters) so that 
individuals of the same group consume similar resources, 
and overlap little with individuals belonging to another 
group (Araújo et al. 2008, 2010; Tinker et al. 2012). The 
“individual niche overlap network” analysis developed 
by Araújo et al. (2008) was used to test this assumption. 
The coefficient Cws is a measure of the degree of clus-
tering such as positive values tending to 1 indicate that 
the population is organised into discrete subgroups (diet 
clustering), and negative values approaching −1 char-
acterise a population where each individual specialises 
on a unique set of resources (over-dispersion of diet). A 
Cws coefficient close to 0 can be found when individu-
als are generalists (low IS), so that they all use the same 
resources and belong to the same group, or when the 
population is composed of both specialist and generalist 
individuals and the diet of specialists is nested within the 
diet of generalists. The Cws coefficient was also calcu-
lated using the R package RInSp (Zaccarelli et al. 2013), 
and its significance was evaluated using resampling 
methods based on Monte Carlo techniques (using 10,000 
replicates).

PSi = 1− 0.5
∑

j

|pij − qj|

Isotopic analyses

Isotopic analyses were restricted to 10 females sampled 
in 2010 and 2011 (3 and 7, respectively; Table 1), in order 
to limit potential temporal bias in the isotopic results (i.e. 
potential temporal variation in the isotopic signature of 
prey). In the laboratory, whiskers were hand-washed in 
100 % ethanol and cleaned in distilled water for 5 min in 
an ultrasonic bath. Following Cherel et al. (2009), they 
were dried, measured and cut into 3-mm-long consecu-
tive sections starting from the proximal (facial) end. Blood 
plasma and red cells samples were freeze-dried and ground 
into a fine powder. Since lipids can affect plasma δ13C val-
ues (Cherel et al. 2005), they were removed from plasma 
using a cyclohexane solvent. The δ13C and δ15N values of 
blood samples and each whisker section were determined 
by a continuous flow mass spectrometer (Delta V Advan-
tage; Thermo Scientific) coupled to an elemental analyser 
(Flash EA 1112; Thermo Scientific). Results are presented 
in the conventional δ notation relative to Vienna PeeDee 
Belemnite marine fossil limestone and atmospheric N2 for 
δ13C and δ15N, respectively. Replicate measurements of 
internal laboratory standards indicated measurement errors 
<0.10 ‰ for both isotopic ratios.

No blood isotopic turnover rates have been published 
in pinnipeds. However, plasma and red blood cells have 
half-lives of 4 and 28 days, respectively, in black bear 
(Ursus americanus) (Hilderbrand et al. 1996), a carnivore 
of comparable size to the Australian fur seal. Hence, in the 
present study, plasma and red blood cells isotopic values 
were considered to be a proxy of the foraging ecology of 
individuals over the last few days and weeks, respectively. 
Otariid whiskers depict a chronology of isotopic values 
over a different period of time depending on individuals 
(Kernaléguen et al. 2012). In order to compare females 
over a similar time frame, each whisker axis was first con-
verted into a common timescale. Isotopic signatures along 
the length of otariid whiskers have previously be shown to 
represent regular annual cycles in some species (Hirons 
et al. 2001; Cherel et al. 2009; Kernaléguen et al. 2012, 
2015; Rea et al. 2015). Hence, periodicity of δ13C and δ15N 
values was assessed, using the wavelet analysis follow-
ing Kernaléguen et al. (2012). This analysis allows us to 
detect (1) whether the isotopic signature of whiskers con-
sists of a repeated periodic signal, and, more importantly, 
(2) whether the period of the cyclic pattern is consistent 
along the length of the whisker (Cazelles et al. 2008). As 
whiskers were cut and not plucked, their most recently syn-
thesised tissue remained under the skin. This part of the 
whisker (not analysed) corresponds to a various period of 
time depending on its length and the specific growth rate 
of the whisker. As a consequence, the first section of each 
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whisker does not necessarily correspond to the same time. 
Isotopic values were time-synchronised by doing a phase 
synchronisation based on δ13C values for each individual 
between its carbon time series and the isotopic series of 
a reference individual randomly chosen, following Ker-
naléguen et al. (2012).

Temporal consistency of individual isotopic niche 
was tested by determining and comparing the correla-
tion coefficients between plasma and red blood cell val-
ues (mid-term specialisation) and red blood cell and 
whisker values (long-term specialisation) (Rosenblatt 
et al. 2015). Isotopic data are biased toward correlation 
across tissues because the temporal windows they inte-
grate partially overlap. However, in both cases, the over-
lap period was less than 15 %. The degree of individual 
specialisation depicted by whisker isotopic data was then 
calculated using Roughgarden’s WIC/TNW index for 
continuous data (Bolnick et al. 2002) (IS and PS indi-
ces used for the video data are only for discrete data). 
Roughgarden (1972) suggested that the population total 
niche width (TNW; corresponding to the population vari-
ance, i.e. overall variance of all isotopic values) can be 
partitioned into the within-individual component (WIC; 
intra-individual variance, i.e. average variance between 
sections calculated at the whisker level) and the between-
individual component (BIC; inter-individual variance, i.e. 
variance between whiskers’ mean isotopic values), where 
TNW = WIC + BIC. The WIC/TNW ratio is a meas-
urement of the degree of individual specialisation. As 
for IS and PS indices, high values (approaching 1) indi-
cate that individuals use the full range of the population 
resources, and low values (approaching 0) characterise 
specialist individuals. WIC/TNW ratios were calculated 
on 1.4 years, a time period covered by all whiskers and 
that limits time-averaging issues (see “Discussion”). The 
R package RInSp (Zaccarelli et al. 2013) was used to cal-
culate individual specialisation indices and significance 
of WIC/TNW was assessed using a nonparametric Monte 
Carlo resampling technique (using 10,000 replicate data-
sets) (Bolnick et al. 2002). The WIC/TNW index assumes 
individual niches are normal distributions. Distribution of 
δ13C and δ15N whisker values were tested using a Shap-
iro test. All individual niches were normal, except for the 
δ15N isotopic values of one female.

Similar network analyses as for the video data were per-
formed on whisker δ13C and δ15N values. Network analysis 
provides a measure of pairwise overlap between each pair 
of individuals. Pairwise overlap values obtained for the 
video and whisker δ15N data were compared in order to test 
the relationship between diet data depicted by the short-
term video cameras and the long-term whisker isotopic 
signatures and to investigate whether individuals that show 
similar diet in the video data have similar isotopic results.

The relationship between an individual’s morphology 
and its whisker isotopic values were tested. The morpho-
metric measurements tested were the body mass, standard 
length, axillary girth, axis length, and the ratio of flipper 
length to standard length that can influence the manoeuvra-
bility of seals (Fish et al. 2003). As all these factors were 
highly related, an index of morphological characteristics 
was calculated using a principal components analysis. The 
first component accounted for 76 % of the distribution of 
the data and was used as an index of seals’ body shape.

All results are presented as mean ± SD and results were 
considered significant at the P < 0.05 level. All statistics 
were performed using R 3.0.3. Correlation coefficients 
were calculated after checking the residuals were normally 
distributed and the variance were homogenous across the 
fitted values of the linear models.

Results

Spatial and diet analyses

The majority of seals (11/16) were recaptured when they 
returned to the colony after a single foraging trip. For the 
remaining seals, the GPS and TDR loggers recorded spa-
tial information during two (three seals), four (one seal) 
or five (one seal) foraging trips. However, due to battery 
life restrictions, video data were only obtained for the first 
trip. Hence, only the tracking data for the first trip were 
used in analyses. These foraging trips lasted an average 
of 7.2 ± 5.3 days, during which seals made an average of 
141 ± 25 dives per day. With the exception of a single indi-
vidual, all seals foraged in central Bass Strait (Fig. 1). All 
individuals performed mostly benthic dives (>75 %) to the 
relatively shallow continental shelf (60–80 m).

The video data loggers recorded on average 9 % of 
all diving time during the foraging trip, corresponding 
to 183 ± 67 min of video data per individual, spanning 
71 ± 39 dives. A total of 1044 prey captures were recorded, 
of which 934 were in the camera field of view and could 
be identified and size estimated (Fig. 2). The instrumented 
individuals consumed a great variety of prey, encompass-
ing 14 orders including 3 cephalopod, 1 crustacean, 3 
elasmobranch and 7 teleost orders. However, Octopoda, 
Scorpaeniformes (mainly gurnards and gurnard perches), 
Perciformes (bait fish) and Tetraodontiformes (mainly 
leatherjackets) comprised 94 % of the biomass of the 
observed diet (Table 1).

Within the observed prey, significant inter-individual 
variation in resource use occurred. Some individuals were 
highly specialised, with more than 90 % of their recon-
structed diet comprising of one prey order (Octopoda or 
Scorpaeniformes), while others had a more heterogeneous 
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Fig. 1  Foraging trip routes of a 16 Australian fur seal (Arctocephalus pusillus doriferus) females over a single foraging trip and b female 
W1881 over two consecutive trips. The continental shelf-edge is indicated by the grey line, representing the 200-m bathymetric contour

Fig. 2  Representative images 
obtained from video cameras 
mounted on Australian fur seal 
females showing a predation 
on four main preys: a octopus 
(Octopoda), b gunnard (Scor-
paeniformes), c leatherjacket 
(Tetraodontiformes), d jack 
mackerels (Perciformes), and 
two occasional prey: e shark 
(Carcharhiniformes) and f sting-
ray (Myliobatiformes)
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diet encompassing up to eight prey orders. Thus, the degree 
of specialisation (PS) of each individual differed greatly, 
ranging from 0.38 to 0.92 (Table 1). The average degree of 
individual specialisation (IS) for the sampled population 
was 0.60 (P < 0.0001). A similar degree of individual spe-
cialisation was observed when calculating IS only on the 
seven individuals sampled in 2011 (IS = 0.60, P < 0.0001). 
The clustering coefficient Cws of the population was −0.05, 
and did not significantly differed from zero (P = 0.99). 
There was a continuum in the proportion of the main prey 
orders between individuals (Fig. 3), with specialists and 
generalists feeding on the same main prey but in different 
proportions.

Isotopic analyses

Plasma δ13C and δ15N values ranged from −19.2 to 
−17.8  ‰ and 15.7 to 16.9  ‰, respectively, while red 
blood cell values ranged from −19.2 to −18.1  ‰ and 15.5 
to 16.5  ‰, respectively (Table 2). Mean whisker length 
was 130 ± 27 mm, corresponding to an average of 43 ± 9 
isotopic measurements per individual. Overall δ13C and 
δ15N isotopic values of whiskers varied between −17.6 to 
−15.5  ‰ and 15.2 to 18.1  ‰, respectively. Isotopic val-
ues of plasma were significantly positively correlated to 
red blood cell isotopic values (δ13C: R2 = 0.55, P = 0.015; 
δ15N: R2 = 0.41, P = 0.046, n = 10) and isotopic values of 
red blood cells were highly positively correlated to mean 
whisker isotopic values (δ13C: R2 = 0.93, P < 0.001; δ15N: 
R2 = 0.73, P = 0.002, n = 10). In addition, body mor-
phological characteristics of individuals were negatively 

correlated to δ15N but not to δ13C whisker isotopic values 
(R2 = 0.51, P = 0.021; and R2 = 0.09, P = 0.39, respec-
tively, n = 10), with larger and heavier females displaying 
lower δ15N values.

Wavelet analyses indicated that all seals exhibited sig-
nificant periodic oscillations along the length of their 
whisker in either δ13C or δ15N signals (Fig. 4). Eight seals 
exhibited a cyclic pattern along the entire whisker length, 
while two seals showed a significant periodicity in only a 
part of their whisker (Fig. 4). Importantly, in all individu-
als, the period of cycles was constant along the length of 
the whisker. Periodic oscillations were found in both δ13C 
and δ15N series for four females. In all cases, the period of 
cycles was similar in both δ13C and δ15N ratios. Whiskers 
recorded between 2.9 and 8.0 cycles with an average of 
4.2 ± 1.7 cycles (Table 1). Assuming cycles were annual 
(Hirons et al. 2001; Cherel et al. 2009; Kernaléguen et al. 
2012, 2015; Rea et al.  2015), average whisker growth rate 

Fig. 3  Binary network describ-
ing the pattern of resource 
partitioning between individuals 
based on video data (n = 16). 
An arrow was drawn between 
two individuals when the degree 
of pairwise overlap was higher 
than the average pairwise over-
lap (edges whose weights were 
higher than the average network 
weight). Binary networks allow 
one to visually identify potential 
discrete subgroups within the 
population (diet clustering). 
In the present study, no such 
clustering was observed; short-
term video data exhibited the 
co-existence of specialist and 
generalist individuals, the diet 
of more selective females being 
ordered, and predictable subsets 
of the diet of generalist females 
(nestedness)

Table 2  Temporal integration and isotopic values of plasma, red 
blood cells and whiskers of 10 Australian fur seal females

Values are mean ± standard deviation, with ranges in parentheses

Plasma Red blood cells Whiskers

Temporal integra-
tion

Few days Few weeks Few years

δ13C (‰) −18.6 ± 0.5 −18.9 ± 0.3 −16.7 ± 0.3

(−19.2; −17.8) (−19.2; −18.1) (−17.6; −15.5)

δ15N (‰) 16.2 ± 0.4 15.9 ± 0.3 16.6 ± 0.3

(15.7; 16.9) (15.5; 16.5) (15.2; 18.1)

C:N mass ratio 3.5 ± 0.07 3.3 ± 0.03 2.8 ± 0.02
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was 0.09 ± 0.03 mm day−1, similar to the average whisker 
growth rate of Steller sea lions (0.10–0.14 mm day−1; 
Hirons et al. 2001; Rea et al.  2015), female antarctic fur 
seals (A. gazella) (0.05–0.08 mm day−1; Kernaléguen et al. 
2012, 2015) and female subantarctic fur seals (A. tropica-
lis) (0.09 mm day−1; Kernaléguen et al. 2012, 2015). Each 
3 mm-long sampled section had an average temporal inte-
gration of 34 ± 10 days.

Whisker δ13C and δ15N exhibited a high degree of indi-
vidual specialisation, with WIC/TNW ratio being 0.28 and 
0.39, respectively (both P < 0.001) (Fig. 4). These indi-
ces of individual specialisation were calculated over the 
1.4 years depicted in all whiskers. As a reference, WIC/
TNW were also calculated for the overall isotopic data of 
whiskers: 0.45 and 0.54, respectively (both P < 0.001). The 
clustering coefficient Cws was −0.008 and −0.006 for δ13C 
and δ15N, respectively. No relationship was found between 

the pairwise overlap values calculated in network analyses 
using video and whisker δ15N data (R2 < 0.001, P = 0.99, 
n = 45).

Discussion

The timescale over which individuals’ resource use is 
recorded is an important factor to consider when investigat-
ing individual specialisation. The video approach (short-
term method) provided valuable information regarding 
variable fine-scale foraging behaviour of individuals which 
was not apparent using assessment techniques account-
ing for longer timescales. Similarly, GPS and dive behav-
iour loggers indicated individual foraging sites but could 
not account for temporal variability in foraging behaviour. 
Hence, combining video camera and GPS/TDR loggers 

Fig. 4  Whisker δ13C (a, c, e) and δ15N (b, d, f) isotopic signatures 
of female Australian fur seals: a, b all females over 4 years (n = 10); 
c, d two or three representative females over 4 years (including 
female W1881 which exhibited atypical δ13C high values); and e, f 

all females over 1.4 years, a time period depicted by all whiskers over 
which individual specialisation indices (WIC/TNW) were calculated 
(n = 10)
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with the isotopic analysis of tissues of contrasting turnover 
rates provided complementary quantitative, qualitative and 
temporal information of individual foraging specialisation 
in the Australian fur seal.

Females foraged entirely within the shallow continental 
shelf of Bass Strait and displayed mostly benthic U-shaped 
dives, as previously reported for this species (Arnould 
and Hindell 2001; Arnould and Kirkwood 2008; Hoskins 
and Arnould 2014). With the exception of a single female 
which foraged near the eastern boundary of the continen-
tal shelf (W1881, Fig. 1), all individuals foraged within the 
Bass Strait Basin. While the foraging location of female 
W1881 contrasts with the other sampled seals, similar 
foraging behaviour has been recorded in a small propor-
tion of females breeding in the same colony (Hoskins et al. 
2015). The Bass Strait Basin has been previously described 
as a largely featureless and uniform habitat (Passlow et al. 
2004) characterised by low marine primary productivity 
(Gibbs 1992). However, it may be possible that Australian 
fur seals target specific small-scale habitat features (Kirk-
wood and Arnould 2011) and that these may vary between 
individuals. This was evident in some of the video captured 
where foraging was observed in complex reef structure 
with dense sponge-dominated assemblages. Analysis of 
multiple foraging trips of the same individuals is needed 
to determine whether this species displays inter-individual 
variation in fine-scale habitat use (Kirkwood and Arnould 
2011).

Individuals instrumented with video data loggers con-
sumed a large variety of prey, including benthic and 
bentho-pelagic teleost fish, elasmobranches, cephalopods 
and crustaceans which is consistent with previous diet 
studies based on scat and regurgitate contents (Gales et al. 
1993; Hume et al. 2004; Littnan et al. 2007; Kirkwood 
et al. 2008; Deagle et al. 2009). Substantial variation in 
diet was found between individuals (IS = 0.60). It is pos-
sible that this is just an artefact of variation in prey distri-
bution and abundance between the sampling years (Hume 
et al. 2004; Kirkwood et al. 2008; Knox et al. 2014). While 
it was not possible to test the year effect due to the small 
sample size, a similar degree of individual specialisation 
was found between females instrumented within the same 
year (2011, n = 7, IS = 0.60) as within the whole sample. 
Specifically, these females differed greatly in their propor-
tion of Perciformes and Tetraodontiformes, which include 
schooling fish species that are known to vary in abundance 
and distribution between years (Harris et al. 1991; Young 
et al. 1993). Therefore, temporal variation in prey abun-
dance seems unlikely to be the main factor explaining the 
observed inter-individual differences in diet of the females 
instrumented with video data loggers.

The degree of individual specialisation found in the 
Australian fur seal was relatively high when compared to 

the level of specialisation reported in other otariid species. 
Published indices were all calculated over long time peri-
ods using whisker isotopic data. In the Australian fur seal, 
the specialisation indices equal 0.28 and 0.39 when using 
this methodology, compared to 0.59 in the South Ameri-
can sea lion (Otaria flavescens) (Franco-Trecu et al. 2013), 
0.81 to 0.96 in the South American fur seal (Arctocephalus 
australis) (Franco-Trecu et al. 2013), 0.49–0.93 in the Ant-
arctic fur seals (Kernaléguen et al. 2015), and 0.37–0.85 in 
the subantarctic fur seal (Kernaléguen et al. 2015). Dietary 
specialisation is more likely to occur when the population 
feed upon a large diversity of prey as it provides the eco-
logical opportunity for different strategies to occur (Rough-
garden 1974; Araújo et al. 2011). Accordingly, dietary 
individual specialisation has been reported to be stronger 
in individuals that are not spatially constrained by the need 
to come back to the colony to feed their offspring and, thus, 
have potentially access to a greater range of resources, e.g. 
non breeding females (Kernaléguen et al. 2015), males 
(Cherel et al. 2009; Kernaléguen et al. 2012) or phocids 
which are capital breeders (Tollit et al. 1998; Bradshaw 
et al. 2004). Furthermore, diet variation between individu-
als can be attributed to variation in foraging location (Tollit 
et al. 1998; Meynier et al. 2014). When feeding in different 
areas, individuals have access to different prey and vary in 
their diet. In this study, we report dietary individual spe-
cialisation in breeding females feeding in a spatially lim-
ited and similar habitat.

Individuals varied in their diet and also in their degree 
of specialisation. Network analysis confirmed the co-
existence of specialist and generalist individuals within the 
small sampled group. Furthermore, the results indicate that 
the short-term diet of the more selective seals were ordered, 
predictable subsets of the diet of the generalist females. 
Such nested networks have been recently described in vari-
ous taxa, suggesting nestedness is the prevalent pattern in 
individual–resource networks (Araújo et al. 2010; Pires 
et al. 2011; Tinker et al. 2012; Cantor et al. 2013). A pos-
sible mechanistic explanation of nestedness is proposed 
by optimum diet theory models where individuals share 
the same preferred prey and ranking order but vary in their 
willingness to include the less-preferred prey (shared pref-
erence model; Svanbäck and Bolnick 2005). Such variation 
in dietary selectivity leads to individuals with broad and 
narrow trophic niche, the diet of the most selective individ-
uals being composed only by the preferred prey, which rep-
resents a subset of the diet of more opportunist individuals.

However, the data from the animal-borne video cameras 
reflects the diet of individuals over a limited time period. 
Even if a high number of prey captures were recorded 
per seal, the video data might not be representative of the 
entire trophic niche of individuals, which could lead to an 
over-estimation of the degree of individual specialisation 
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(Bearhop et al. 2004; Araújo et al. 2007). No relationship 
was found between the short-term video data and the long-
term whisker δ15N values of the same females. Individuals 
that exhibited similar diet in the videos did not have simi-
lar whisker nitrogen values. The lack of correlation could 
potentially highlight a mismatch between the short- and 
long-term diets. However, it is also possible that prey of 
distinct prey categories have similar isotopic values and/or 
different prey of the same category have distinct δ15N val-
ues, making the comparison of the two methods difficult. 
Previous studies in the far eastern Bass Strait found the 
δ15N signatures of fur seal prey were spread over a small 
range of values (between 11.5 and 13.9 ‰, with the main 
prey ranging between 11.5 and 12.8 ‰; Davenport and Bax 
2002). Assuming similar variation between the isotopic sig-
nature of prey in the adjacent Bass Strait Basin, the range 
of isotopic values found in the Australian fur seal is con-
sistent with what would be expected if the inter-individual 
variation observed in the video cameras were consistent in 
time.

Comparing the isotopic values of tissues that integrate 
contrasting time periods is an alternative to investigate 
which timescale is representative of an individual’s niche 
width (Bearhop et al. 2004; Del Rio et al. 2009). Plasma, 
red blood cells and whiskers of fur seals integrate diet over 
the last few days, weeks and years, respectively (Hilder-
brand et al. 1996). Isotopic values of the three tissues were 
correlated indicating a consistency in individual foraging 
niche over time. However, the correlation was stronger 
between whisker and red blood cells data than between red 
blood cells and plasma data (R2 = 0.93 and 0.73 vs. 0.55 
and 0.41, respectively). These results suggest that plasma 
values, and by extension video data which represents a 
shorter temporal window than plasma, might not be repre-
sentative of the entire trophic niche of individuals. It, thus, 
appears crucial to test whether the individual specialisa-
tions depicted by the video data were consistent over time. 
In that context, whiskers of the same individuals recorded 
at a fine scale their isotopic niche (a proxy of their trophic 
niche) over several years.

With the exception of a single seal (W1881), all indi-
viduals displayed close whisker average δ13C values. Inter-
estingly, female W1881 is the only individual that foraged 
away from the central Bass Strait Basin (towards the east 
boundary of the continental shelf). Furthermore, GPS and 
dive behaviour data revealed that this individual foraged in 
the same area during the subsequent foraging trip (Fig. 1b). 
It is likely, therefore, that the consistently higher δ13C val-
ues in the whisker of this individual reflects her repeatedly 
foraging in that general area over several years. Further-
more, even with the isotopic values of the nine remaining 
females being spread over a small range, they still showed 
long-term inter-individual variation in their δ13C isotopic 

niche (overall WIC/TNW = 0.28). Female Australian fur 
seals are known to forage in individually preferred “hot-
spots” during consecutive foraging trips (Kirkwood and 
Arnould 2011). Hence, whisker δ13C values may confirm 
the occurrence of foraging site fidelity, at least among some 
females (the more specialised individuals depicted in net-
work analysis), and extend it over longer timescales, spatial 
inter-individual variation being consistent across seasons 
and years.

Female Australian fur seals also exhibited a high 
degree of inter-individual variation in δ15N isotopic niche 
(WIC/TNW = 0.39), confirming the existence of long-
term individual foraging specialisation. A larger sample 
size would be required to run a comprehensive individ-
ual–resource network analysis over the long term. How-
ever, the few individuals analysed appeared to be also 
organised into a nested network (presence of both special-
ists and generalists in the sampled population, with the 
diet of specialists being ordered subsets of the diet of gen-
eralist individuals). Despite a large diversity of prey in the 
Australian fur seal diet (present study; Hume et al. 2004; 
Kirkwood et al. 2008), whisker δ15N data were spread 
over a small range of values, reflecting small isotopic 
variation between prey types (Davenport and Bax 2002). 
Such a narrow isotopic range in prey is a limitation of the 
stable isotope method in the Bass Strait region since even 
a small variation, which may be difficult to detect due to 
instrument precision, may have biological significance. 
Multiple isotopic measurements on the same individuals 
provided by whiskers used in this study have come some 
way in addressing this methodological limitation, allow-
ing to distinguish actual inter-individual variation from 
stochastic measurement errors.

The degree of individual specialisation was higher in 
the whisker δ15N data than in the video data. This is a sur-
prising result as short-term studies have been shown to be 
more likely to artificially increase the level of specialisa-
tion by not recording the entire trophic niche of individu-
als (Bearhop et al. 2004). Non-exclusive biological and 
methodological reasons might explain this pattern. Firstly, 
females might be more specialised in summer due to spe-
cific energy requirements associated with reproduction or 
seasonal variation in prey assemblage in Bass Strait (Hume 
et al. 2004). Secondly, females might specialise upon spe-
cific prey that were pooled into the same category (prey 
of same order) in the video data analysis but have dis-
tinct δ15N values. Finally, it is important to note that the 
stable isotope method can potentially increase the appar-
ent degree of specialisation compared to other methods. 
Indeed, individuals that feed on the same prey items but in 
different proportions may exhibit different δ15N values. If 
they consistently eat the same proportion of these prey over 
time, their isotopic niche will show no overlap, while their 
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actual diet is overlapping to a certain degree (Matthews and 
Mazumder 2004).

An underlying question in individual specialisation is 
why individuals vary in their foraging strategy. According 
to the optimal foraging theory, they should all feed on the 
most valuable resources that maximise the energy intake 
per unit handling time (MacArthur and Pianka 1966). How-
ever, intrinsic phenotypic variability between individu-
als may lead to variation in the ability to detect, capture, 
handle and/or digest different prey (Svanbäck and Bol-
nick 2005). For example, in diving mammals, body size 
is directly related to an individual’s oxygen stores which 
determine its aerobic dive limit (Kleiber 1961). The shape 
of the body also influences the manoeuvrability of seals 
and their swimming abilities (Fish et al. 2003). In the 
present study, larger, heavier females had lower whisker 
δ15N values, indicating that they foraged on prey of lower 
trophic levels (e.g. redbaits, leatherjackets), as previously 
reported in this species (Arnould et al. 2011). Larger indi-
viduals might have better abilities to hunt cryptic prey on 
the sea-floor or chase high energetic prey of lower trophic 
level that require a longer chasing time. Alternatively, other 
prey might be less accessible to them due to their lower 
manoeuvrability compared to smaller conspecifics.

While it is crucial to monitor individuals over a suf-
ficient period of time to account for the intra-individual 
variability of diet, time averaging over long periods of time 
might raise other issues (Novak and Tinker 2015). Indeed, 
current indices of individual specialisation do not integrate 
the temporal component in their calculation. Time averag-
ing or aggregating consists of pooling all data for repeated 
measurements on the same individuals, or in considering 
the isotopic signature of a tissue of long temporal integra-
tion for stable isotopes analyses. This step might under-
estimate the degree of specialisation if the diet of individu-
als and/or the isotopic values of the food source vary over 
time (e.g. diel change in foraging behaviour, seasonal vari-
ation in prey availability). For example, the two individuals 
represented in Fig. 4d differ in their isotopic signature at 
each time, while their overall isotopic niche (on which the 
index of individual specialisation is calculated) exhibit a 
great overlap. Accordingly, if the indices of individual spe-
cialisation were calculated over the whole period of time 
depicted by whiskers (between 2.9 and 8.0 years, depend-
ing on individuals), they would under-estimate the degree 
of inter-individual variation in δ13C and δ15N isotopic niche 
(WIC/TNW = 0.45 and 0.54 when calculated on the whole 
whiskers as opposed to 0.28 and 0.39 when calculated over 
1.4 years). This result illustrates the importance of choos-
ing an appropriate timescale to study individual specialisa-
tion within a population. A sufficient period of time is nec-
essary to avoid stochastic sampling effects and account for 
the intra-individual variability. However, the longest period 

available might not be the most appropriate due to time-
averaging issues (Novak and Tinker 2015). As no single 
timescale may provide a complete and accurate picture, the 
use of complementary methods remain the most powerful 
way to investigate individual specialisation.

In summary, the present study revealed long-term indi-
vidual foraging specialisation in breeding female Austral-
ian fur seals. The sampled seals were composed of both 
generalist and specialist individuals, with specialists con-
suming diets that were a subset of the diet of generalists 
(nested network). Such diet variation between individuals 
may have important implications in individual life-history 
traits and population demography as individuals are not 
uniformly affected by environmental variability and expe-
rience different species interactions. The results of the 
present study also emphasise the importance of studying 
individuals over an appropriate timescale. While snap-
shot methods such as animal-borne video cameras and gut 
contents provide essential diet information, allowing the 
identification of prey, they might not be representative of 
an individual’s long-term diet and, thus, lead to incorrect 
measures of individual specialisation. At the opposite end, 
studies over longer timescales may face time-averaging 
issues resulting in under-estimating the level of inter-indi-
vidual variation in trophic niche. Combining GPS/TDR 
and video camera loggers with the isotopic signature of 
tissues of contrasting turnover rates provided complemen-
tary information, allowing us to document fine-scale inter-
individual variation in foraging location and prey items 
but also to infer the temporal consistency of individual 
specialisation.
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