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INTRODUCTION

Animals foraging within the marine environment
encounter a highly dynamic system that is hetero -
geneous in both space and time. Within this system,
the distribution of productivity is driven by numerous
climatic events that operate at multiple time scales,
from short-term effects (e.g. river discharge after rain
over land; Smith & Demaster 1996) to decadal cycles
(Chavez et al. 2003). These events can have wide-
spread impacts across multiple ecosystems (Alexan-
der et al. 2002) or be geographically isolated, affect-
ing a relatively small area (e.g. coastal upwelling;
Nieblas et al. 2009). The ability of populations to
respond to such environmental variation will deter-
mine their reproductive success and, ultimately, pop-

ulation demography (Forcada et al. 2012). Under-
standing how populations respond to such fluctua-
tions is essential if we aim to predict a species’ res -
ponse to current and future environmental change
(Costa et al. 2010); however, for many species their
behavioural response to environmental fluctuations
is currently unknown.

A species’ ability to respond to an environmental
event will depend on the event’s spatial and temporal
scale and on the species’ physiological, behavioural
and life history limitations (Somero 2010). Species
that adopt a central-place foraging strategy for all or
part of their life cycle may be particularly susceptible
to the negative effects brought on by shifting envi-
ronmental conditions, because they are constrained
to forage within a discrete area surrounding their
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colo ny or home site (Costa 1993). If environmental
conditions cause a shift in food availability to areas
outside their foraging range, then animals may be
limited in their capacity to respond. Individuals will
be forced to increase foraging effort to maximise
prey en coun ter rates within the depleted environ-
ment, potentially at the loss of personal condition, or
abandon the reproductive event to migrate to more
productive regions (Costa 2007). For example, at the
meso-scale, the westerly trade winds of the Pacific
Ocean decrease during El Niño years, leading to a
norther ly intrusion of warm water up the California
coast (Chavez et al. 2002). This leads to a reduction in
up welling intensity and, thus, prey densities within
the California Current system (Chavez et al. 2002).
During this time, female California sea lions, unable
to migrate to more productive regions by their need
to provision their young, respond by increasing their
foraging effort (measured as the proportion of time
spent diving while at sea) within the depleted
regions around their colony (Feldkamp et al. 1989).

Juvenile survivorship in fish can be greatly influ-
enced by local environmental conditions, leading to
variation in adult recruitment in subsequent years
(Hewitt et al. 1985). For example, in red cod Pseudo-
phycis bachus, sea-surface temperature (SST) during
the early phases of life have been shown to have a
significant effect on the recruitment of adult individ-
uals in subsequent years (Beentjes & Renwick 2001).
Concurrently in south-eastern Australia, variation
in zonal westerly winds have been
implicated in the  larval survival and
subsequent recruitment of King
George whiting Sillaginodes puncta-
tus and southern rock lobster Jasus
edwardsii (McGarvey & Matthews
2001, Jenkins 2005). Thus for preda-
tors foraging on longer lived prey,
environmental conditions during pre-
vious seasons may have an effect on
prey densities encountered during
the current foraging season. Indeed,
in Atlantic puffin Fratercula arctica,
local SST conditions at a 2 yr lag have
a strong influence on adult survival
during their  breeding season, when
they are re stricted to for aging directly
around the nesting colony (Harris et
al. 2005).

The Australian fur seal (AUFS) Arc-
tocephalus pusillus doriferus is a ben-
thic foraging species that is endemic
to the shallow continental shelf re -

gion of Bass Strait in south-eastern Australia (Ar -
nould & Kirkwood 2007, Kirkwood & Arnould 2011).
Current estimates give a population size of approx.
120 000, with individuals having an average body
mass of 76 and 229 kg for females and males, respec-
tively, making it the largest predator biomass within
the Bass Strait region (Arnould & Warneke 2002,
Goldsworthy et al. 2003, Kirkwood et al. 2010). For-
aging is re stricted to on-shelf regions of Bass Strait, a
region characterised by a very uniform bathymetry
(Fig. 1) (Arnould & Kirkwood 2007, Kirkwood &
Arnould 2011). Within this region individuals forage
on or near the seafloor at depths ranging between 60
and 80 m, feeding on a large variety of prey types in -
cluding bony fish, cephalopods and elasmobranchs
(Arnould & Hindell 2001, Arnould & Kirkwood 2007,
Kirkwood et al. 2008, Deagle et al. 2009). Although
benthic foraging species are thought to forage in
more stable environments (Costa & Gales 2003), sev-
eral of the prey species targeted by them commonly
exhibit pelagic life histories (Kirkwood et al. 2008).
Thus, these prey may be more susceptible to envi-
ronmental fluctuations when compared with truly
benthic species. It has been suggested that within
Bass Strait these species are limited in their ability to
travel vertically by the region’s shallow bathymetry
and that AUFS target these species at the benthos
(Arnould & Hindell 2001).

The Bass Strait region is influenced primarily by
3 separate water bodies (Fig. 1) (Sandery & Kämpf
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Fig. 1. South-eastern Australian region showing the direction of input from the
3 major water bodies that influence Bass Strait, the location of the Bonney up-
welling region, the location of the Kanowna Island study site (R) and the 95%
kernel home range of female Australian fur seals foraging from Kanowna Island
(dashed line). Inset map shows the position of the region relative to Australia.
SAC: South Australian Current. SASW: Sub-Antarctic Surface Water. EAC:
East Australian Current. Foraging home rage data taken from Hoskins (2013)
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2007). The South Australian Current (SAC) is a
warmer water current that is driven along the
southern coast of Australia by the region’s predomi-
nantly westerly winds (Sandery & Kämpf 2007). In
winter, the subtropical convergence moves north
bringing cool nutrient rich Subantarctic Surface
Waters (SASW) into Bass Strait, where they mix
with the SAC waters entering from the west
(Sandery & Kämpf 2007). During the austral
 summer, the sub-tropical ridge (a zone of high pres-
sure that is usually located over central Australia)
shifts southwards, driving south-easterly winds into
Bass Strait (San dery & Kämpf 2007). This shift
allows the nutrient poor East Australian Current
(EAC) to extend further south and enter Bass Strait
from the east. However, these south-easterly winds
also drive greater up welling of cooler, nutrient rich
SASW along the western edge of Bass Strait, includ-
ing the largest and most predictable upwelling
region in Australia (Bonney Upwelling), resulting in
an in crease in productivity within this region
(Nieblas et al. 2009).

Previous studies have suggested that benthic for-
aging otariids tend to forage nearer to their limits
and are, thus, less capable of behaviourally res -
ponding to environmental fluctuations (Arnould &
Costa 2006). However, recent work on AUFS have
revealed that this species is capable of adjusting
foraging behaviour/effort at a variety of temporal
scales (Hoskins & Arnould 2013), suggesting that
they may be capable of responding to environmen-
tal fluctuations. Concurrently, studies have already
identified relationships with interannual oceano-
graphic variability (in part due to varying influences
of these 3 current systems) and changes in the diet,
growth and reproductive success of AUFS (Kirk-
wood et al. 2008, Gibbens & Arnould 2009, Knox et
al. 2014). However, it is not known whether or how
foraging effort is impacted by interannual environ-
mental fluctuations. The proportion of time spent
diving during a foraging trip, as well as foraging
trip duration, have been established as good indica-
tors of overall foraging effort in ota riids, including
this species (Arnould et al. 1996, Costa & Gales
2000, Arnould & Costa 2006, Hoskins & Arnould
2013) and, hence, these indices were used to inves-
tigate the relationship between environmental vari-
ability and foraging effort in the present study. The
aims of this study were to investigate the relation-
ship between interannual variations in environmen-
tal conditions and the foraging effort of AUFS by
using the proportion of time spent diving and for -
aging trip duration as proxies of foraging effort. 

MATERIALS AND METHODS

Animal handling, data collection and processing

Field work was conducted between April and
August of the years 2002 to 2009 at the Kanowna
Island (39° 09’ S, 146°18’ E) breeding colony in cen-
tral northern Bass Strait, south-eastern Australia
(Fig. 1). Capture and handling techniques varied
over the study period. During 2002, individual adult
females nursing young were selected at random and
captured using a modified hoop net (Fuhrman Diver-
sified) before being manually restrained. Animals
were then given an intramuscular injection of the
sedative Midazolam (approx. 0.15 mg kg−1, Hyp-
novel®, Roche Products Pty) and kept in the hoop net
for further processing. In subsequent years, indivi -
duals were captured in a modified hoop net and
given an intramuscular injection of Midazolam (ap -
prox. 0.1 mg kg−1); induction of isoflurane gas anaes-
thesia was then delivered via a portable vaporizer
(Gales & Mattlin 1998). Once anaesthetized, individ-
uals were removed from the hoop net and, from 2006
onwards, secured to a board before being weighed
on a suspension scale (±0.5 kg) and measured for
straight-line length (±0.5 cm). Devices were then
attached following the methods described above.

Individuals were equipped with a time-depth re -
corder (one of the following: Mk07, Mk08, Mk09,
Mk10; Wildlife Computers) and VHF transmitter (Sir-
track) that were glued in series to the pelage along
the dorsal mid-line, just posterior to the scapula,
using quick setting epoxy (Accumix 268, Huntsman
Advanced Materials Pty). The time-depth recorders
(TDRs) were program med to collect sensor data at
5 or 1 s intervals. Upon completion of at least one
 foraging trip, animals were captured as previously
described and sedated with an intramuscular injec-
tion of Midazolam (approx. 0.1 mg kg−1). Data log-
gers were then removed by cutting the animal’s fur
beneath them using a scalpel and following comple-
tion of the procedure the animals were subsequently
released back into the colony.

Downloaded data were corrected for drift in depth
readings and subsequently summarised for basic
per-dive metrics (dive and post-dive duration, maxi-
mum dive depth) using the diveMove package (ver-
sion 1.3.5; Luque & Fried 2011) within R (version
2.15.1; R Development Core Team 2012). The influ-
ence of surface behaviour and differing precisions in
depth sensors between models of TDRs was excluded
by setting the minimum dive threshold to 5 m. AUFS
have been observed to spend periods of several
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hours in the waters surrounding the breeding colony
for purposes other than foraging (e.g. thermo -
regulation; Arnould & Kirkwood 2007, A. J. Hoskins
pers. obs). To avoid misclassifying of these non-for-
aging periods, foraging trips were defined as contin-
uous periods of time spent in water ≥6 h. The propor-
tion of time spent diving (per foraging trip) and
foraging trip duration were then extracted from TDR
records and used as proxies of foraging effort in later
analyses.

Calculation of environmental variables

To investigate the influence of interannual envi-
ronmental variations on the foraging effort of fe -
male AUFS, relationships between diving behaviour
and several environmental variables were analysed
(Table 1). All selected variables were chosen for their
potential to affect local prey densities and/or de -
scribe fluctuations in productivity of the Bass Strait
region. Gibbens & Arnould (2009) previously repor -
ted mean winter (June−August) SST and westerly
zonal wind component within central Bass Strait (39°
−41° S, 144°−148° E) to affect female body condition
and pup production at the study colony, and thus,
these variables were in cluded in the present study
(Table 1). In addition, although Gibbens & Arnould
(2009) found winter surface chlorophyll a (chl a) con-
centrations did not have an effect on pup production
and female body condition, it was included in the
current study because chl a concentrations are a

strong indicator of the primary productivity within a
region (Table 1; Falkow ski & Kiefer 1985). The El
Niño Southern Oscillation (ENSO) cycle is a major
driver of productivity within the southern Australian
region; as such, the Southern Oscillation Index (SOI;
Troup 1967), an indicator of the state of the ENSO
cycle, was included in the current study.

The primary spawning time for many of the prey
species consumed by AUFS, including the main
AUFS fish prey (e.g. redbait Emmelichthys nitidus, a
species of jack mackerel [Trachurus declivis] and red
cod Pseudophycis bachus), occurs during the Austral
spring (September−November) (Hewitt et al. 1985,
Kirkwood et al. 2008, Neira et al. 2008, Kemp et al.
2012). In fish, juvenile survivorship can greatly influ-
ence the densities of adults within a population in
subsequent years (Beentjes & Renwick 2001). AUFS
feed on a variety of prey which mature between 0.5
and 4 yr; however, many of these prey are consumed
when immature (Kirkwood et al. 2008). Thus to
examine the relationship between AUFS foraging
effort and lagged environmental conditions, the
mean Bass Strait SST, chl a and zonal wind compo-
nent during the 2 previous springs was investigated
in the present study (Table 1).

The upwelling that occurs along the Bonney Coast
is a significant source of productivity for the region
and has been positively linked to pup production in
AUFS (Gibbens & Arnould 2009). Therefore, to in -
vestigate the influence of this oceanographic feature
on foraging effort, the upwelling index developed by
Nieblas et al. (2009) was calculated (Table 1). Con-
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Interannual environmental                             Unit               Abbre-          Predicted mechanism of effect
variables                                                                                   viation           

SST (winter)                                                        °C                 SSTwin                Indicative of influence of different water bodies
Surface chl a (winter)                                    mg m−3            Chl-awin              Source of primary productivity
West−east wind component (winter)              m s−1             windUwin         Primary driver of flow into Bass Strait
SST (summer)                                                     °C                 SSTsum           As for SSTwin but during peak upwelling period
Surface chl a (summer)                                  mg m−3            Chl-asum         As for Chl-awin but during peak upwelling period
West−east wind component (summer)           m s−1             windUsum        As for windUwin but during peak upwelling period
SST (previous spring, 1 year lag)                     °C                 SSTspr1                As for SSTwin but during prey spawning period
Surface chl a (previous spring, 1 yr lag)      mg m−3            Chl-aspr1         As for Chl-awin but during prey spawning period
West−east wind component                           m s−1             windUspr1        As for windUwin but during prey spawning period

(previous spring, 1 yr lag)
SST (spring, 2 yr lag)                                         °C                 SSTspr2           As for SSTwin but during prey spawning period
Surface chl a (spring, 2 yr lag)                      mg m−3            Chl-aspr2         As for Chl-awin but during prey spawning period
West−east wind component                           m s−1             windUspr2        As for windUwin but during prey spawning period

(spring, 2 yr lag)
Southern oscillation index                                                        SOI             Major driver of weather within the region
Bonney upwelling index                        mg m−3 km−2 d−1         Chl-ai           Major source of productivity for the region

Table 1. Environmental variables considered to have a potential influence on the foraging effort of female Australian fur seals 
at the interannual and intra-trip time scales. chl a: chlorophyll a; SST: sea-surface temperature
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currently, to give an indication of the oceanic condi-
tions within Bass Strait during these summer months,
the mean SST, chl a and zonal wind component were
also calculated and included in analysis (Table 1).

For all the above parameters, monthly means of
SST and chl a were derived from satellite based
ocean color imagery taken by the AVHRR pathfinder
and SeaWiFS satellites, respectively (resolution —
SST: 4 km; chl a: 9 km). Level-3 data products were
accessed via the NASA ocean color website (http://
oceancolor.gsfc.nasa.gov/) and processed using the
SeaWiFS Data Analysis System (SeaDAS 6.4,  SeaWiFS
− GSFC, NASA, Greenbelt, MD, USA). Month ly
means of SOI were downloaded from the Australian
Bureau of Meterology (www.bom.gov.au/ climate/
current/soihtm1.shtml) and converted to year ly
means. The Zonal U wind component was extracted
as 6 hourly readings from the NCEP-NCAR reanaly-
sis project database (Kanamitsu et al. 2002) using the
RNCEP package within R (version 1.0.5). The mean
seasonal (winter and spring) west−east zonal wind
component was then calculated from these 6 hourly
readings.

Statistical analysis

A regression modelling approach was used to as -
sess the effect of the environmental variables on the
proportion of time spent diving and foraging trip du-
ration of AUFS. Due to the nested nature of the data,
linear mixed effects models (LME) were used with
month of foraging trip and individual seal held as
nested random effects (individual seal nested within
month). Inspection of residuals revealed patterns
(heteroscedasticity), which were corrected for using
an exponential variance structure. LMEs were fit to
the data using the R package nlme (version 3.1-105)

Interannual variations in environmental conditions
were assessed using the previously discussed envi-
ronmental variables (Table 1) and the foraging effort
calculated at the level of individual foraging trips.
LMEs were fit to the data but, as no single model was
found to satisfactorily explain the variation within the
data, a multi-model inference framework with model
averaging (Grueber et al. 2011, Symonds & Moussalli
2011) was adopted to best describe the relationships
in the data. To avoid overfitting of models, a candi-
date set of models was constructed using combina-
tions of up to 10 environmental variables. Collinear-
ity between predictor variables was asses sed, and
where a pair of variables had a correlation ≥0.6, mod-
els containing these pairs were excluded from the

candidate set. Models were compared using
Akaike’s Information Criterion corrected for small
sample sizes (AICc) and the difference in AICc

(ΔAICc). A subset of the most likely models was then
taken (ΔAICc < 4; Burnham & Anderson 2002), and
model-averaged coefficient estimates were calcu-
lated from these using the AICcmodavg (version
1.33) package in R. Due to the high number of pre-
dictor variables and the need to not overfit models,
goodness of fit was not calculated on a full model
(Symonds & Moussalli 2011), rather a final model
containing all variables assessed as having a rela-
tionship with the response variables was constructed
and used. Goodness of fit was assessed using condi-
tional R2 as described in Nakagawa & Schielzeth
(2013).

RESULTS

A total of 58 individual female AUFS were cap-
tured and instrumented for the current study. Where
mass and length data were available (2006−2009),
ANOVAs were fitted to identify if interannual vari-
ance in these measures existed and no interannual
variation was found in the sample population (mass:
F3,38 = 0.86, p = 0.46; length: F3,38 = 1.63, p = 0.19).
Deployment durations ranged between 3.9 and
125.4 d (mean ± SD: 31.5 ± 35.0 d) with individuals
performing an average of 8.05 ± 9.10 foraging trips
(Table S1 in the Supplement at www.int-res.com/
articles/suppl/m511p285_supp.pdf). During deploy -
ments a total of 467 foraging trips were recorded with
trips ranging between 0.5 and 13.0 d, individuals per-
formed an average of 201.5 ± 62.5 dives per day and
spent an average of 40.1 ± 13.6% of their time spent
diving (Table S1). Individuals achieved an average
modal dive depth of 70.7 ± 21.1 m, with no variation
in dive depth found between years (mixed-effects
ANOVA; F7,50 = 0.52, p = 0.81. A LME on the pro -
portion of time spent diving per foraging trip by
 individuals found it to vary between years (F2,32 =
42.16, p < 0.0001) while also varying with the dura-
tion of a foraging trip (F62 = 5.52, p = 0.0001). This
suggests that, when variation caused by different for-
aging trip durations are held fixed, annual variations
in for aging conditions still have an effect on the pro-
portion of time spent diving per foraging trip. As
such, to account for the effect of trip duration on for-
aging effort, foraging trip duration was included as a
fixed effect in all models used to assess the effects of
interannual environmental variations on for aging
effort.

289

http://www.int-res.com/articles/suppl/m511p285_supp.pdf
http://www.int-res.com/articles/suppl/m511p285_supp.pdf


Mar Ecol Prog Ser 511: 285–295, 2014

Interannual variation was observed in all of the
environmental variables assessed (Table S1). When
investigating the relationship between the propor-
tion of time spent diving and interannual environ-
mental fluctuations, model averaging of parameter
estimates determined that the strongest relationships
(attributes with unconditional 95% confidence inter-
vals that exclude 0; Burnham & Anderson 2002) were
observed with 4 of the parameters investigated  (wind
Uwin,  wind    Uspr2, SSTspr2 and SOI; Table 2). All 4 of
these variables had a strong presence within the final
candidate model set (proportion of models containing
windUwin: 91%, SOI: 75%, windUspr2: 54% and SST-

spr2: 35%), providing further evidence of their rela-
tionship with the proportion of time spent diving
(Table 3A). The model containing all 4 influential
environmental predictor variables, as well as forag-
ing trip duration, had a conditional R2 of 0.44, sug-
gesting a moderate explanation of the variation
within the data.

There was a positive relationship with the mean
zonal wind component during winter and the propor-
tion of time spent diving recorded at the same time
(estimated increase of 8% of time spent diving dur-
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Candidate models K LogLik AICc ΔAICc AICc Wt ER

(A) Proportion of time spent diving
SOI + windUwin + windUspr2 + trip duration 8 362.86 –709.25 0.00 0.08 1.00
SOI + windUwin + Chl-ai + windUspr2 + trip duration 9 363.10 –707.61 1.64 0.03 2.26
SOI + windUwin + windUspr2 + windUsum + trip duration 9 363.02 –707.44 1.81 0.03 2.47
SOI + windUwin + SSTwin + windUspr2 + trip duration 9 362.97 –707.35 1.90 0.03 2.58
SOI + windUwin + windUspr1+ windUspr2 + trip duration 9 362.97 –707.35 1.90 0.03 2.59
SOI + windUwin + SSTspr1 + windUspr2 + trip duration 9 362.96 –707.33 1.92 0.03 2.61
SOI + windUwin + SSTspr2 + Chl-aspr2 + trip duration 9 362.95 –707.32 1.93 0.03 2.63
SOI + windUwin + SSTwin + SSTspr2 + trip duration 9 362.92 –707.24 2.01 0.03 2.73
SOI + windUwin + windUspr2 + SSTsum + trip duration 9 362.88 –707.17 2.08 0.03 2.83
SOI + windUwin + Chl-aspr1 + windUspr2 + trip duration 9 362.88 –707.16 2.09 0.03 2.84

(B) Foraging trip duration
SOI + Chl-aspr1 + windUspr1 7 –360.31 734.99 0.00 0.02 1.00
SOI + SSTspr1 + Chl-aspr1 7 –360.46 735.29 0.30 0.02 1.16
windUwin + SSTwin + Chl-ai 7 –360.50 735.36 0.37 0.02 1.20
SSTspr1 + Chl-aspr1 + Chl-asum 7 –360.56 735.49 0.50 0.02 1.28
Chl-awin + cclag1 + SSTsum 7 –360.63 735.62 0.63 0.02 1.37
Chl-aspr1 + windUsum 6 –361.90 736.07 1.08 0.01 1.72
SOI + Chl-aspr1 6 –361.98 736.24 1.25 0.01 1.87
Chl-aspr1 + windUspr1 + Chl-asum 7 –360.95 736.27 1.28 0.01 1.89
SSTspr1 + Chl-aspr1 + SSTsum 7 –360.97 736.31 1.32 0.01 1.93
Chl-aspr1 + Chl-asum 6 –362.04 736.35 1.36 0.01 1.97

Table 3. Most likely models, in descending order, to explain the relationship between variations in either (A) the proportion of
time spent diving during a foraging trip or (B) foraging trip duration of female Australian fur seals, and interannual fluctuations
in environmental conditions. In (B) only top 10 models are shown; model averaged parameter estimates have been derived
from a candidate set containing 177 models. K: number of parameter estimates per model; LogLik: log-likelihood of the
 models; AICc Wt = weight of Akaike’s information criterion corrected for small sample sizes for each model; ER: evidence ratio. 

Further abbreviations as in Table 1

Interannual Prop. of Foraging 
environmental time spent trip duration 
variables diving (h)

Trip duration –0.03 ± 0.01
SSTwin 0.04 ± 0.07 –0.83 ± 0.74
Chl-awin 1.06 ± 0.69 –4.37 ± 4.18
windUwin 0.02 ± 0.01 0.15 ± 0.14
SSTsum 0.00 ± 0.04 –0.44 ± 0.40
Chl-asum 0.19 ± 0.84 –4.97 ± 5.10
windUsum –0.02 ± 0.03 0.11± 0.23
SSTspr1 0.02 ± 0.04 0.53 ± 0.44
Chl-aspr1 –0.17 ± 0.33 10.56 ± 3.92
windUspr1 –0.01 ± 0.02 –0.14 ± 0.12
SSTspr2 0.10 ± 0.03 –0.12 ± 0.36
Chl-aspr2 –0.07 ± 0.95 –13.20 ± 6.74
windUspr2 –0.04 ± 0.01 0.15 ± 0.19
SOI 0.01 ± 0.001 –0.03 ± 0.02
Chl-ai –0.17 ± 3.09 25.35 ± 48.20

Table 2. Model averaged parameter estimates ( ) for
the effects of interannual environmental variation (see Table
1 for abbreviations) on the foraging effort of female
 Australian fur seals. Bold para meter estimates represent
those whose 95% unconditional confidence intervals did not 

cross zero

( )β ± βSE
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ing a foraging trip across the range of windUwin

encountered; Fig. 2a). Relationships between spring
conditions lagged by 2 yr and the proportion of time
spent diving during winter were also seen (Fig. 2b,c).
Proportion of time spent diving was reduced during
years where the 2 yr-lagged spring conditions in Bass
Strait were cooler (estimated increase of 3% of time
spent diving during a foraging trip across the range
of SSTspr2 recorded) and had overall increased west-
erly winds (estimated decrease of 7% of time spent
diving during a foraging trip across the range of
 windUspr2 recorded). In addition, mean annual SOI
was found to positively influence the proportion of
time spent diving in the current year (estimated
increase of 10% of time spent diving during a forag-
ing trip across the range of SOI recorded; Fig. 2d).

When assessing the relationship between forag-
ing trip duration and interannual environmental
variation, model averaging determined a strong
relationship between foraging trip duration and
Chl-aspr1 (Table 2). Further evidence was seen in
the strong presence of Chl-aspr1 within the final
candidate set with 79% of models containing this
variable (Table 3B). The model containing Chl-aspr1

as a  predictor had a conditional R2 of 0.51, suggest-
ing a moderate explanation of the variation within

the data. Across the recorded range of Chl-aspr1

(0.43 to 0.55 mg m−3), foraging trip duration was
estimated to increase by 57.2 h with increasing
Chl-aspr1 (Fig. 3).

DISCUSSION

Comparing foraging effort between years can give
an indication of the variation in the foraging condi-
tions that individuals experience (Costa et al. 1989,
Costa 2007, Boyd 1999, Petersen et al. 2006). interan-
nual fluctuations in environmental conditions have
been found to affect the foraging conditions, and thus
foraging effort, of many marine species (e.g. Costa
2007). In the present study, relationships were found
between the proportion of time spent diving and for-
aging trip duration (proxies of foraging effort) and
environmental fluctuations during the current year,
as well as in previous years.

Relationships were found with interannual varia-
tions in foraging effort and differences in environ-
mental conditions (SST and zonal wind strength)
present during the spring months at a lag of 2 yr.
Concurrently, a relationship between foraging trip
duration and spring chl a concentrations at a lag of
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one year was also found. In fish, sub-optimal envi-
ronmental conditions during the initial phase of life
(spawning until the conclusion of the larval phase)
can have a significant effect on the survival and
future mass of individuals within their cohort (Mc -
Cormick & Molony 1995, Houde 1997). Spring is
the primary spawning time for many of the prey
species consumed by Australian fur seals (AUFS)
(Hewitt et al. 1985, Neira et al. 2008, Kemp et al.
2012). The relationships be tween lagged spring
environmental conditions and the proportion of
time spent diving/ foraging trip duration, suggest
that  conditions influencing the larval and/or post-
larval phases of AUFS prey, may be impacting their
 availability or profitability to AUFS females in later
years.

Zonal westerly wind and SOI during the year of the
data logger deployments were also found to have an
effect on the foraging effort of AUFS. AUFS gener-
ally consume fish prey of age one year or greater
(Kirkwood et al. 2008), thus, environmental con di -
tions at the time of data collection are unlikely to
affect fish resource availability through mechanisms
affecting the survival and recruitment of larval and
post-larval fish. However, AUFS also consume sev-

eral species of cephalopods (Kirkwood et al. 2008),
many of which have very short (<12 mo) life cycles
(Jackson et al. 2003). The zonal westerly wind and
SOI during the current year may have an influence
on the growth and/or survival of these species, lead-
ing to greater prey resources being available for
AUFS.

The majority of prey species consumed by AUFS
live for multiple years (Kirkwood et al. 2008) and,
once mature, many would be adapted to surviving
through all but the most extreme of environmental
changes. Consequently, rather than affecting the sur-
vivability of prey species, the relationships between
unlagged environmental indices and the proportion
of time spent diving, may be the result of environ-
mental fluctuations causing prey species to migrate
into/out of the foraging range of AUFS. ENSO condi-
tions have been implicated in the changing migra-
tory patterns/spatial distribution of many species of
marine fish (e.g. Gutierrez et al. 2007), including a
species of jack mackerel (Trachurus murphyi) found
off the coast of Chile (Arcos et al. 2001). Furthermore,
it is possible that interannual differences in zonal
wind and ENSO conditions lead to prey species
 having varying body conditions, and thus varying
energy densities, in different years (Ballón et al.
2008). Consequentially, individual seals may have to
expend greater effort during years where prey condi-
tion is poor to acquire similar resources as in years
when prey are in a better condition. However, the
interannual differences in diet detected by Kirkwood
et al. (2008) suggest a mechanistic link be tween
availability of adult prey types and the current envi-
ronmental conditions, supporting the initial supposi-
tion of prey species migrating into/out of the foraging
range of AUFS.

The effects of interannual environmental fluctua-
tions on foraging effort identified in the present study
varied between 3 and 10% across the ranges of envi-
ronmental conditions recorded and may, in some
cases, not represent biologically significant effects
(e.g. 3% for 2 yr-lagged spring SST). However, the
presence of more than a single influential variable at
this time lag suggests that, although the predicted
response of time spent diving to SSTspr2 is quite small,
the significance of this small response may be com-
pounded when viewed in conjunction with the pre-
dicted response to zonal wind during the same 2 yr
lagged spring period. Furthermore, benthic foraging
Otariids are known to be foraging at close to their
physiological capacity such that their ability to in -
crease overall effort may be restricted (Costa & Gales
2000, 2003, Arnould & Costa 2006). Within the lacta-
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tion period, female AUFS have been found to alter
foraging effort at a variety of different temporal
scales (Hoskins & Arnould 2013). However, small
alterations in overall foraging effort beyond this (i.e.
in response to interannual environmental fluctua-
tions) may be all that these species are able to
achieve and, consequently, be biologically signifi-
cant.

This study did not assess foraging areas, and it is
possible that individuals were foraging in different
regions during different years of the study. How-
ever, prior tracking studies covering 6 years
(2002−2003 and 2006−2009) of the current study
have consistently shown the Bass Strait basin
(Fig. 1) to be the primary foraging area for AUFS
from Kanowna Island (Arnould & Kirkwood 2007,
Kirkwood & Ar nould 2011, Hoskins 2013). Addi-
tionally, individuals from the present study were
found to be foraging at similar depths between
years, suggesting similar foraging regions, though
without definitive tracking information for individu-
als from 2005−2006, the use of different foraging
zones cannot be completely  discounted. The inter-
annual variations in foraging effort seen in the
present study may also have resulted from sampling
of different age/size classed individuals in different
years. However, where these data were available
(2006−2009) no difference was found in body size
between individuals from different years, suggest-
ing that body size/age sampling between years was
consistent.

In summary, the present study identified relation-
ships between the foraging effort of female AUFS
and a number of different environmental factors
that likely affect both the survival of prey at their
larval and post-larval stages (at the interannual
scale) and the distribution of prey within AUFS’s
foraging. Climate change has already been shown
to have had a significant affect on the composition
and distribution of fish assemblages within the
southeastern Australian region, including Bass
Strait (Last et al. 2011) and the results of the
present study show the potential for AUFS to adapt
their behaviour to shifts in environmental condi-
tions. However, the degree to which they will be
able to compensate to continuing change is still
uncertain.
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