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Diving data

In total, 29 401 dives >10 m and >30 s were re -
corded from 8 adult female SAFS (3 VR SAFS and 5
NF SAFS). The total number of dives varied between
individuals (range: 1889−4390) (Table 1). Diving oc -
cur red both day and night, and the mean diving
depth was similar between breeding colonies (NF
SAFS: 53 ± 18 m; VR SAFS: 69 ± 19 m; LMEmean depth

F1,6 = 1.3, p = 0.29; Table 1). However, diving dura-
tion was  significantly longer for VR SAFS when com-
pared with NF SAFS (136 ± 6 s versus 111 ± 17 s,
respectively; LMEduration F1,6 = 7.8, p = 0.031) and
maximum dive depth was significantly deeper (278 ±
77 m  versus 173 ± 39 m, respectively; LMEmax depth

F1,6 = 13.4, p = 0.010) (Table 1). NF SAFS had a
greater proportion of dives closer to the sea floor
when compared with VR SAFS (ratio of dive depth to
the sea floor was 0.73 ± 0.09 versus 0.41 ± 0.12,
respectively; Table 1).

Stable isotope analysis

In total, 172 vibrissae segments were analysed
from 9 adult female SAFS (Fig. S3). Stable isotope
values were not significantly different between
colonies (LME δ13C: F1,7 = −2.1, p = 0.074; LME δ15N:
F1,7 = 4.7, p = 0.067), and 1 VR SAFS (ID 148749) had
δ13C and δ15N values that closely resembled NF SAFS
(Table 1). However, the isotopic niche area differed
between breeding colonies. Specifically, there was
limited overlap between colo ny SEA, calculated from
the mean isotope value of each individual (<1% over-
lap based on maximum likelihood estimates of stan-
dard ellipses corrected for small sample size, or an
84% chance of overlap being less than 5% based on
1000 posterior estimates of ellipse overlap). This
measure is of course sensitive to ellipse size. When
ellipse size was increased from 40 to 95% of the data,
the proportion of overlap in creased to 38% based on
maximum likelihood fitted ellipses, or 50% chance of
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Fig. 4. Left: summary of environmental variables extracted for each hourly location (expressed as proportion of time). Right:
for comparison, we also present environmental variables extracted for each dive location (expressed as proportion of dives). 

A loess smoother was added to aid visualization
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overlap being less than 10% based on 1000 posterior
estimates of ellipse overlap (Fig. 5). The isotopic
niche area of VR SAFS was almost twice as large as
NF SAFS (0.19‰ versus 0.10‰, respectively; 95%
credible interval = 0.04−0.44‰ and 0.02−0.19‰,
respectively). While these results must be interpreted
with caution due to our small sample size, colony
 differences in isotopic niche area suggests that VR
SAFS fed at a lower trophic level and in more pelagic
habitat, when compared with NF SAFS.

DISCUSSION

SAFS at-sea behaviour is largely un known. We
combined SAFS movement ecology with trophic
ecology and revealed strikingly different behaviour
and to a lesser degree resource use, between breed-
ing colonies separated in distance by only 200 km.
Most obvious, VR SAFS typically undertook ex -
tended foraging trips to the Patagonian Shelf slope in
the north of the Falkland Islands (mean bathymetric
depth 263 ± 28 m). In contrast, NF SAFS typically for-
aged near the Falkland Islands’ coastline, and forag-
ing trips were constrained to the Patagonian Shelf
(mean bathymetric depth 85 ± 24 m). Colony differ-
ences persisted throughout our 7 mo study and are
therefore described with a high degree of confi-
dence. Although 90% UDs may have underestimated

area used, this is unlikely to influence the interpreta-
tion of overall trends be cause we expect distance-
dependent travel costs to be minimised in obligate
central place foragers, and spatial usage to eventu-
ally decline with distance from the colony (Orians &
Pearson 1979). A fundamental aim in ecology is to
understand the processes that shape animal behav-
iour and resource use, given that these attributes
influence a host of eco-evolutionary factors such as
community structure, meta population dy nam ics and
disease ecology, and en able coherent conservation-
oriented management policies to be developed (Mo -
rales & Ellner 2002). Accordingly, our study is impor-
tant because it is the first to provide insights into the
processes that shape spatial and temporal variation
in SAFS behaviour.

Habitat selection is an important component of ani-
mal behaviour and a key determinant of individual
survival, reproductive success and ultimately popu-
lation dynamics. The maximum foraging trip dis-
tance in our study was 940 km, far greater than the
200 km separating the 2 colonies. Hence, the forag-
ing areas used by adult female SAFS were accessible
from either colony, despite the distance between
breeding colonies and the central place foraging con-
straint placed upon females by the need to provision
nutritionally dependent offspring. Yet, the foraging
areas of VR SAFS and NF SAFS were mutually exclu-
sive. Al though some degree of overlap is likely to
have oc cur red between breeding colonies that were
not tracked (Fig. 1), our findings contribute to the
growing body of literature that describes  colony-
specific foraging areas in colonial-breeding, central
place foraging marine predators, and the profound
influence colony location has on habitat selection and
habitat preference (Robson et al. 2004, Baylis et al.
2008, Wakefield et al. 2013, 2017).

Ashmole’s halo and the hinterland model are 2 mod-
els that are often used to provide a conceptual frame-
work to understand the mechanisms that drive colony
foraging (Ashmole 1963, Cairns 1989, Gaston et al.
2008, Masello et al. 2010, Wakefield et al. 2013). These
models were developed for seabirds but are readily
transferable to other colonial-breeding marine taxa,
including pinnipeds in temperate eco sys tems. Ash-
mole’s halo predicts that density- dependent competi-
tion results in local prey depletion, re quiring individ-
uals to travel further to provision their young
(Ash mole 1963). However, density-dependent com-
petition and localised prey depletion are unlikely to
explain patterns in SAFS habitat use at the Falkland
Islands. Volunteer Rocks is smaller than North Fur
Island, both in terms of annual pup production (fewer
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Fig. 5. Mean isotope values from 9 adult female South Amer-
ican fur seals (n = 4 at Volunteer Rocks and n = 5 at North Fur
Island). Symbols are the mean values for Volunteer Rocks
(red triangle) and North Fur Island (blue dot), while bidirec-
tional error bars represent SD. Inner and outer dashed lines 

represent 40 and 95 % ellipse areas, respectively
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than 500 pups versus approximately 1500 pups) and
available breeding space (0.01 versus 0.04 km2).
Hence, according to Ashmole’s halo model, we
would expect the foraging trips of VR SAFS to be
shorter in distance and duration, when compared
with NF SAFS. Al though many studies on central
place foraging marine predators report a positive cor-
relation be tween foraging trip distance, duration and
colony size (e.g. Lewis et al. 2001, Ainley et al. 2004),
we found no such a relationship. Indeed, foraging
trip distance was over 3 times longer, and duration
almost twice as long, for VR SAFS when compared
with the larger North Fur Island breeding colony.
The hinterland model predicts that individuals from
different colonies segregate because travel costs dif-
fer between colonies and individuals should forage in
areas closer to their own colony (Cairns 1989). How-
ever, the core foraging area of VR SAFS was often
closer to North Fur Island than Volunteer Rocks.
Hence, our results are inconsistent with popular mo -
dels, and the segregation of SAFS foraging areas at
the Falkland Islands is more complicated than a trade-
off between density depen dence and colony location.

For example, colony differences in habitat use
were coupled with profound and consistent differ-
ences in behaviour, the most obvious being foraging
trip distance and duration. Considering the distance
between colonies, VR SAFS and NF SAFS are likely
subjected to different selective pressures related to
different local environmental demands. Hence, dif-
ferent behaviours be tween SAFS breeding colonies
represent phenotypic plasticity, and phenotypes could
differ between populations without underlying genetic
differences  (Foster 2013). In this context, we reason
that SAFS be haviour and resource use may more
immediately be influenced by phenotype, philopatry
(common among otariids; Hoffman &  Forcada 2012)
and the local environment, rather than intraspecific
competition and colony segregation per se.

Size differences further support the notion that
phenotype differs between breeding colonies. Spe -
cifically, VR SAFS were longer when compared with
NF SAFS. This crude proxy of size could be an arte-
fact of our small sample size. However, geographic
variation in body size among populations is common-
place (Mayr 1956). For instance, colony variation in
body size is often reported for seals and seabirds
(Golds worthy et al. 2009, Staniland et al. 2010,
2011, Cook et al. 2013, Jeglinski et al. 2015, Orben
et al. 2015). One hypothesis for colony differences
in body size is colony demographics. For example,
the available breeding area at Volunteer Rocks is
smaller than North Fur Island. If we assume length

correlates with age, then larger, older adult fe -
males at Volunteer Rocks may outcompete younger,
smaller adult females for limited breeding space,
as proposed for Antarctic fur seals Arctocephalus
gazella (Staniland et al. 2010). In addition, geo-
graphic variation in body size could reflect an adap-
tation to local environmental conditions, given that
size differences between colonies are often corre-
lated with contrasting foraging behaviours (Stani-
land et al. 2011, Cook et al. 2013, Orben et al. 2015).
For example, diving depth and duration are posi-
tively correlated with body size in diving animals,
because larger animals have lower mass-specific
metabolic rates and greater oxygen stores (Costa et
al. 2004). Hence, a larger size may confer a compet-
itive advantage to VR SAFS, because in creased div-
ing capacity would enable more efficient longer and
deeper dives (VR SAFS had longer diving durations
and deeper maximum diving depths). Alternatively,
higher ab solute energy re serves and lower absolute
metabolic rates may enable larger females to be
more efficient at converting food into fat reserves,
which is likely advantageous in the context of
extended foraging trips (Festa-Bianchet et al. 1998,
Beauplet & Guinet 2007).

Foraging theory predicts that animals adopt opti-
mal strategies that maximise fitness by maximising
foraging efficiency and offspring provisioning, and
minimising the risk of starvation (Ydenberg et al.
1994). Long foraging trips may reduce provisioning
opportunities, be energetically costly and increase
predation risk (although adult female SAFS likely
have few predators), when compared with short for-
aging trips. Hence, the extended distances travelled
by VR SAFS must be offset by the quality or accessi-
bility of prey. For example, adult female Antarctic fur
seals that undertake long foraging trips have a
higher-energy content diet relative to conspecifics
that undertake short foraging trips, which is pro-
posed to facilitate a relatively constant rate of energy
delivery to offspring irrespective of foraging trip
length (Staniland et al. 2007). Our stable isotope
analysis indicated that despite considerable overlap
and a small sample size, trophic ecology also varied
between VR SAFS and NF SAFS. Benthic prey on the
Patagonian Shelf have higher δ13C and δ15N values
relative to pelagic prey (Vales et al. 2015). Hence,
isotopic differences in niche areas between colonies
presumably signify different trophic levels at which
SAFS fed and different diets. SAFS diet includes
crustaceans (lobster krill Munida gregaria), cephalo -
pods (Illex argentinus and Doryteuthis gahi) and fish
(predominantly notothenid species and Sprattus fu -
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gensis) (Baylis et al. 2014). Different isotope values
likely represent different combinations of these prey
groups. This is supported by a preliminary analysis of
a small number of scats collected from Volunteer
Rocks and North Fur Island at the time of tag deploy-
ment (n = 21 and n = 60 scats, respectively). Volun-
teer Rocks scats contained a greater frequency of
occurrence of fish when compared with North Fur
Island (78 versus 30%, respectively), whereas North
Fur Island scats contained more crustaceans (54 ver-
sus 21%, respectively; A. M. M. Baylis unpubl. data).
Although we do not have sufficient data to resolve
whether the energetic values of SAFS prey vary
between breeding colonies, presumably both forag-
ing strategies could be optimal if foraging areas were
associated with predictable oceanographic features.

Volunteer Rocks and North Fur Island are located
near the Falkland Current. The Falkland Current ori -
ginates from the Antarctic Circumpolar Current, and
when it reaches the continental shelf to the south of
the Falkland Islands, it branches into 2 main north-
ward flowing currents (Arkhipkin et al. 2012, 2013).
Oceanography around the Falkland Islands is com-
plex. Primary productivity is influenced by tidal move -
ments, meso-scale fronts, quasi-stationary eddies and
regions of upwelling in both summer and winter, with
incursions of the Falkland Current slope waters
reaching up to 150 km from the shelf-break, onto the
Patagonian Shelf (Arkhipkin et al. 2012, 2013). The
complexity of local oceanography not with standing,
the foraging areas of adult female SAFS in winter
were in the vicinity of quasi-stationary frontal zones
that are located in the east (north eastern front) and
west (west offshore front) of the Falkland Islands,
which are most readily identified on the basis of
strong salinity gradients (Fig. 1) (Arkhipkin et al.
2012, 2013). Although overly simplified, this implies
that SAFS habitat use is explained by predictable
ocean features, rather than differences in bathymetry
and slope per se. The use of predictable oceano-
graphic features is consistent with other temperate
and polar fur seal species, which typically forage in
association with seasonally predictable large-scale
oceanographic features (fron tal zones, coastal up -
wellings, shelf-break regions) (Beauplet et al. 2004,
Page et al. 2006, Staniland et al. 2007, Baylis et al.
2012, Nordstrom et al. 2013, Wege et al. 2016).

During spring, SAFS foraging trip distance and
duration increased. Seasonal changes in foraging trip
distance and duration are broadly consistent with an
earlier study that tracked SAFS from Bird Island
(Fig. 1) (Thompson et al. 2003). Although we did not
follow the fate of pups, foraging trip duration could

have been related to offspring age (as pups age they
can withstand longer periods of fasting) or changes in
the metabolic requirements of adult female SAFS or
their offspring (Beauplet et al. 2004). Interpreting
seasonal shifts is complicated during the latter part of
spring because some foraging trips were likely asso-
ciated with the post-weaning period, when adult
 female SAFS are free from central place foraging
constraints. Nevertheless, in December, when pups
should have already weaned, but prior to the 2016
breeding season, VR SAFS abruptly shifted their for-
aging behaviour and undertook short foraging trips
beyond the Patagonian Shelf slope to the east of Vol-
unteer Rocks. Although this could be related to the
 developing foetus and changes in female metabolic
requirements just prior to parturition, intuitively, the
seasonal changes in foraging areas that we report are
ultimately linked to changes in the availability of pre-
ferred prey. For example, the abundance and distri-
bution of finfish and squid around the Falkland
Islands vary seasonally because of migrations associ-
ated with spawning and feeding (e.g. D. gahi has a
summer and winter peak in biomass related to spring
and autumn spawning cohorts) (Arkhipkin et al. 2012,
2013).

Finally, the geographic differences in behaviour
and resource use that we describe raise intriguing
questions regarding population connectivity and
how maternal foraging strategies influence offspring
survival. For example, movement ecology implies
that female-mediated genetic exchange is more
likely to occur between North Fur Island and breed-
ing colonies in Argentina (e.g. Staten Island), when
compared with Volunteer Rocks. Our results also
highlight that SAFS will be differentially affected by
anthropogenic hazards, such as hydrocarbon activi-
ties and fisheries, depending on colony location.
Geographic variation in behaviour is likely to occur
throughout the extended breeding range of SAFS.
However, plasticity itself is also likely to be geo-
graphically variable and dependent on colony loca-
tion and local environment factors, such as the distri-
bution of preferred prey.
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