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ABSTRACT
Antarctic (Arctocephalus gazella) and Subantarctic (A. tropicalis) fur seals are important pre-
dators in the Southern Ocean. Marion Island (southern Indian Ocean) hosts the largest
sympatric breeding populations of these two species. Environmental and population changes
here over two decades may have influenced their diet and trophic interactions. To quantify
diet, we analysed prey remains in scat samples from Antarctic (661 scats) and Subantarctic
(750 scats) fur seals collected at Marion Island (2006–2010). We assessed diet composition
over time and calculated dietary overlap. The diet of both species was dominated by fish prey
(98.2% and 99.4% of prey items), mainly myctophids. Antarctic fur seals consumed small
numbers of penguins, cephalopods and crustaceans. In Subantarctic fur seal scats, crusta-
ceans and cephalopods were rare and penguin remains were absent. The diets of the two
species overlapped substantially (Pianka’s index = 0.98), however, small but significant
differences in the relative proportions of prey were evident. Seasonal and annual diet
changes suggest that their diet is similarly influenced by patterns of local prey availability
and abundance. Despite substantial changes in the population size and trajectory of Antarctic
and Subantarctic fur seals – which would be expected to influence trophic interactions
between them – comparing our data to those from earlier studies (1989–2000) did not reveal
significant long-term dietary changes in either species.
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Introduction

Fur seals of the genus Arctocephalus are major high
trophic-level consumers in SouthernHemisphere oceans,
with a diet consisting broadly of fishes, cephalopods and
crustaceans (Arnould 2009). Two of the most abundant
and widely distributed species – the Antarctic
(Arctocephalus gazella) and Subantarctic (A. tropicalis)
fur seal – number several million individuals (Arnould
2009; Forcada&Staniland 2009) and represent an impor-
tant component of these ocean ecosystems. Moreover,
because changes in lower trophic levels are often reflected
in the life histories and behaviour of such apex predators,
fur seals can serve as useful bioindicators (e.g., Boyd &
Murray 2001; Forcada et al. 2005).

Populations of both Antarctic and Subantarctic fur
seals have grown following historical near-extirpation
(Bonner & Laws 1964; Wickens & York 1997).
Further, contemporary environmental changes and
inter-annual environmental variability appear to
have influenced the diet and other population

characteristics of these species, through changes in
prey distribution and abundance (e.g., Guinet et al.
1994; Beauplet et al. 2005; Forcada et al. 2005; Lea
et al. 2006; Hanson et al. 2009; Schwarz et al. 2013;
Forcada & Hoffman 2014; Oosthuizen et al. 2016;
Wege, Etienne et al. 2016). It is therefore possible
that the ecological influence of the species, as well
as any putative competitive relationships between
them, may be changing. Vital to understanding this
is better knowledge of the diet of these two species.

Fur seals are central place foragers constrained to
breed on land. Terrestrial environs are sparsely dis-
tributed in the Southern Ocean and fur seals are
therefore concentrated at and around such (mostly
island) breeding sites. Subantarctic fur seals breed on
islands north of the Antarctic Polar Front, while
Antarctic fur seals generally breed on Antarctic and
sub-Antarctic islands south of the Antarctic Polar
Front (Arnould 2009; Forcada & Staniland 2009).
The species breed in sympatry at three archipelagos:
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the Crozet Islands, Macquarie Island and the Prince
Edward Islands (Forcada & Staniland 2009). Marion
Island (the larger of the two Prince Edward Islands),
in the Indian Ocean sector of the Southern Ocean,
hosts the largest sympatric breeding populations of
Antarctic and Subantarctic fur seals, with abundance
estimates (in 2004) of ca. 5800 Antarctic fur seals and
80 000 Subantarctic fur seals (Hofmeyr et al. 2006).
The Antarctic fur seal population has continued to
increase in the last two decades, with pup production
increasing by 13.8% per year from 1995 to 2004
(Hofmeyr et al. 2006), and by 4.0% per year from
2010 to 2013 (Wege, Etienne et al. 2016). The
Subantarctic fur seal pup population increased by
5.2% per year from 1995 to 2004 (Hofmeyr et al.
2006) but declined by 6.5% per year from 2004 to
2013 (Wege, Etienne et al. 2016). Reasons for the
different pup production trajectories observed in the
two species are speculative but may include density-
dependent drivers on- and offshore. Central to any
study assessing the potential for competition is iden-
tification of probable dietary overlap between puta-
tive competitors, and temporal flux thereof as the
ecosystem changes.

Numerous dietary studies throughout the range of
both these fur seal species have shown that there are
substantial dietary differences seasonally, among
populations and between species, and it appears that
the specific diet of Antarctic and Subantarctic fur
seals is largely determined by local conditions and
prey availability (e.g., Bester & Laycock 1985; Boyd
et al. 1994; Iverson et al. 1997; Lea et al. 2002; Casaux
et al. 2003; Reid et al. 2006; De Bruyn et al. 2009;
Kernaléguen et al. 2012). This is amplified by the fact
that the potential foraging range of individuals
changes throughout their annual breeding season
(De Bruyn et al. 2009; Wege, Tosh et al. 2016).
Generally, however, Subantarctic fur seals feed
mainly on myctophid fishes (Myctophidae: lantern-
fishes) (e.g., Robinson et al. 2002; Beauplet et al. 2004;
Luque et al. 2007; De Bruyn et al. 2009), with the
notable exception of Gough Island – the site of their
largest population – where they feed primarily on
cephalopods (Bester & Laycock 1985). Antarctic fur
seals also consume mainly myctophid fishes in the
Indian and Pacific Ocean sectors of the Southern
Ocean (Green et al. 1989; Robinson et al. 2002;
Cherel et al. 2007; Lea et al. 2008), but in the
Atlantic sector their diet is dominated by crustaceans
(Antarctic krill [Euphausia superba]) (e.g., Reid 1995;
Kirkman et al. 2000; Casaux et al. 2003; Daneri et al.
2005; Reid et al. 2006; Harrington et al. 2017). At
Marion Island, four previous studies using faecal
analysis (Klages & Bester 1998; Makhado et al. 2008,
2013; De Bruyn et al. 2009) have shown that
Antarctic and Subantarctic fur seals feed predomi-
nantly on fishes, mainly myctophids, and small

amounts of cephalopods and crustaceans. These stu-
dies also highlighted a similar, albeit statistically dif-
ferent, diet for the two species, with both showing
seasonal and annual variations.

Given the population changes of the two fur seal
species at Marion Island (Wege, Etienne et al. 2016),
and the potential for long-term dietary shifts conco-
mitant with environmental change, as suggested else-
where (e.g., Hanson et al. 2009; Tarroux et al. 2016),
an evaluation of diet using more recent samples is
valuable. In this study, we therefore analysed the
faecal remains (hereafter ‘scats’) of Antarctic and
Subantarctic fur seals at Marion Island, collected
from 2006 to 2010. This period immediately follows
the onset of a decline in population numbers of the
more abundant Subantarctic fur seals (Wege, Etienne
et al. 2016), potentially driven by prey resource lim-
itation, which would be expected to heighten resource
partitioning between the two species. Using a large
sample of scats, we identified prey remains which
allowed us to infer the diet of these two species over
the study period. Specifically, we: (1) quantify the
inferred diet of the two species; (2) compare the
diet composition within and between species, season-
ally and annually; (3) calculate the dietary overlap
between the two species to assess potential dietary
partitioning; and (4) compare our findings to those
of earlier studies at Marion Island.

Methods

Marion Island, the larger of the two islands compris-
ing the Prince Edward Islands archipelago, is situated
in the south-west Indian Ocean near the Subantarctic
Front, between the Subtropical Convergence to the
north and the Antarctic Polar Front to the south.
Strong but dynamic ocean fronts and mesoscale
eddies characterize the vicinity of the islands
(Lutjeharms & Ansorge 2008).

Scats were collected monthly from April 2006 to
March 2010 at two long-term monitoring sites on
Marion Island (Klages & Bester 1998). Antarctic fur
seal scats were collected at Watertunnel Beach (46.96°
S, 37.74°E) and Subantarctic fur seal scats at Cape
Davis Beach (46.83°S, 37.75°E), where each species
breeds exclusively (Wege, Etienne et al. 2016).
Collected scats were individually frozen until proces-
sing. Each defrosted scat was broken up and washed
through a 0.5 mm sieve under running water.
Undigested prey remains were then separated and
air-dried. Scats containing no prey remains were not
included in further analyses, as these are very likely
the scats of suckling pups (young of the year). Sagittal
otoliths and lower beaks were used for the identifica-
tion and quantification of fish and cephalopod prey,
respectively. Fish have two sagittal otoliths, but we
did not distinguish left and right otoliths; we assumed
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the number of otoliths represented the number of fish
consumed (as in Makhado et al. 2008; Makhado et al.
2013). We identified prey items to the lowest taxo-
nomic level possible using identification manuals
(Hecht 1987; Smale et al. 1995) and by comparisons
with a reference collection at the Port Elizabeth
Museum, South Africa. Fish otoliths or cephalopod
beaks that could not be identified because they were
too eroded were not included in further analyses.
Penguin feathers were collected but not identified to
species level.

For analyses, we pooled cephalopod prey, crusta-
cean prey and penguin prey because few or at times
uncertain identifications were achieved at lower taxo-
nomic levels in these categories. For analysis by sea-
son and year we also pooled fishes together. We
grouped months into winter (April-September) and
summer (October-March) seasons. ‘Summer’ scats
represent the diet of breeding and moulting indivi-
duals of both species while ‘winter’ scats mainly
represent lactating Subantarctic fur seal females.
Subantartic fur seals breed ca. 2 weeks later and
have a longer weaning period than Antarctic fur
seals (300 days versus 110 days) (Kerley 1983;
Hofmeyr et al. 2007). This pooling is consistent, and
allows for comparison with previous studies of fur
seal diet at Marion Island (Makhado et al. 2008,
2013).

Statistical analyses were conducted in the R envir-
onment (R Core Team 2017). For each prey item or
group, we calculated: (1) percentage frequency of
occurrence (%F) – the number of scats in which a
given prey item occurs, as a percentage of all scats; (2)
percentage numerical abundance (%N) – the number
of a given prey item in each scat, as a percentage of
the number of all prey items in all scats. Confidence
intervals for %F and %N were calculated by taking
the 2.5% and 97.5% percentiles of 1000 bootstrap
estimates. To compare the diets of the two species
we used permutational multivariate analysis of var-
iance (PERMANOVA) (Anderson 2001) and similar-
ity percentages (Clarke 1993) based on Bray-Curtis
dissimilarity. Using PERMANOVA we also tested
whether there were seasonal differences in diet within
and between species, as well as testing for changes in
diet over time. For the latter analysis, we used only
summer data. Following each comparison, we used a
random forest model – fitted in the randomForest
package (Liaw & Wiener 2002) – to identify which
prey contributed most to the observed differences.
Diet overlap between the species was calculated
using Pianka’s index (Pianka 1973) with 10 000 per-
mutations, in the spaa package (Zhang 2016).

Finally, we compared our diet data to published
data collected at the same sites during 1989–1995
(Klages & Bester 1998) and 1996–2000 (Makhado
et al. 2008; Makhado et al. 2013). Using a paired

Wilcoxon signed-rank test, we compared %F of prey
which were identified to the same taxonomic level as
in this study (excluding fish not identified to species
level). The data were centred log-ratio transformed
before the test, as they are compositional data (Van
Den Boogaart & Tolosana-Delgado 2013). A value for
crustaceans was not reported for Subantarctic fur
seals for 1996–2000. Penguin remains are not men-
tioned for the period 1989–1995, and are mentioned
for 1996–2000, but not quantified.

Results

Between April 2006 and March 2010, we collected
and analysed 661 Antarctic fur seal scats (386 during
summer and 275 during winter) and 750 Subantarctic
fur seal scats (504 during summer and 246 during
winter) (Fig. 1). Based on these, respectively, we

Figure 1. Histograms showing the number of (a) Antarctic
and (b) Subantarctic fur seal scats collected at Marion Island
from April 2006 to March 2010. For seasonal analyses, scats
were pooled into ‘summer’ months (grey shaded blocks) (386
and 504 scats for Antarctic and Subantarctic fur seals, respec-
tively) and ‘winter’ months (275 and 246 scats for Antarctic
and Subantarctic fur seals, respectively).
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identified 9061 and 13 654 individual prey items
(Supplementary Table S1). Species accumulation
curves indicated that we had collected sufficient
scats to represent most prey in the diets of the two
fur seals (Supplementary Fig. S1). In Antarctic fur
seal scats we identified 28 prey types (cephalopods,
crustaceans, penguins and 25 fish species); in
Subantarctic fur seal scats we identified 30 (cephalo-
pods, crustaceans and 28 fish species) (Table 1). Rank
%N and %F were highly correlated in both species
(Antarctic fur seals: RS = 0.92, Subantarctic fur seals:
RS = 0.94). We therefore present only %N hereafter,
except where the results were different.

Fishes dominated the diet of both species,
accounting for 98.2% and 100% of prey (%N) in
Antarctic and Subantarctic fur seals, respectively,
and occurring in 75.9% and 99.5% (%F) of scats
(Table 1). The most important prey were nomin-
ally identified as having %N > 10.0% (Table 1).
These prey, four myctophids, had cumulative %N
contributions of 75.2% (Antarctic fur seals) and
81.3% (Subantarctic fur seals). Gymnoscopelus pia-
bilis was the most abundant species in the diet of
both fur seal species. While Antarctic fur seals
consumed some crustaceans, penguins and cepha-
lopods (all < 1.0%N, but 4.7 – 11.2%F),
Subantarctic fur seals almost exclusively consumed
fishes (Table 1).

Pianka’s overlap index between the two species
was high, at 0.97 (95% CI = 0.916 – 0.995) and the
diet of the two species was slightly, but significantly,
different (PERMANOVA, F1 = 38.12, R2 = 0.03,
p = 0.0001). The abundance of four myctophids (all
important prey) in the diet of each seal species con-
tributed 72.8% of the difference between them (by
similarity percentage). Based on the random forest
model, the most influential prey discriminating the
seals was Gymnoscopelus piabilis (normalized mean
decrease in accuracy = 58.38) (Supplementary
Fig. S2). While G. piabilis were equally abundant in
Antarctic (25.9%) and Subantarctic (26.2%) fur seal
scats overall, they occurred more frequently in
Subantarctic (77.3%) than Antarctic fur seal (47.7%)
scats (Table 1). Overlap between the species was
much higher in summer (Pianka’s index = 0.98;
95% CI = 0.97 – 1.00) than in winter (Pianka’s
index = 0.89; 95% CI = 0.69 – 0.98), but diets were
still significantly different in both summer
(PERMANOVA, F1 = 20.40, R2 = 0.02, p = 0.0001),
and winter (PERMANOVA, F1 = 22.27, R2 = 0.04,
p = 0.0001).

The summer and winter diet of Antarctic fur seals
was significantly different (PERMANOVA,
F1 = 16.13, R2 = 0.02, p = 0.0001); the abundance of
the myctophid Electrona carlsbergi was the most
important difference according to the random forest
model (normalizedmean decrease in accuracy = 44.65)

(Fig. 2, Supplementary Fig. S2). The summer and
winter diet of Subantarctic fur seals was also signifi-
cantly different (PERMANOVA, F1 = 21.15,
R2 = 0.03, p = 0.0001), with most of the difference
ascribed to the myctophids Metelectrona ventralis
(normalized mean decrease in accuracy = 46.06)
and Protomyctophum tenisoni (42.28) (Fig. 2,
Supplementary Fig. S2).

When considering summer data only, there was a
significant effect of year on diet in both Antarctic fur
seals (PERMANOVA, F3 = 7.81, R2 = 0.06,
p = 0.0001) and Subantarctic fur seals
(PERMANOVA, F2 = 11.14, R2 = 0.04, p = 0.0001).
Linear regression of summer %N against year showed
the biggest changes in Protomyctophum tenisoni,
which showed an increase in %N of 10.9 ± 2.2 and
12.4 ± 8.4 per year in Antarctic and Subantarctic fur
seals, respectively; the change was only significant in
Antarctic fur seals (Fig. 3, Supplementary Table S2).
In Subantarctic fur seals, Gymnoscopelus fraseri
decreased substantially (-10.5 ± 4.9%N), but not sig-
nificantly (Fig. 3, Supplementary Table S2). In gen-
eral, %N values for each prey were positively highly
correlated between the two seals, although Electrona
subaspera and Symbolophorus boops showed strong
negative correlation (Supplementary Table S2). Diet
overlap between the seals fluctuated over the three
summers, with no clear pattern (Fig. 4). While all the
PERMANOVA comparisons showed significant dif-
ferences, the explanatory variables always explained
only a small amount of the variation (R2 ≤ 0.06).

Antarctic fur seal diet in this study was not sig-
nificantly different from that in 1996–2000
(Wilcoxon paired signed-rank test, W = 51,
p = 0.639) or 1989–1995 (W = 64, p = 0.847). The
same was true for Subantarctic fur seals (W = 31,
p = 0.340 and W = 48, p = 0.893) (Supplementary
Fig. S3).

Discussion

Antarctic and Subantarctic fur seals from Marion
Island showed no significant long-term dietary
changes despite substantial changes in their popula-
tion sizes and trajectories over two decades. The diets
of both species have consistently been dominated by
fish, mainly myctophids. Their diets over this time
frame were broadly similar with substantial overlap,
but showed small significant differences in the rela-
tive proportions of prey. However, the diet of both
species varied seasonally and annually, suggesting
that their diet is similarly influenced by patterns of
local prey availability and abundance. The scats of
Antarctic fur seals indicate that they consume small
proportions of penguins, cephalopods and crusta-
ceans, while crustaceans and cephalopods were rare
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Table 1. Prey remains found in the scats of (a) Antarctic (Arctocephalus gazella) and (b) Subantarctic (A. tropicalis) fur
seals, collected at Marion Island from April 2006 to March 2010. The most important prey, nominally identified as those
with %N > 10.0, are shown in boldface.

Prey

%Fa %Nb Rank

%F LCLc UCLd %N LCL UCL %F %N

(a)
Cephalopod 4.7 3.2 6.4 0.4 0.2 0.5 14 15
Crustacean 11.2 8.6 13.6 0.8 0.6 1.1 7 11
Penguin 8.2 6.1 10.3 0.6 0.4 0.8 9 13
Fishe 75.9 72.5 79.1 98.2 97.8 98.5
Bathylagidae
Bathylagus unidentified 1 sp. 0.2 0.0 0.5 0.0 0.0 0.0 28 27
Nototheniidae
Dissostichus eleginoides 1.2 0.5 2.1 0.2 0.1 0.3 19 17
Lepidonotothen larseni 0.3 0.0 0.8 0.0 0.0 0.1 25 24
Notothenia squamifrons 1.5 0.6 2.4 0.5 0.1 1.1 17 14
Myctophidae
Electrona antarctica 5.6 3.9 7.4 1.4 0.7 2.6 11 9
Electrona carlsbergi 32.7 29.2 36.5 9.7 7.9 11.8 3 5
Electrona unidentified 1 sp. 0.3 0.0 0.8 0.0 0.0 0.1 24 25
Electrona subaspera 7.9 5.8 10.0 2.7 1.8 4.1 10 7
Gymnoscopelus bolini 10.4 8.0 12.9 2.0 1.5 2.6 8 8
Gymnoscopelus braueri 0.2 0.0 0.5 0.0 0.0 0.0 26 28
Gymnoscopelus fraseri 32.2 28.4 35.7 13.2 11.1 15.5 4 4
Gymnoscopelus nicholsi 43.9 40.2 47.8 17.1 14.9 19.5 2 3
Gymnoscopelus piabilis 47.7 43.6 51.4 25.9 22.5 29.3 1 1
Gymnoscopelus unidentified 1 sp. 1.8 0.9 2.9 0.2 0.1 0.4 15 16
Krefftichthys anderssoni 1.4 0.6 2.3 0.2 0.1 0.3 18 19
Lampichthys procerus 0.5 0.0 1.1 0.0 0.0 0.1 22 23
Metelectrona ventralis 11.8 9.4 14.2 3.4 2.3 4.6 6 6
Protomyctophum bolini 1.7 0.8 2.7 0.2 0.1 0.3 16 18
Protomyctophum choriodon 5.6 3.9 7.4 1.3 0.7 2.2 12 10
Protomyctophum tenisoni 26.2 22.8 29.5 18.9 14.3 24.0 5 2
Symbolophorus boops 4.7 3.2 6.4 0.8 0.5 1.1 13 12
Sternoptychidae
Maurolicus muelleri 0.2 0.0 0.5 0.0 0.0 0.0 27 26
Sternoptychidae unidentified 1 sp. 0.5 0.0 1.1 0.1 0.0 0.1 23 22
Paralepididae
Magnisudis atlantica 1.2 0.5 2.1 0.1 0.0 0.2 20 21
Notosudidae
Scopelosaurus ahlstromi 1.1 0.3 1.8 0.1 0.0 0.2 21 20

(b)
Cephalopod 0.4 0.0 0.9 0.0 0.0 0.1 25 26
Crustacean 0.1 0.0 0.5 0.0 0.0 0.0 30 30
Fishe 99.5 98.8 99.9 100.0 99.9 100.0
Bathylagidae
Bathylagus gracilis 0.1 0.0 0.4 0.0 0.0 0.0 28 29
Bathylagus unidentified 1 sp. 0.7 0.1 1.3 0.0 0.0 0.1 24 25
Nototheniidae
Dissostichus eleginoides 0.7 0.1 1.3 0.1 0.0 0.1 22 23
Notothenia squamifrons 0.9 0.3 1.6 0.1 0.0 0.1 20 19
Myctophidae
Electrona antarctica 3.5 2.1 4.8 0.3 0.2 0.4 12 12
Electrona carlsbergi 29.5 26.5 32.8 4.7 4.0 5.5 5 6
Electrona unidentified 1 sp. 0.3 0.0 0.7 0.0 0.0 0.0 26 28
Electrona subaspera 7.1 5.5 8.9 1.2 0.7 1.8 10 9
Gymnoscopelus bolini 14.9 12.4 17.6 1.7 1.3 2.1 7 7
Gymnoscopelus braueri 0.8 0.3 1.5 0.1 0.0 0.2 21 21
Gymnoscopelus fraseri 42.0 38.4 45.6 16.9 14.1 19.9 3 4
Gymnoscopelus nicholsi 69.3 66.3 72.7 21.2 19.4 23.3 2 2
Gymnoscopelus piabilis 77.3 74.4 80.3 26.2 23.9 28.4 1 1
Gymnoscopelus unidentified 1 sp. 1.5 0.7 2.4 0.1 0.1 0.2 16 14
Krefftichthys anderssoni 1.5 0.7 2.4 0.1 0.0 0.2 14 16
Lampichthys procerus 1.3 0.5 2.0 0.1 0.0 0.2 18 18
Metelectrona ventralis 22.8 20.0 26.0 7.3 5.3 9.5 6 5
Protomyctophum bolini 1.3 0.5 2.3 0.1 0.0 0.3 17 15
Protomyctophum choriodon 8.4 6.5 10.3 1.2 0.7 1.8 8 8
Protomyctophum tenisoni 30.0 26.7 33.2 17.0 13.9 20.3 4 3
Protomytophum bolini 0.1 0.0 0.4 0.1 0.0 0.2 29 22
Symbolophorus boops 4.5 3.1 5.9 0.5 0.3 0.6 11 11
Sternoptychidae
Maurolicus muelleri 1.5 0.7 2.4 0.1 0.0 0.2 15 17
Sternoptychidae unidentified 1 sp. 1.1 0.4 1.9 0.1 0.0 0.1 19 20
Paralepididae
Magnisudis atlantica 2.7 1.6 3.9 0.2 0.1 0.3 13 13
Paralepis unidentified 1 sp. 0.7 0.1 1.3 0.0 0.0 0.1 23 24
Phosichthyidae
Photichthys argenteus 0.3 0.0 0.7 0.0 0.0 0.0 27 27
Notosudidae
Scopelosaurus ahlstromi 8.0 6.1 10.1 0.6 0.5 0.8 9 10

a Percentage frequency occurrence. b Percentage numerical abundance. c Lower 95% confidence limit. d Upper 95% confidence limit. e Values shown
here for fishes were calculated by pooling all fish prey together.
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in Subantarctic fur seal scats and penguin remains
were absent.

That we found no substantial changes in fur seal
diet over the two decades between 1989 and 2010 is
notable when considering the environmental changes

Figure 2. Numerical abundance (%) of prey in the scats of (a, c) Antarctic and (b, d) Subantarctic fur seals during (a, b)
summer and (c, d) winter at Marion Island. Sample sizes shown represent all prey items for each species and period, but only
the 10 most abundant prey are shown (which corresponds approximately with prey contributing %N > 1). They are ordered
by overall %N rank (see Table 1 for specific values). Error bars depict 95% confidence intervals.

Figure 3. Changes in the summer diet composition
(numerical abundance) of (a) Antarctic fur seals and (b)
Subantarctic fur seals over four summers at Marion Island.
For display, the four most abundant prey are labelled and
they are ordered by summer %N rank (see Fig. 2). For
Subantarctic fur seals, summer data were not collected in
2006/07. Linear regressions of the changes are shown in
Supplementary Table S2.

Figure 4. Diet overlap (Pianka’s index) between Antarctic and
Subantarctic fur seals over three summers at Marion Island.
Error bars indicate 95% confidence intervals.
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which have occurred at Marion Island. Mean sea-
surface temperatures at Marion Island have increased
by 1.4°C from 1949 to 2003 (Mélice et al. 2003) and
there have been considerable changes in the popula-
tion parameters of several predator species breeding
at Marion Island (Crawford et al. 2009; Pistorius et al.
2011; Crawford et al. 2014; Oosthuizen et al. 2016;
Wege, Etienne et al. 2016), presumably caused by
changes in the abundance and distribution of prey.
In the case of fur seals, density dependence and
competition between the species may be expected to
have influenced population parameters (Oosthuizen
et al. 2016; Wege, Etienne et al. 2016). It is also
interesting, therefore, that despite changes in the
population size of Antarctic and Subantarctic fur
seals over this time, there was not a marked change
in diet or dietary overlap between the species.

Broadly, our results agree with previous dietary
studies at Marion Island which have all found myc-
tophids to be the dominant prey item in fur seal diets
(Klages & Bester 1998; Makhado et al. 2008;
Makhado et al. 2013). Gymnoscopelus piabilis was
generally the most abundant species and significant
seasonal differences between species were due to
changes in the proportions of several myctophids.
Our results are also very similar to those from the
nearest archipelago – the Crozet Islands – where
Antarctic fur seals consume mainly G. piabilis and
Subantarctic fur seals mainly G. fraseri and G. piabilis
in summer (Cherel et al. 2007; Luque et al. 2007). The
four most abundant prey in the diet of Marion Island
fur seals were among the 11 most frequently occur-
ring species in Southern Indian Ocean myctophid
surveys (Koubbi et al. 2011). These four prey had
overlapping occurrence in the species groups asso-
ciated with the Polar Front and Subantarctic Front
reported by Koubbi et al. (2011). The only species
group containing the six most abundant prey was
that associated with the Polar Front (Koubbi et al.
2011).

Interestingly, penguin feathers were not noted in
the scats of either species in 1989–1995 (Klages &
Bester 1998) or for Subantarctic fur seals in
1996–2000 (Makhado et al. 2013), but appeared infre-
quently in Antarctic fur seal scats in 1996–2000
(Makhado et al. 2008). Penguin remains occurred in
8.2% of the Antarctic fur seal scats we examined, and
none of the Subantarctic fur seal scats. Opportunistic
predation of penguins has been reported in Antarctic
as well as Subantarctic fur seals (Hofmeyr & Bester
1993, and references therein) and land-based preda-
tion on king penguins (Aptenodytes patagonicus) by
Antarctic fur seals first reported on Marion Island in
1986 persists (Hofmeyr & Bester 1993; Haddad et al.
2015). Penguin remains were not abundant (0.6% of
prey) or very frequent (8.2% of scats) in Antarctic fur
seal scats, but the large mass represented by an

individual penguin (2.7–12.0 kg; Ryan & Bester
2008) versus a myctophid (0.2 – 49.8 g; Klages &
Bester 1998) means that penguins may contribute
substantially to the diet of Antarctic fur seals, and
this may lessen interspecific overlap.

We found significant seasonal and annual varia-
tions in prey proportions, as has been reported else-
where (e.g., Bester & Laycock 1985; Boyd et al. 1994;
Iverson et al. 1997; Lea et al. 2002; Casaux et al. 2003;
Reid et al. 2006; De Bruyn et al. 2009; Kernaléguen
et al. 2012), indicating that the diets of both species
are influenced by the local abundance and availabil-
ity of prey. As Forcada & Staniland (2009: 38) note,
however, seasonal differences “are difficult to inter-
pret because prey preference varies with age and sex
of fur seals and the composition of the population in
an area is very different within and outside of the
breeding season.” Nonetheless, our results (in the
context of many other dietary studies) broadly sup-
port the notion that regional variation in fur seal
diets is influenced by local conditions and prey abun-
dance (Arnould 2009). Klages & Bester (1998) briefly
describe an overall picture: where the shelf is narrow,
Antarctic and Subantarctic fur seals prey mainly on
myctophids; where the shelf is broad, benthic and
demersal fishes become more important. Where
Antarctic krill is abundant, this is an important diet
component along with its fish predators. Indeed, for
Antarctic fur seals in the Atlantic sector of the
Southern Ocean there is a strong negative correlation
between the proportion of pelagic fish prey in their
diet and the distance to shelf edge (Reid et al. 2006).
That study also noted that seasonal sea surface tem-
perature variability influenced the abundance of
pelagic prey in the diet of Antarctic fur seals at
South Georgia. While demersal–benthic fish may
represent a consistent prey source over shelf areas,
pelagic prey may be preferred when they are abun-
dant in the foraging area, given the diving capabil-
ities of fur seals. Marion Island does not have an
extensive shelf and benthic and demersal prey should
therefore be less important to fur seals here – indeed,
the fish prey of fur seals at Marion Island were
almost exclusively small, pelagic fishes. An exception
was three nototheniid species that are usually
benthic, but these were unimportant (%N ≥ 0.5,
Table 1) and do have pelagic life phases (DeWitt
et al. 1990).

The high dietary overlap between the species means
there is potential for considerable competition between
them (without necessarily being the case). For the
period 1989–1995, Pianka’s overlap index between
the seals was 0.86. This is lower than the overall over-
lap we report (0.97), and lower than any of the annual
summer overlaps. However, the value does fall within
the confidence interval of the lowest summer overlap
that we report (2008/09: 0.89, 95% CI = 0.84 – 0.99),
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providing only limited support for an increase in diet-
ary overlap. The pattern of diet overlap over time is
consistent with a possible increase in competition due
to population growth of the two species, but is not
unambiguous evidence thereof.

Our results do show that dietary overlap is sub-
stantially higher during summer, when the foraging
range of both species is more restricted and their at-
sea spatial segregation is likely lower (Wege, Tosh et
al. 2016); any potential competition between the spe-
cies will be greatest during this time. Potential com-
petition between the two species could be minimized
through the segregation of at-sea foraging grounds, as
seems evident from recent tracking studies.
Subantarctic fur seals forage primarily east and
north-east or west and north-west of Marion Island
and its neighbour Prince Edward Island (De Bruyn
et al. 2009; Kirkman et al. 2016; Wege, Tosh et al.
2016). In contrast, winter tracking data show that
Antarctic fur seals have a more southerly foraging
distribution (Arthur et al. 2015; Arthur et al. 2016;
Arthur et al. 2017), although there may be some
overlap between the species to the east and north-
east of Marion Island. Preliminary stable isotope
analyses support this idea: Subantarctic fur seals had
only slightly higher δ15N values than Antarctic fur
seals, indicative of a similar trophic level, but δ13C
values of Subantarctic fur seals were significantly
higher, suggesting more northerly foraging
(Reisinger et al. 2016). This pattern is mirrored in
results from the Crozet Islands, where Antarctic fur
seals had lower δ13C values than Subantarctic fur
seals, but similar δ15N values (Cherel et al. 2007;
Kernaléguen et al. 2012) and the foraging areas of
the two species did not overlap (Bailleul et al. 2005).
However, at Macquarie Island foraging areas were
similar (Robinson et al. 2002).

It is also possible that diving predators segregate
habitats vertically, by catching prey at different
depths. This was not observed at Macquarie
Island (Robinson et al. 2002). At the Crozet
Islands Subantarctic fur seals dove deeper and
longer than Antarctic fur seals, but Antarctic fur
seals seemed to track the nycthemeral migration of
their prey more closely (Luque et al. 2007). In that
study, like our results, Antarctic and Subantarctic
fur seals fed mainly on the same three myctophid
species (Gymnoscopelus fraseri, G. piabilis and G.
nicholsi – all important prey in our study), but
their diets were distinguished by the proportion in
which they consumed these prey (Luque et al.
2007). As Bailleul et al. (2005) point out, dietary
and habitat use segregation in this pair of species
may be driven by the comparatively higher ener-
getic requirement of Antarctic fur seals, due to
their much shorter lactation period, rather than
through resource partitioning.

Limitations and future research

The comparison of our data to earlier data using %F
was not as sensitive at it could be if the full data (i.e.,
prey composition per scat sample) were available for
PERMANOVA comparison and annual comparisons.
Stable isotope analysis of predator tissues would be a
useful supplementary tool to investigate change over
time. However, large numbers of scat samples can be
collected compared to sampling predator tissues.
Moreover, scat analysis has the important advantage
of being able to better resolve the actual prey con-
sumed by an individual than stable isotope analysis
(especially if DNA analysis is used, e.g., Emami-
Khoyi et al. 2016) and is the only method that can
be used to deduce the size of prey (Tollit et al. 2010).
However, the sex, age and sometimes even species of
the animal which produced the scat is usually
unknown. Scats mainly represent recent foraging,
but bias is introduced by differential prey digestion
and retention (Tollit et al. 2010); this bias can be
expected to be similar in the two species, though,
making comparisons between them useful.
Therefore, we recommend the continued collection
of scats of both species at the islands to monitor
dietary change over time, and that future work
should consider linkages between diet, abiotic condi-
tions and prey abundance and distribution. Further,
such work should be supplemented by stable isotope
and tracking analyses.
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