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ABSTRACT: Understanding how changes in oceanographic conditions affect predators and their
prey is fundamental for interpreting variability in natural marine ecosystems. At South Georgia,
Antarctic fur seals Arctocephalus gazella are known cephalopod predators and potential indica-
tors of changes in regional environment conditions and prey availability. The cephalopod compo-
nent of the diet of Antarctic fur seals at South Georgia was assessed using lower beaks found in
scats collected over 5 consecutive years (2009-2013) under known variable oceanographic condi-
tions. In years of unusually warm oceanographic conditions around South Georgia and low
Antarctic krill Euphausia superba density, the number of squids Slosarczykovia circumantarctica
increased in the seals' diet. Moreover, stable isotope analysis of beaks showed that S. circum-
antarctica exhibited higher 8'°N values in years that were associated with an offshore habitat
(lower 8'3C values) where Antarctic fur seals had been foraging. This study provides evidence of
the ecological links between the feeding behaviour of Antarctic fur seals, their main cephalopod
prey, Antarctic krill densities and oceanographic conditions.
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1. INTRODUCTION

Determining how physical processes (e.g. ocean
warming, movement in frontal regimes, sea-ice area)
influence inter-annual ecological processes in marine
ecosystems is essential to interpret and predict the
natural variability and their responses (Reid & Crox-
all 2001, Turner et al. 2014, Gutt et al. 2015). Oceano-
graphic conditions also influence and affect eco-
system trophic dynamics. Unusual years with low
productivity and prey availability can influence all
trophic levels of the marine food web (Xavier et al.
2013), changing the foraging ecology and the diet of
many top predators (Murphy et al. 2007).

*Corresponding author: abreu.jose@ua.pt

Antarctic fur seals Arctocephalus gazella are one
of the major consumers in the Atlantic sector of
the Southern Ocean (Doidge & Croxall 1985). As
top predators, they can be an indicator of changes
in prey availability and environmental conditions,
particularly around South Georgia (Reid 1995,
Klages 1996, Staniland & Robinson 2008) where
95% of the world's population breed (54.42°S,
36.58°W; Reid & Croxall 2001, Forcada & Hoffman
2014). During the breeding season in the Austral
summer, female Antarctic fur seals forage almost
exclusively around South Georgia, feeding on
Antarctic krill Euphausia superba (hereafter krill),
fish (including icefish Champsocephalus gunnari)
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and squid (North et al. 1983, Doidge & Croxall
1985, Reid & Arnould 1996, Staniland & Boyd
2003), with shifts in food-web structure between
years of high and low krill availability observed
(Murphy et al. 2007, Forcada & Hoffman 2014).
However, no relationships with other prey are
known, including with regionally relevant pelagic
squid Slosarczykovia circumantarctica (Rodhouse
et al. 1992b, 1996). Moreover, with ongoing envi-
ronmental changes (Croxall et al. 1999, Fielding et
al. 2014), more information is needed on the effects
of extreme oceanographic conditions. In 2009,
exceptionally high sea surface temperatures (SST)
were recorded for many consecutive months around
South Georgia, with a much higher mean SST com-
pared to the long-term average (Hill et al. 2009,
Xavier et al. 2017). Indeed, the lowest density (17.6 g
m~2) of krill since annual surveys began in 1997
was observed in 2009 (Hill et al. 2009, Fielding et
al. 2014). Thus, a detailed study of consecutive
years is needed to assess annual variation of prey
availability to Antarctic fur seals under unusual
oceanographic conditions.

Antarctic cephalopods have been studied consider-
ably through the diet of their predators (Cherel et al.
2004, Collins & Rodhouse 2006), as cephalopod
beaks are resistant to digestion and have proved to
be useful for a variety of studies on marine ecology
(Xavier et al. 2016a). Beaks can accumulate in stom-
achs for months, and can be found in faecal material
and regurgitates (Clarke 1962, Xavier & Cherel
2009). The squid S. circumantarctica is mainly pres-
ent around the Antarctic Peninsula and South Geor-
gia (Xavier et al. 2016b). It is one of the most common
cephalopod prey in the diet of various Antarctic
predators, including Antarctic fur seals, but little is
known about its biology and ecology (Lipinski 2001,
Xavier & Cherel 2009). Furthermore, its variability in
the fur seals' diet could be a relevant indicator in
understanding possible changes in the seals' feeding
behaviour (Staniland & Robinson 2008).

Stable isotope analysis of carbon and nitrogen
(8'3C and 8'°N) in cephalopod beaks can be used to
infer habitat and trophic ecology (Cherel & Hobson
2005) and are related to the foraging ecology of their
predators (Seco et al. 2016a). The value of 3N
reflects the trophic position, as consumers are typi-
cally enriched ~3 %, in °N relative to their prey (Hob-
son & Welch 1992, Rosas-Luis et al. 2017). §3C is
mainly used to determine the primary source of car-
bon —reflecting an observed latitudinal gradient—
but can also indicate inshore versus offshore plank-
ton, pelagic versus benthic habitats (Hobson et al.

1994) and is typically used as proxy for the distribu-
tion of marine organisms.

Overall, in this study we aimed to (1) analyse the
cephalopod component of the diet of Antarctic fur
seals at South Georgia in 5 consecutive years, (2)
analyse the habitat and trophic ecology, through sta-
ble isotopic analysis, of the most abundant squid (S.
circumantarctica) in the diet of Antarctic fur seals in
an ecological perspective and, equally important, (3)
compare the relationships of the cephalopods in the
diet of Antarctic fur seals with known oceanographic
conditions and krill density. Finally, we discuss how
the interaction between Antarctic squid and Antarc-
tic fur seals can be used as an environmental indica-
tor for Antarctic pelagic marine ecosystems.

2. MATERIALS AND METHODS

This study was conducted at 2 sampling locations
on South Georgia: Bird Island (54° S, 38° W) and King
Edward Point (54° S, 36°W). Between 2009 and 2013,
a total of 3649 scat samples of Antarctic fur seals
were collected. Ten scats were collected weekly,
when possible, following methodology of previous
studies (Reid 1995). Only fresh, complete scats were
collected. Scats were washed and prey items, such as
fish otoliths, crustacean carapaces and cephalopod
beaks, were identified and measured.

Upper and lower cephalopod beaks were counted
and lower beaks were identified to species level
using Clarke (1986) and Xavier & Cherel (2009). The
lower rostral length (LRL) (Fig. Al in the Appendix)
was measured to the nearest 0.01 mm using a digital
calliper or a graticule in a stereomicroscope, depend-
ing on beak size. The frequency of occurrence (FO,
%) of cephalopods in the diet (number of scat sam-
ples containing a specific cephalopod species di-
vided by the total number of scats samples analysed),
the proportion (n, %) of lower beaks (number of
lower beaks of a certain species divided by the total
number of lower beaks) and the contribution to the
diet by estimated mass (%) (estimated mass of all
individuals of a certain cephalopod species divided
by the total estimated mass for all cephalopod indi-
viduals) were calculated (see Table 1). Estimated
mass was calculated using allometric equations from
published guides (Xavier & Cherel 2009). To investi-
gate potential changes in the seals’ feeding strate-
gies, krill biomass was obtained from Fielding et al.
(2014) using acoustic at-sea surveys and compared
with data from the most important cephalopod(s)
consumed. The acoustic survey (December—-Febru-
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ary) occurred entirely during the breeding season of
Antarctic fur seals and within their foraging area
(Staniland & Robinson 2008, Fielding et al. 2014).

For stable isotopic analysis, a minimum of 10 lower
beaks yr! were randomly selected and analysed
(exceptin 2012, when less than 10 beaks were found)
(see Table 2). The entire lower beak was used for
these analyses—which provides an integrated, life-
time signal of diet and geographic position, albeit
biased towards more recent periods when mass
increments are greater—following previous studies
(Cherel & Hobson 2005, Seco et al. 2016b). Beaks
were cleaned with 70% ethanol, stored in separate
microtubes and dried in an oven. After drying, the
beaks were milled using a mixer miller (MM400;
Retsch®). Stable isotope ratios of carbon (*C/'2C)
and nitrogen (**’N/*N) were determined using a con-
tinuous flow isotope ratio mass spectrometer at the
Marine and Environmental Sciences Centre (Figu-
eira da Foz), following Seco et al. (2016b). Results are
presented in d notation as deviations from standard
references in parts per thousand (%o) according to the
following equation:

§X = ( Rsample _

1) %1000 (1)
Rstandard

where X represents *C or "N and Ry, represents
the ratios 3C/'2C or N/"N. Ryandara T€presents the
international reference standard ratios for Vienna
Pee-Dee Belemnite (V-PDB) and atmospheric N, (air)
for §!3C and 8'°N, respectively.

Values of 83C of other cephalopod species (the
oceanic squid Gonatus antarcticus collected from
albatrosses breeding at South Georgia and the
coastal octopod Paraledone turqueti from Patagonian
toothfish captured around South Georgia) were also
analysed to compare with Slosarczykovia circum-
antarctica signatures to determine their likely habitat
(i.e. inshore or offshore).

To characterise the inter-annual variability in the
oceanographic conditions around South Georgia, we
extracted the historical monthly sea surface tempera-
ture anomalies (SSTa) for the austral summer months
(January—March) between 2009 and 2013, within the
probable foraging range of Antarctic fur seals (area
between 49-60°S and 31-43° W) (Staniland & Robin-
son 2008, Arthur et al. 2017). Data were extracted
from http://iridl.lIdeo.columbia.edu/SOURCES/.NOAA/
.NCEP/.EMC/.CMB/.GLOBAL/.Reyn_SmithOIv2/.
weekly/. This area covers the entire South Georgia
coastal/inshore portion, as well as the initial open
ocean/offshore part used by the Antarctic fur seals in
their longer foraging trips (i.e. 500 km).

Statistical analyses and graphs were made using
GraphPad Prism® v.6.01 and R v.3.3.2 (R Develop-
ment Core Team 2018). All statistical analyses used a
significance level of oo = 0.05 and were preceded by a
Shapiro-Wilk normality test. If data followed a normal
distribution, a Bartlett's test was performed to test
homogeneity. Means were compared using t-tests
and ANOVA for parametric data, and Mann-Whitney
and Kruskal-Wallis tests for non-parametric data.
Multiple comparisons were performed using Tukey's
and Dunn's multiple comparisons tests for parametric
and non-parametric data, respectively. Pearson's cor-
relation was used to test for the different relations.
Bayesian stable-isotopic mixing models (Jackson et
al. 2011) were performed to establish isotopic niche
for each year. Overlap between ellipses were also ex-
amined to assess if individuals shared the same iso-
topic niche. These analyses were performed using
the 'SIAR' package in R.

3. RESULTS

3.1. Inter-annual characterisation of cephalopods
in the Antarctic fur seal’s diet

The 2 sampling locations (Bird Island and King
Edward Point) showed no significant difference in
any of the parameters evaluated (t-tests: LRL: t=0.63,
p = 0.55; mantle length [ML]: ¢ = 0.03, p = 0.9%; fre-
quency: t = 1.50, p = 0.17; and number of beaks: t =
1.56, p = 0.16), so the data from the 2 sites were
pooled together.

A total of 263 lower beaks from 8 cephalopods spe-
cies were identified from 89 scats during 5 yr period
(Table 1). The year 2009 had the highest diversity
and number of beaks, while 2012 had the lowest. No
correlation was found (Pearson's correlation, r =
—-0.52, p = 0.36) between the number of scats and the
number of species identified in each year. Overall,
Slosarczykovia circumantarctica was the most domi-
nant species by number of beaks and FO in all years
studied as well as when data from all years were
combined (Table 1). Moreover, S. circumantarctica
was also the most important cephalopod species in
terms of estimated mass for 4 out of the 5 years
(Table 1). The squid S. circumantarctica showed a
significant difference both in FO (ANOVA: F;, =
7.93, p < 0.01) as well as in number of beaks found in
scats (ANOVA: F; 5 = 14.79, p < 0.01) compared to
the other 3 main squid prey species — Psychroteuthis
glacialis, Fillipovia knipovitchi and Kondakovia
longimana.
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Table 1. Frequency of occurrence (FO), number of beaks (n) and total mass (M, in g) for each identified cephalopod species found in the scats of Antarctic fur seals

Arctocephalus gazella at South Georgia between 2009 and 2013. The frequency shown is relative to the number of scats containing cephalopods, not to the total number

of scats per year

2013

2012

2011

2010

2009

Taxon

%

%

% n

FO

%

M

%

% n

FO

%

n %

%

FO

%

% n %

FO

%

n %

%

FO

5 50 38 86.37 179.7 66.67

22 91.67 69 89.62 410.25 78.45 12 75 40 85.1 216.59 37.71 4 50 9 75 49.94 2.82

21 67.74 71 81.62 366.73 28.53

Slosarczykovia

circumantarctica

52 59.58 11.39 4 25 4 8.51 148.54 25.81

4 16.67 4

5 16.12 5 575 83.54 6.49

Psychroteuthis

glacialis

4 40 5 11.3680.57 29.88

2 125 2 4.25 188.49 32.81

3 345 631.7 49.13

3 9.67

Fillipovia

knipovitchi

2.27 9.31 345

10 1

1

3 38 3 25 1719 97.2

2.42

13

2 834 3 3.89

1.14 6.33 049

1 322

Kondakovia

longimana

1625 1 214 2129 3.67

1 129 405 7.74

1 4.16

17.64 1.37

2.3

1 322 2

Gonatus

antarcticus

2.3 8219 6.39

1 322 2

Martialia

hyadesi
Histioteuthis

2.3 4594 3.57

1 322 2

atlantica
Galiteuthis

519 4.03

1 1.14

1 322

glacialis
Total

269.6

44

1769

12

- 57421 -

47

523

77

1286

87

From 2009 to 2013, there were no significant
differences in the average size of LRL or ML for
each species. In relation to the number of beaks
found throughout the years for each species,
there were significant differences only for S. cir-
cumantarctica between 2009 and 2010 versus
2012 (ANOVA: F; 553 = 15.36, p < 0.01).

3.2. Stable isotope analysis of
S. circumantarctica (2009-2013)

Stable isotopic analysis showed no significant
differences between the 2 sampling locations in
both the §'C and §'°N values (t-test: p = 0.34, p =
0.81, respectively), so these data were grouped.
Individually, the values of §'°C for S. circum-
antarctica ranged from -24.82%. (2009) to
—17.34 %0 (2010) throughout the 5 years; 2009 and
2011 had the lowest 8"°C values, while 2012 had
the highest values (Table 2). Indeed, values of
33C showed significant differences among the
studied years (ANOVA: F, 4= 2.76, p = 0.04)
(Fig. 1). 8N values varied between +1.12%o
(2011) and +7.27%. (2013), with more pro-
nounced and significant differences than §'*C
values (ANOVA: F, 4 = 10.26, p < 0.01) (Fig. 1).
The years 2009 and 2013 presented similar §'°N
values (+5.85 and +5.84 %o, respectively), with
the highest 8'°N values, while 2012 was the year
with the lowest value (+3.42%.) (Table 2). There
was no correlation between §'°N values and LRL
(Spearman correlation, r = -0.07, p = 0.61).

From the Bayesian mixing model, our ellipses
showed a high overlap with all years except 2009

_2013
6. 2009
= 2010
=
P-4 !
2 ————i
gl 2011 I
]2012
2 . . .
-24 =22 -20
8"3C (%)

Fig. 1. Mean (+SD) 8'*C and 8"°N values from the beaks
of Slosarczykovia circumantarctica found in Antarctic
fur seal scat, analysed for each year shown
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Table 2. General characteristics of Slosarczykovia circumantarctica beaks found in Antarctic fur seal scat from South Georgia.
Isotopic values of shown are the mean of the set for each year. LRL: lower rostral length

Year n LRL (mm) S13C (%) SN (%o) C:N (mass ratio)
Mean + SD  Range Mean + SD Range Mean + SD Range Mean + SD
2009 17 22+04 1.8,3.2 -22.8+09 -24.8,-20.9 +585+0.5 +4.8,+6.8 3.5+0.2
2010 10 22+0.2 1.9,2.6 -21.5+16 -23.2,-17.3 +538+0.8 +4.3,+6.5 3.6+0.3
2011 10 2.7+0.2 23,31 -222+09 -23.6,-20.3 +439+14 +1.1,+6.2 3.5+03
2012 7 21+0.3 1.6,2.4 -208+1.5 -24.0,-19.3 +3.42+1.0 +2.4,+4.7 40+04
2013 10 24 +0.2 21,27 -22.1+13 -24.4,-19.8 +5.84 £ 0.7 +4.8,+7.3 3.3+0.1
8 3.3. Cephalopod prey, oceanographic conditions
and Antarctic krill densities
o . The number of squids (mainly S. circumantarctica;
== . see above) consumed by Antarctic fur seals contrasted
6 - . with the density of krill over the 5 yr (Fig. 4). There
was a negative correlation between krill density and
the number of cephalopod beaks found in the fur
seals’ scat (Pearson's correlation, r = -0.96; p < 0.02).
During the summer months (breeding period of
Antarctic fur seals) there were significant differences
4- in SSTa across the 5 yr (ANOVA: F, 3 = 34.65, p <
0.01). The years 2009 (0.78 + 0.30°C) and 2011 (0.44 +
0.28°C) showed the highest (positive) values of SSTa,
which means that SST was much higher relative to
. 2009 the average of 1981 to 2008. The years 2012 (-0.61 =
. 2010 0.46°C) and 2013 (-0.16 + 0.39°C) had the lowest
2 . 2011 (negative) values of SSTa, as those were the coldest
* 2012 P. turqueti
. 2013 e
=y % %o T

5"3C %o

Fig. 2. Bayesian standard ellipse areas displayed for the
lower beaks of Slosarczykovia circumantarctica found in
Antarctic fur seal scat each year

and 2012, which exhibited zero overlap. Also in 2012,
values of §°C and 8N were more separated from
the rest (i.e. lower overlap with all the other years)
(Fig. 2).

Comparing 8'3C values, Paraledone turqueti values
were significantly higher than S. circumantarctica
(all years) (t-test with Welch's correction: t = 4.97, p <
0.001) but there were also significant differences
compared to G. antarcticus (t = 2.40, p = 0.04). How-
ever, when analysing §!3C values, year-by-year sig-
nificant differences were only found between S. cir-
cumantarctica and G. antarcticus in 2012 (t = 2.94,
p < 0.02), and with P. turqueti in every year except
2012 (t=1.90, p = 0.08) (Fig. 3).

S. circumantarctica 13
——————

S. circumantarctica 12
——e—A

S. circumantarctica 11
e

S. circumantarctica 10

S. circumantarctica 09
]

G. antarcticus

T ¥ T T T Y T M 1

-26 =24 =22 =20 -18 -16

Offshore Inshore

Fig. 3. Mean (xSD) 8'3C values of Slosarczykovia circum-
antarctica beaks found in Antarctic fur seal scat from the dif-
ferent years (09: 2009; 10: 2010; 11: 2011; 12: 2012; 13: 2013);
Pareledone turqueti and Gonatus antarcticus are reference
values for shelf and offshore waters, respectively
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Fig. 4. Simplified relationship between density of Antarctic

krill Euphausia superba (summer season) (black bars) and

number of Slosarczykovia circumantarctica beaks collected

in Antarctic fur seal scat (red circles) during the 5 yr study
(2009-2013)

years. Although there was no significant relationship
between SSTa and krill density (Pearson's correlation,
r = -0.65, p = 0.23), the highest krill abundance oc-
curred during the lower SST year (i.e. 2012).

Overall, the years with the lowest abundance of
krill (e.g. 2009) were the years of the highest fur seal
consumption of squid (mainly S. circumantarctica),
which also corresponded to the unusually high SSTa.

4. DISCUSSION

This study provides detailed information on the
cephalopod component of the Antarctic fur seal diet,
as well as evidence of inter-annual variations over a
5 yr period (2009-2013). The differences seen among
years in the diet were negatively correlated with krill
abundance around South Georgia, in which the re-
gional oceanographic conditions may also have had
their influence (SSTa are associated with lower krill
abundance around South Georgia; see below). Our
results indicate that the squid Slosarczykovia circum-
antarctica was the most important cephalopod prey
for Antarctic fur seals in all years studied. Also, to
better understand this predator—prey interaction, we
describe the habitat and trophic ecology of S. circum-
antarctica during this 5 yr period in relation to the
foraging ecology of Antarctic fur seals.

4.1. Cephalopod component of Antarctic fur seal diet

All 8 species of cephalopods identified in the fur
seal diet over the 5 yr of the study (Table 1) were
pelagic squid species found at, and south of, the
Antarctic Polar Front (APF) (Collins & Rodhouse

2006, Rodhouse et al. 2014, Xavier et al. 2016b). The
4 most common species (S. circumantarctica, Psy-
chroteuthis glacialis, Fillipovia knipovitchi and Kon-
dakovia longimana) showed no differences in either
LRL or ML across all years. This suggests that
Antarctic fur seals feed on prey of similar sizes, inde-
pendent of prey availability or environmental condi-
tions (Rodhouse et al. 1992a, Xavier et al. 2003).
Indeed, these estimated prey sizes are in line with
other studies from other Antarctic fur seals colonies
(South Shetland Islands, Kerguelen Islands) (Daneri
et al. 1999, 2008, Harrington et al. 2017).

S. circumantarctica was the most important squid
species in the fur seals’ diet (Table 1). This was
expected, as it is one of the most abundant squid spe-
cies in the Southern Ocean and is found near the sur-
face, where fur seals are known to forage (Rodhouse
et al. 1992a, Arthur et al. 2017). It is also the primary
squid taken by fur seals at South Georgia and other
colonies, as reported in previous studies (Reid 1995,
Daneri et al. 1999, Staniland et al. 2007, Lea et al.
2008), and occurs in the diet of many other predators
(Table A1l in the Appendix).

The squid species Gonatus antarcticus, Histioteuthis
atlantica and P. glacialis were recorded for the first
time in the diet of Antarctic fur seals at South Georgia
(Table 1). Their previous absence in samples was
probably due to changes in availability, the depth that
G. antarcticus and H. atlantica inhabit (which is typi-
cally beyond the maximum diving range of the fur
seals; <500 m) (Staniland & Boyd 2003, Collins & Rod-
house 2006) and/or due to the higher number of scats
analysed here compared to previous studies. These
opportunistic catches may have occurred during their
daily vertical migration to the surface or in shelf areas
where squid are constrained to shallower maximum
depths (Collins & Rodhouse 2006, Rodhouse 2013). P.
glacialis is an Antarctic squid distributed closer to the
Antarctic continent, and it is very common in the diet
of fur seals from southern colonies around the Antarc-
tic Peninsula and South Shetland Islands (Daneri et al.
1999, Burdman et al. 2015). The occurrence of P.
glacialis and Galiteuthis glacialis, species that are
usually found further south, was possible due to the
low krill abundance in that year. Low krill abundance
in the shelf water zone can force predators to search
in more distant waters for prey, therefore providing
the opportunity to catch these oceanic squid species
(Staniland & Boyd 2003, Collins & Rodhouse 2006,
Staniland et al. 2007). Known warmer water species
(i.e. Martialia hyadesi and H. atlantica) were found in
the seals’ diet only in 2009, a year typified by unusually
high temperatures in inshore waters around South
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Georgia, bringing these species closer to the island
(Xavier etal. 2017). It appears that regional changes in
water temperature have little effect on squid ecology,
yetincreased temperatures could act in favour of more
northern species, which could be the case of these both
species (Rodhouse 2013, Xavier etal. 2016b).

Of the 8 species of squid found in the fur seals' diet,
P. glacialis and G. glacialis are considered to have a
circumpolar distribution, inhabiting oceanic waters
near the Antarctic continent (Filippova & Pakhomov
1994, Xavier et al. 2016b). S. circumantarctica, G.
antarcticus, K. longimana and F. knipovitchi cover a
large latitudinal range, inhabiting sub-Antarctic and
Antarctic waters (Collins & Rodhouse 2006, Xavier et
al. 2016b), in contrast to the 2 remaining species (M.
hyadesi and H. atlantica) which inhabit warmer sub-
tropical (oceanic and shallow) waters (Pereira et al.
2017). This distribution suggests that Antarctic fur
seals typically feed on oceanic squid species, pre-
dominantly in offshore habitats.

4.2. Habitat and trophic ecology of
S. circumantarctica

In the Southern Ocean, there is a well-defined §'°C
gradient, with values decreasing with latitude and
increasing in shallow coastal waters (Jaeger et al.
2010, Guerreiro et al. 2015). Our mean §'C values
from all years were higher than —-22.9%. (referring to
the APF; Cherel & Hobson 2007, Jaeger et al. 2010),
suggesting that our specimens were mainly of sub-
Antarctic origin. However, our Bayesian mixing
model revealed that S. circumantarctica occupies a
vast range of habitats, with §'*C values ranging from
sub-Antarctic and/or shelf waters (-17.3%o) to very
low latitudes corresponding to Antarctic waters
(—24.8%0). Also, the high overlap in most of the years
suggests that S. circumantarctica inhabit a relatively
constant latitudinal range.

Values of 8'°C from S. circumantarctica reported
from around Kerguelen Island were lower (—25.1 %o;
Cherel & Hobson 2005) than ours. Similarily, compar-
ision of our 8'3C values with other Antarctic cephalo-
pod species (8'°C range: Kondakovia longimana
-25.7 to -21.3%0; G. antarcticus —25.0 to —18.7 %o)
shows that S. circumantarctica can share the same
habitat area (Guerreiro et al. 2015, Queirés et al.
2018). These results suggest that S. circumantarctica
occupies both sub-Antarctic and Antarctic regions,
and that the APF does not act as a biological barrier
to the species (Collins & Rodhouse 2006, Rodhouse et
al. 2014, Xavier et al. 2016b).

When comparing §'°C values of S. circumantarctica
to inshore and offshore species around South Georgia
(P. turqueti and G. antarcticus as a reference for §3C
values), the habitat of S. circumantarctica in 2012
(Fig. 3) was associated with inshore habitat, while in
all the other years it was associated with offshore
habitat. Indeed, there was a clear difference in values
of 83C between 2009 and 2012. Such a result may
possibly be due to 2012 individuals being sub-adults,
inhabiting more inshore/shallow waters than the
adults in 2009, since squid normally perform ontoge-
netic changes (Cherel & Hobson 2005). Early stages of
development (e.g. sub-adults) are thought to inhabit
inshore and shallow waters (which may have occurred
during 2012), while as adults they move offshore and
into deeper waters (Cherel et al. 2009, Golikov et al.
2018) (however, we note that carbon also can change
with source waters from year to year) (Ceia et al.
2015). Although there was no difference in LRL size,
2012 presented the lowest average as well as the low-
est recorded value. The §'°N values also support this
trend, with 2012 individuals having much lower val-
ues relative to the other years. In fact, our isotopic
niches corroborate this hypothesis, as 2012 exhibited
a major separation from the other years. It appears
that the main habitat of S. circumantarctica is the
oceanic / pelagic area, overlapping with the foraging
range of Antarctic fur seals (Staniland & Boyd 2003,
Staniland et al. 2007, Arthur et al. 2017).

Differences found in §'°N values between the stud-
ied years (e.g. 2009 vs. 2012) may be related to
changes in prey type, size, life stage, or changes in
nitrogen cycling—patterns also found in other squid
species throughout the world (Jennings et al. 2002,
Seco et al. 2016b). Squid habitat could also be a rea-
son for this difference, since the type of prey can
change according to the type of habitat (e.g. moving
more offshore or inshore, which indeed occurred in
these years), thus causing changes in §'°’N values
(Stowasser et al. 2012, Seco et al. 2016b). Their pres-
ence in the diet of various predators and the differ-
ences in carbon signatures suggests that S. circum-
antarctica may have a capacity to adapt to variations
in oceanographic conditions. Since S. circumantarc-
tica always occupied similar spatial habitats in our
study, even during 2009 (the year with unusual
oceanographic conditions), such results suggest that
mesoscale changes in oceanographic conditions are
unlikely to have an effect on the distribution of S. cir-
cumantarctica in our study region. Still, the influence
of oceanographic conditions on the distribution and
ecology of Antarctic squid remains little explored
(Xavier et al. 2018). Given the predator-prey link
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between Antarctic fur seals and S. circumantarctica,
it is important to understand if there is any relation-
ship between fur seal consumption and S. circum-
antarctica habitat and trophic ecology.

Although the relationship was not statistically
significant, there was an observed trend towards a
higher consumption of S. circumantarctica by Ant-
arctic fur seals when the squid are at a higher trophic
level and associated with offshore environments.
Also, the differences in stable isotopes suggest differ-
ent habitats of S. circumantarctica: during ‘good’ krill
abundance years, it is possible that Antarctic fur
seals feed on krill closer to the colony, and on smaller
amounts of squid inshore. During 'bad’ krill abun-
dance years, Antarctic fur seals feed more offshore,
and include higher amounts of squid. Thus, isotope
values can be indicators of the foraging that the fur
seals are performing to feed (see below). This rea-
soning concurs with previous studies that have
shown squid were only consumed by Antarctic fur
seals on trips to offshore areas (Staniland & Boyd
2003, Staniland et al. 2007).

4.3. Cephalopod prey, oceanographic conditions
and Antarctic krill densities

There were significant inter-annual variations in
the consumption of squid (determined by number of
beaks identified in seal scat) between 2009 and 2012.
In fact, in 2009 the highest diversity (Table 1, Fig. 4;
all 8 cephalopod species occurred) and the highest
number of cephalopod beaks was recorded (n = 87).
The squid species M. hyadesi, H. atlantica and G.
glacialis appeared exclusively in this year. 2009 also
had the highest SSTa (compared to the long-term av-
erage at South Georgia) (Whitehouse et al. 2008,
Pereira et al. 2018). Indeed, one phenomenon that
marks 2009 as unusual was the occurrence of one of
the strongest El Nifno Southern Oscillation (ENSO)
events ever recorded (Hill et al. 2009). El Nino is a
phenomenon characterised by high sea surface and
air temperatures, which resulted in the unusual tem-
peratures recorded around South Georgia. These
high temperatures occurred for 9 consecutive months
and coincided with extremely low catches in local
fisheries and poor breeding success of top predators
at South Georgia, including Antarctic fur seals (Hill et
al. 2009, Fielding et al. 2014, Xavier et al. 2017). Our
results showed that in years with low krill density
there was higher consumption of squid by Antarctic
fur seals, suggesting a degree of prey switching. Pen-
guins and squid are known to offer an alternative and

abundant energy source for Antarctic fur seals breed-
ing on other sites, such as the Antarctic Peninsula, in
years of low availability of krill (Daneri et al. 2008).
This apparent prey switching or foraging niche ex-
pansion and change in the feeding behaviour of
Antarctic fur seals in years of low krill abundance has
been observed in other species breeding on South
Georgia, including Gentoo penguins Pygoscelis
papua, macaroni penguins Eudyptes chrysolophus
and grey-headed albatrosses Thalassarche chrysos-
toma (Waluda et al. 2010, Horswill et al. 2016, Xavier
et al. 2013, 2017). In contrast, during 2012, a year
characterized by low temperatures and high levels of
marine productivity in inshore waters (Fielding et al.
2014, this study), there was a high abundance of krill
in the waters of South Georgia. This was the year
with the lowest consumption and diversity of squid,
supporting the hypothesis that squid (particularly S.
circumantarctica) is an alternative prey for Antarctic
fur seals in years of low krill abundance.

The Commission for the Conservation of Antarctic
Living Resources (CCAMLR) have developed man-
agement strategies for Antarctic fisheries, such as
krill, by including the relationships between prey
ingested by predators and the populations of target
species (Constable 2002, 2011). Our results describe
changes in the feeding behaviour of Antarctic fur
seals regarding squid consumption that appear to be
influenced by oceanographic conditions and krill
abundance, although other factors (e.g. prey avail-
ability, predator's ability to catch prey) can affect
these relationships. An understanding of prey
switching (squid or other prey items) and alternative
energetic pathways within the food web are impor-
tant in any ecosystem-based management program
—especially for an abundant predator such as the
Antarctic fur seal. We have also demonstrated how
these animals can be used to sample the marine envi-
ronment and aid in our understanding of more cryp-
tic species.

Acknowledgements. We thank all the scientists (and logisti-
cal support) of the British Antarctic Survey who have col-
lected samples from Antarctic fur seals all through these
many years. This work is part of the BAS-CEPH monitoring
long-term project and SCAR Ant-ERA, SCAR EGBAMM
and ICED programs. This study benefited from strategic
program of MARE, financed by FCT (UID/MAR/04292/
2019). The British Antarctic Survey (BAS) provided all the
support related to the permits for the fieldwork: the animal
procedures used in this this study were reviewed and
approved by the Joint BAS-Cambridge University Animal
Welfare and Ethical Review Committee. Permits to operate
were issued by the Government of South Georgia and the
South Sandwich Islands.



Abreu et al.: Squid in Antarctic fur seals’ diet

219

LITERATURE CITED

F¢Arthur B, Hindell M, Bester M, De Bruyn PJN, Trathan P,
Goebel M, Lea MA (2017) Winter habitat predictions of a
key Southern Ocean predator, the Antarctic fur seal (Arc-
tocephalus gazella). Deep Sea Res II 140:171-181

]\Burdman L, Daneri GA, Negrete J, Mennucci JA, Marquez
MEI (2015) Cephalopoda as prey of juvenile southern
elephant seals at Isla 25 de Mayo/King George, South
Shetland Islands. Iheringia Ser Zool 105:12-19

]\Burns JM, Trumble SJ, Castellini MA, Testa JW (1998) The
diet of Weddell seals in McMurdo Sound, Antarctica as
determined from scat collections and stable isotope
analysis. Polar Biol 19:272-282

] Ceia FR, Ramos JA, Phillips RA, Cherel Y, Jones DC, Vieira
RP, Xavier JC (2015) Analysis of stable isotope ratios in
blood of tracked wandering albatrosses fails to distin-
guish a 8'3C gradient within their winter foraging areas
in the southwest Atlantic Ocean. Rapid Com Mass Spec-
trom 29:2328-2336

Cherel Y, Duhamel G (2004) Antarctic jaws: cephalopod prey
of sharks in Kerguelen waters. Deep Sea Res I 51:17-31

] Cherel Y, Hobson KA (2005) Stable isotopes, beaks and
predators: a new tool to study the trophic ecology of
cephalopods, including giant and colossal squids. Proc R

. Soc B 272:1601-1607

]( Cherel Y, Hobson KA (2007) Geographical variation in car-
bon stable isotope signatures of marine predators: a tool
to investigate their foraging areas in the Southern
Ocean. Mar Ecol Prog Ser 329:281-287

] Cherel Y, Bocher P, De Broyer C, Hobson KA (2002) Food
and feeding ecology of the sympatric thin-billed Pachyp-
tila belcheri and Antarctic P. desolata prions at Iles Ker-
guelen, Southern Indian Ocean. Mar Ecol Prog Ser 228:
263-281

]\'i Cherel Y, Duhamel G, Gasco N (2004) Cephalopod fauna of
subantarctic islands: new information from predators.
Mar Ecol Prog Ser 266:143-156

] Cherel Y, Fontaine C, Jackson GD, Jackson CH, Richard P
(2009) Tissue, ontogenetic and sex-related differences in
$13C and 5'N values of the oceanic squid Todarodes fil-
ippovae (Cephalopoda: Ommastrephidae). Mar Biol 156:

. 699-708

]< Clarke MR (1962) Significance of cephalopod beaks. Nature

193:560-561
Clarke MR (1986) A handbook for the identification of
cephalopod beaks. Clarendon Press, Oxford

] Collins MA, Rodhouse PGK (2006) Southern Ocean cepha-
lopods. Adv Mar Biol 50:191-265

] Connan M, Cherel Y, Mabille G, Mayzaud P (2007) Trophic
relationships of white-chinned petrels from Crozet Is-
lands: combined stomach oil and conventional dietary
analyses. Mar Biol 152:95-107

Constable AJ (2002) CCAMLR ecosystem monitoring and
management: future work. CCAMLR Sci 9:233-253

] Constable AJ (2011) Lessons from CCAMLR on the imple-
mentation of the ecosystem approach to managing fish-
eries. Fish Fish 12:138-151

A Croxall JP, Reid K, Prince PA (1999) Diet, provisioning and
productivity responses of marine predators to differences
in availability of Antarctic krill. Mar Ecol Prog Ser 177:

. 115-131

](Daneri GA, Piatkowski U, Coria NR, Carlini AR (1999) Pre-
dation on cephalopods by Antarctic fur seals, Arcto-
cephalus gazella, at two localities of the Scotia Arc,
Antarctica. Polar Biol 21:59-63

ﬁiDaneri GA, Carlini AR, Harrington A, Balboni L, Hernandez

CM (2008) Interannual variation in the diet of non-breed-
ing male Antarctic fur seals, Arctocephalus gazella, at
Isla 25 de Mayo/King George Island. Polar Biol 31:
1365-1372
Doidge DW, Croxall JP (1985) Diet and energy budget of the
Antarctic fur seal Arctocephalus gazella at South Geor-
gia. In: Siegfried WR, Condy PR, Laws RM (eds) Antarc-
tic nutrient cycles and food webs. Springer, Berlin, p
R 543-550

]'{ Fielding S, Watkins JL, Trathan PN, Enderlein P and others
(2014) Interannual variability in Antarctic krill (Euphau-
sia superba) density at South Georgia, Southern Ocean:
1997-2013. ICES J Mar Sci 71:2578-2588

A Filippova JA, Pakhomov EA (1994) Young squid in the
plankton of Prydz Bay, Antarctica. Antarct Sci 6:171-173

] Forcada J, Hoffman JI (2014) Climate change selects for het-
erozygosity in a declining fur seal population. Nature
511:462-465

A Golikov AV, Ceia FR, Sabirov RM, Zaripova ZI, Blicher ME,
Zakharov DV, Xavier JC (2018) Ontogenetic changes in
stable isotope (8'*C and 8'°N) values in squid Gonatus
fabricii (Cephalopoda) reveal its important ecological
role in the Arctic. Mar Ecol Prog Ser 606:65-78

] Green K, Burton HR (1993) Comparison of the stomach con-
tents of southern elephant seals, Mirounga leonina, at
Macquarie and Heard Islands. Mar Mamm Sci 9:10-22

] Guerreiro M, Phillips RA, Cherel Y, Ceia FR, Alvito P, Rosa
R, Xavier JC (2015) Habitat and trophic ecology of
Southern Ocean cephalopods from stable isotope analy-
ses. Mar Ecol Prog Ser 530:119-134

] Gutt J, Bertler N, Bracegirdle TJ, Buschmann A and others
(2015) The Southern Ocean ecosystem under multiple
climate change stresses—an integrated circumpolar
assessment. Glob Change Biol 21:1434-1453

] Harrington A, Daneri GA, Carlini AR, Reygert DS, Corbal A
(2017) Seasonal variation in the diet of Antarctic fur
seals, Arctocephalus gazella, at 25 de Mayo/King
George Island, South Shetland Islands, Antarctica. Polar
Biol 40:471-475

Hill S, Belchier M, Collins M, Fielding S and others (2009)

Multiple indicators suggest a strong ecosystem anomaly
at South Georgia in 2009. CCAMLR WG-EMM-09/23

] Hobson KA, Welch HE (1992) Determination of trophic rela-
tionships within a high Arctic marine food web using
513C and 8'°N analysis. Mar Ecol Prog Ser 84:9-18

] Hobson KA, Piatt JF, Pitocchelli J (1994) Using stable iso-
topes to determine seabird trophic relationships. J Anim
Ecol 63:786-798

]\( Horswill C, Ratcliffe N, Green JA, Phillips RA, Trathan PN,
Matthiopoulos J (2016) Unravelling the relative roles of
top-down and bottom-up forces driving population
change in an oceanic predator. Ecology 97:1919-1928

]\Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Compar-
ing isotopic niche widths among and within communi-
ties: SIBER—stable isotope Bayesian ellipses in R. J Anim
Ecol 80:595-602

ﬁijaeger A, Lecomte VJ, Weimerskirch H, Richard P, Cherel Y
(2010) Seabird satellite tracking validates the use of lati-
tudinal isoscapes to depict predators’ foraging areas in
the Southern Ocean. Rapid Commun Mass Spectrom 24:
3456-3460

AlJennings S, Pinnegar JK, Polunin NVC, Warr KJ (2002)
Linking size-based and trophic analyses of benthic com-
munity structure. Mar Ecol Prog Ser 226:77-85

] Klages NTW (1996) Cephalopods as prey. II. Seals. Philos
Trans R Soc B 351:1045-1052

#Lea MA, Guinet C, Cherel Y, Hindell M, Dubroca L, Thal-


https://doi.org/10.1016/j.dsr2.2016.10.009
https://doi.org/10.1590/1678-4766201510511219
https://doi.org/10.1007/s003000050245
https://doi.org/10.1002/rcm.7401
https://doi.org/10.1098/rspb.2005.3115
https://doi.org/10.3354/meps228263
https://doi.org/10.1016/j.dsr.2003.09.009
https://doi.org/10.3354/meps329281
https://doi.org/10.3354/meps266143
https://doi.org/10.1007/s00227-008-1121-x
https://doi.org/10.1038/193560a0
https://doi.org/10.1016/S0065-2881(05)50003-8
https://doi.org/10.1007/s00227-007-0664-6
https://doi.org/10.1111/j.1467-2979.2011.00410.x
https://doi.org/10.3354/meps177115
https://doi.org/10.1007/s003000050333
https://doi.org/10.3354/meps07305
https://doi.org/10.1098/rstb.1996.0092
https://doi.org/10.3354/meps226077
https://doi.org/10.1002/rcm.4792
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1002/ecy.1452
https://doi.org/10.2307/5256
https://doi.org/10.3354/meps084009
https://doi.org/10.1007/s00300-016-1959-1
https://doi.org/10.1111/gcb.12794
https://doi.org/10.3354/meps11266
https://doi.org/10.1111/j.1748-7692.1993.tb00422.x
https://doi.org/10.3354/meps12767
https://doi.org/10.1038/nature13542
https://doi.org/10.1017/S095410209400026X
https://doi.org/10.1093/icesjms/fsu104
https://doi.org/10.1007/s00300-008-0475-3

220

Mar Ecol Prog Ser 628: 211-221, 2019

mann S (2008) Colony-based foraging segregation by
Antarctic fur seals at the Kerguelen Archipelago. Mar
Ecol Prog Ser 358:273-287
Lipinski MR (2001) Preliminary description of two new
species of cephalopods (Cephalopoda: Brachioteuthidae)
from South Atlantic and Antarctic waters. Bull Sea Fish
Inst Gdynia 1:3-14
Murphy EJ, Watkins JL, Trathan PN, Reid K and others
(2007) Spatial and temporal operation of the Scotia Sea
ecosystem: a review of large-scale links in a krill centred
food web. Philos Trans R Soc B 362:113-148
North AW, Croxall JP, Doidge DW (1983) Fish prey of the
Antarctic fur seal Arctocephalus gazella at South Geor-
gia. Br Antarct Surv Bull 61:27-37
] Pereira JM, Paiva VH, Xavier JC (2017) Using seabirds to
map the distribution of elusive pelagic cephalopod spe-
cies. Mar Ecol Prog Ser 567:257-262
]\Perelra JM, Paiva VH, Phillips RA, Xavier JC (2018) The
devil is in the detail: small-scale sexual segregation
despite large-scale spatial overlap in the wandering
. albatross. Mar Biol 165:55
](Piatkowski U, Vergani DF, Stanganelli ZB (2002) Changes in
the cephalopod diet of southern elephant seal females at
King George Island, during El Nino-La Nina events.
. J Mar Biol Assoc UK 82:913-916
](Pilling GM, Purves MG, Daw TM, Agnew DA, Xavier JC
(2001 The stomach contents of Patagonian toothfish
around South Georgia (South Atlantic). J Fish Biol 59:
1370-1384
A Queirds JP, Cherel Y, Ceia FR, Hildrio A, Roberts J, Xavier JC
(2018) Ontogenetic changes in habitat and trophic ecology
in the Antarctic squid Kondakovia longimana derived
from isotopic analysis on beaks. Polar Biol 41:2409-2421
R Development Core Team (2018) R: a language and envi-
ronment for statistical computing. R Foundation for Sta-
tistical Computing, Vienna
]\Reld K (1995) The diet of Antarctic fur seals (Arctocephalus
gazella Peters 1875) during winter at South Georgia.
Antarct Sci 7:241-249
ﬁiReid K, Arnould JPY (1996) The diet of Antarctic fur seals
Arctocephalus gazella during the breeding season at
South Georgia. Polar Biol 16:105-114
]\Re1d K, Croxall JP (2001) Environmental response of upper
trophic-level predators reveals a system change in an
Antarctic marine ecosystem. Proc R Soc B 268:377-384
HRichoux NB, Jaquemet S, Bonnevie BT, Cherel Y, McQuaid
CD (2010) Trophic ecology of grey-headed albatrosses
from Marion Island, Southern Ocean: insights from stom-
ach contents and diet tracers. Mar Biol 157:1755-1766
]\<Rodhouse PG (2013) Role of squid in the Southern Ocean
pelagic ecosystem and the possible consequences of cli-
mate change. Deep Sea Res I1 95:129-138
]\Rodhouse PG, Arnbom TR, Fedak MA, Yeatman J, Murray
AWA (1992a) Cephalopod prey of the southern elephant
.seal, Mirounga leonina L. Can J Zool 70:1007-1015
]\Rodhouse PG, Symon C, Hatfield EMC (1992b) Early life
cycle of cephalopods in relation to the major oceano-
graphic features of the southwest Atlantic Ocean. Mar
Ecol Prog Ser 89:183-195
]\Rodhouse PG, Prince PA, Trathan PN, Hatfield EMC and
others (1996) Cephalopods and mesoscale oceanography
at the Antarctic Polar Front: satellite tracked predators
locate pelagic trophic interactions. Mar Ecol Prog Ser
136:37-50
Rodhouse PG, Griffiths HJ, Xavier JC (2014) Southern
Ocean squid. In: de Broyer C, Koubbi P (eds) The biogeo-
graphic atlas of the Southern Ocean. Scientific Commit-

tee on Antarctic Research, Scott Polar Research Institute,
Cambridge, p 284-289
] Rosas-Luis R, Navarro J, Martinez-Baena F, Sanchez P
(2017) Differences in the trophic niche along the gladius
of the squids Illex argentinus and Doryteuthis gahi based
on their isotopic values. Reg Stud Mar Sci 11:17-22
] Seco J, Daneri GA, Ceia FR, Vieira RP, Hill SL, Xavier JC
(2016a) Distribution of short-finned squid Illex argenti-
nus (Cephalopoda: Ommastrephidae) inferred from the
diets of Southern Ocean albatrosses using stable isotope
analyses. J Mar Biol Assoc UK 96:1211-1215
] Seco J, Roberts J, Ceia FR, Baeta A, Ramos JA, Paiva VH,
Xavier JC (2016b) Distribution, habitat and trophic ecol-
ogy of Antarctic squid Kondakovia longimana and Moro-
teuthis knipovitchi: inferences from predators and stable
isotopes. Polar Biol 39:167-175
] Slip DJ (1995) The diet of southern elephant seals (Mirounga
leonina) from Heard Island. Can J Zool 73:1519-1528
] Staniland 1J, Boyd IL (2003) Variation in the foraging loca-
tion of Antarctic fur seals (Arctocephalus gazella) and
the effects on diving behavior. Mar Mamm Sci 19:
R 331-343
,’{ Staniland 1J, Robinson SL (2008) Segregation between the
sexes: Antarctic fur seals, Arctocephalus gazella, forag-
ing at South Georgia. Anim Behav 75:1581-1590
] Staniland 1J, Boyd IL, Reid K (2007) An energy-distance
trade-off in a central-place forager, the Antarctic fur seal
(Arctocephalus gazella). Mar Biol 152:233-241
] Stowasser G, Atkinson A, McGill RAR, Phillips RA, Collins
MA, Pond DW (2012) Food web dynamics in the Scotia
Sea in summer: a stable isotope study. Deep Sea Res II
. 59-60:208-221
"{ Turner J, Barrand NE, Bracegirdle TJ, Convey P and others
(2014) Antarctic climate change and the environment: an
update. Polar Rec (Gr Brit) 50:237-259
HAWaluda CM, Collins MA, Black AD, Staniland 1J, Trathan
PN (2010) Linking predator and prey behaviour: con-
trasts between Antarctic fur seals and macaroni pen-
guins at South Georgia. Mar Biol 157:99-112
]\Whltehouse MJ, Meredith MP, Rothery P, Atkinson A, Ward
P, Korb RE (2008) Rapid warming of the ocean around
South Georgia, Southern Ocean, during the 20th cen-
tury: forcings, characteristics and implications for lower
trophic levels. Deep Sea Res 1 55:1218-1228
Xavier JC, Cherel Y (2009) Cephalopod beak guide for the
Southern Ocean. British Antarctic Survey, Cambridge
Xavier JC, Rodhouse PG, Purves MG, Daw T, Arata J, Pilling
GM (2002) Distribution of cephalopods recorded in the
diet of the Patagonian toothfish (Dissostichus eleginoi-
des) around South Georgia. Polar Biol 25:323-330
]\Xawer JC, Croxall JP, Trathan PN, Wood AG (2003) Feeding
strategies and diets of breeding grey-headed and wan-
dering albatrosses at South Georgia. Mar Biol 143:
221-232
]\(Xavier JC, Louzao M, Thorpe SE, Ward P and others (2013)
Seasonal changes in the diet and feeding behaviour of a
top predator indicate a flexible response to deteriorating
oceanographic conditions. Mar Biol 160:1597-1606
]\Xav1er JC, Ferreira S, Tavares S, Santos N and others
(2016a) The significance of cephalopod beaks in marine
ecology studies: Can we use beaks for DNA analyses and
mercury contamination assessment? Mar Pollut Bull 103:
R 220-226
]'<Xav'1er JC, Raymond B, Jones DC, Griffiths H (2016b) Bio-
geography of cephalopods in the Southern Ocean using
habitat suitability prediction models. Ecosystems 19:
220-247


https://doi.org/10.3354/meps12020
https://doi.org/10.1007/s00227-018-3316-0
https://doi.org/10.1017/S0025315402006343
https://doi.org/10.1111/j.1095-8649.2001.tb00198.x
https://doi.org/10.1007/s00300-018-2376-4
https://doi.org/10.1017/S0954102095000344
https://doi.org/10.1007/BF02390431
https://doi.org/10.1098/rspb.2000.1371
https://doi.org/10.1007/s00227-010-1448-y
https://doi.org/10.1016/j.dsr2.2012.07.001
https://doi.org/10.1139/z92-143
https://doi.org/10.3354/meps089183
https://doi.org/10.3354/meps136037
https://doi.org/10.1016/j.rsma.2017.02.003
https://doi.org/10.1007/s10021-015-9926-1
https://doi.org/10.1016/j.marpolbul.2015.12.016
https://doi.org/10.1007/s00227-013-2212-x
https://doi.org/10.1007/s00227-003-1049-0
https://doi.org/10.1016/j.dsr.2008.06.002
https://doi.org/10.1007/s00227-009-1299-6
https://doi.org/10.1017/S0032247413000296
https://doi.org/10.1016/j.dsr2.2011.08.004
https://doi.org/10.1007/s00227-007-0698-9
https://doi.org/10.1016/j.anbehav.2007.10.012
https://doi.org/10.1111/j.1748-7692.2003.tb01112.x
https://doi.org/10.1139/z95-180
https://doi.org/10.1007/s00300-015-1675-2
https://doi.org/10.1017/S0025315415000752

Abreu et al.: Squid in Antarctic fur seals’ diet 221

\ .,

]iXavier JC, Trathan PN, Ceia FR, Tarling GA and others ]<Xavier JC, Cherel Y, Allcock L, Rosa R, Sabirov RM, Blicher

(2017) Sexual and individual foraging segregation in ME, Golikov AV (2018) A review on the biodiversity, dis-
gentoo penguins Pygoscelis papua from the Southern tribution and trophic role of cephalopods in the Arctic
Ocean during an abnormal winter. PLOS ONE 12: and Antarctic marine ecosystems under a changing
e0174850 ocean. Mar Biol 165:93

Appendix

Fig. Al. Measurement of lower
rostral length (LRL) of beaks of
Slosarczykovia circumantarctica
found in Antarctic fur seal scat
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Table A1l. Presence of Slosarczykovia circumantarctica in the diet of Antarctic top predators among different sites on Southern
Ocean. (FO: percentage of beaks of S. circumantarctica relative to the total number of cephalopod beaks found)

Predator Location FO (%) N Source

Antarctic fur seal South Georgia (winter) 50 1 Reid (1995)

Arctocephalus gazella South Georgia (summer) 28.57 2 Reid & Arnould (1996)
South Shetland Islands 60 9 Daneri et al. (1999)
South Shetland Islands 25 2 Harrington et al. (2016)
South Orkney Islands 78.78 26 Daneri et al. (1999)
Kerguelen Islands 70.58 12 Lea et al. (2008)

Elephant seal King George Island 5.68 24 Piatkowski et al. (2002)

Mirounga leonina King George Island 13.98 27 Burdman et al. (2015)
Heard Island 2.70 40 Slip (1995)
Heard Island 1.31 7 Green & Burton (1993)
Macquarie Island 2.19 25 Green & Burton (1993)
South Georgia 17.94 192 Rodhouse et al. (1992a)

Weddell seal McMurdo Sound 82.97 39 Burns et al. (1998)

Leptonychotes weddellii

Grey-headed albatross Prince Edward Island 1 3 Richoux et al. (2010)

Thalassarche chrysostoma

Wandering albatross South Georgia 0.2 25 Xavier et al. (2003)

Diomedea exulans

White-chinned petrel Crozet Islands 42 16 Connan et al. (2007)

Procellaria aequinoctialis

Antarctic prion Kerguelen Islands 19.75 16 Cherel et al. (2002)

Pachyptila desolata

Patagonian toothfish Crozet Islands 13.11 115 Cherel et al. (2004)

Dissostichus eleginoides Kerguelen Islands 2 28 Cherel et al. (2004)
South Georgia 6.74 12 Xavier et al. (2002)
South Georgia 7.20 12 Pilling et al. (2001)

Lanternshark Kerguelen Islands 18.75 3 Cherel & Duhamel (2004)

Etmopterus cf. granulosus

Sleeper sharks Kerguelen Islands 2 11 Cherel & Duhamel (2004)

Somniosus cf. microcephalus

Macaroni penguin

Eudyptes chrysolophus South Georgia 13.60 3 Croxall et al. (1999)

Gentoo penguin South Georgia 100 3 Croxall et al. (1999)

Pygoscelis papua South Georgia 7 4 Xavier et al. (2017)
South Georgia 40 2 Xavier et al. (2018)
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