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1.  INTRODUCTION

Understanding the complex interactions that drive
distribution patterns of marine fauna is crucial for
effective management and policy-making (Crowder
& Norse 2008). Cephalopods are ecologically impor-
tant as prey (Clarke 1996, Croxall & Prince 1996,
Klages 1996, Smale 1996). Furthermore, as preda-
tors, cephalopods occupy a wide range of trophic lev-
els (Coll et al. 2013, Guerreiro et al. 2015); yet, we

lack an understanding of the cephalopod fauna and
their ecology in the Southern Ocean (SO). The giant
warty squid Moroteuthopsis longimana Filippova
1972  (Oegopsida: Onychoteuthidae), formerly known
as Kondakovia longimana (Bolstad et al. 2018), is an
 important prey species for various predators in the
SO (Collins & Rodhouse 2006), particularly in terms
of  total mass. Gaining information on the habitat and
trophic ecology of this species is challenging due to
direct sampling constraints (Rodhouse et al. 1996).
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Biogeographical observations and predictions indi-
cate a circumpolar, Antarctic and sub-Antarctic dis-
tribution for the species (Cherel & Weimerskirch
1999, Xavier et al. 2016). Recent studies have also
highlighted aspects of its ecology, like movement
between habitats (latitudinal migrations between
water masses) and ontogenetic trophic shifts (Seco et
al. 2016, Queirós et al. 2018). The Prince Edward
Islands (PEIs) have particular potential for a cephalo-
pod- focussed study in the Indian Sector of the SO
(Fig. 1). This is because little is known about the
taxon in general in this area, especially in terms of
stable isotope information, even for otherwise well
studied species like M. longimana, despite the fact
that cephalopods, including M. longimana, are regu-
larly consumed by local higher predators (Hunter &
Klages 1989, Cooper et al. 1992, Cooper & Klages
1995). This study focusses on the ecology of M. longi-
mana as bio-sampled by grey-headed albatrosses
Thalassarche chrysostoma (GHA) from the PEIs; we
then compare our results to findings for the neigh-
bouring Îles Crozet (~1000 km east) and the more
distant Îles Kerguelen (~2400 km east) (Guerreiro et
al. 2015).

Due to logistical and financial constraints on direct
cephalopod sampling, indirect methods such as bio-

sampling are increasingly used; cephalopod beaks
are resistant to digestion and are therefore recovered
in the scat and regurgitates of their predators (Clarke
1986, de Bruyn et al. 2005, Xavier & Cherel 2009,
Guerreiro et al. 2015). The beaks have distinctive
features that can be used for species identification
(Clarke 1962, 1980), and regressions between beak
dimensions and body size have been established
(Clarke 1986, Xavier & Cherel 2009). This methodol-
ogy has been used successfully with beaks from
regurgitates of wandering albatrosses Diomedea
exulans at Îles Crozet and Îles Kerguelen (Guerreiro
et al. 2015), also in the Indian Ocean Sector of the SO.

The use of predators as bio-samplers has some limi-
tations, as one must consider the feasibility of col -
lecting cephalopod remains from predators and the
geographical extent of their foraging range. Seabirds
breeding at the PEIs are frequently used as bio-sam-
plers, and GHA are known to exploit cepha lopods, es-
pecially during the chick-rearing period (January to
February) (Nel et al. 2000, 2001). Naturally regurgi-
tated cephalopod beaks are easily collected around
nests of GHA. The geographical extent of adult alba-
tross foraging during chick rearing is associated with
mesoscale activity, particularly eddies, which is due to
the Antarctic Circumpolar Current (ACC) crossing the
Southwest Indian Ridge (SWIR, Fig. 1) (Nel et al. 2000,
2001, Lamont & van den Berg 2020). Analysis of chick
stomach contents yielded M. longimana beaks, sug-
gesting that the squid were sourced at these meso -
scale anomalies. However, due to extended retention
of large beaks in predator stomachs (Berruti & Harcus
1978, Nel et al. 2001), it must be considered that some
of the beaks may have been sourced elsewhere than
the SWIR. During the incubation period (November to
December) the foraging range of GHA was less re-
stricted to mesoscale anomalies south of the is land and
showed foraging extending to the north of the island
(Nel et al. 2000, 2001). This suggests alternative loca-
tions where M. longimana could have been sourced
and perhaps retained in adult stomachs until chick
feeding. Notably, predator diets indicate that M. longi-
mana is abundant in the vicinity of other sub-Antarctic
archipelagos from the southern Indian Ocean, includ-
ing Îles Crozet and Îles Kerguelen (Cherel & Weimer-
skirch 1999, Cherel et al. 2004, 2017), as well as dis-
tant archipelagos such as South Georgia and the
South Sandwich Islands (Mills et al. 2020).

The locations where cephalopods are sourced can
be clarified using stable isotope analysis (SIA) on
their collected beaks (Cherel & Hobson 2005, Guer-
reiro et al. 2015, Seco et al. 2016). Stable carbon iso-
tope ratios (δ13C) in tissues provide insight to organ-
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Fig. 1. Southwestern Indian Ocean, showing the main
oceanographic fronts: the Subtropical Front (STF) and
Antarctic Polar Front (APF), which delineate the main water
masses within the Southern Ocean and further north, i.e. the
Subtropical Zone (STZ), Sub-Antarctic Zone (SAZ) and
Antarctic Zone (AZ). The Southwest Indian Ridge (SWIR) is
also shown. PEIs: Prince Edward Islands; CI: Îles Crozet; KI:
Îles Kerguelen. Frontal data are available online (Park & 

Durand 2019, Park et al. 2019)
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isms’ foraging locations due to a gradual tropics-to-
polar decrease in δ13C (Francois et al. 1993, Cherel &
Hobson 2007, Jaeger et al. 2010, Carpenter-Kling et
al. 2020), relating to oceanic fronts (Fig. 1). This envi-
ronmental gradient is due to temperature-dependent
differences in the growth rate of phytoplankton and
bicarbonate dissolution from the tropics to the poles
(MacKenzie et al. 2011). Furthermore, nitrogen sta-
ble isotope ratios (δ15N) in tissues are a relevant
proxy for the trophic level of the organism, since δ15N
generally enriches with each increment from prey to
predator (DeNiro & Epstein 1981, Minagawa & Wada
1984, Montoya 2007).

The isotopic values recorded from whole cephalo-
pod beaks represent an estimate of their  foraging
locations and trophic levels over their entire  lifetimes,
which obscures information on ecological changes
throughout development. Recording ontogenetic
niche changes for an individual requires sampling of
tissues throughout its life. Cephalopod beaks are use-
ful because the repeated deposition of biologically
inert tissue allows for sampling along the plane of
growth of the tissue. The lateral walls of beaks show
distinct ‘growth rings’ (Clarke 1965) that reflect depo-
sition in a chronological sequence, from the tips of the
beaks, reflecting early life, to the base of the free cor-
ner, which reflects the most recent depositions (Fig. 2).
Sequentially analysing this tissue may thus show fine-
scale ecological changes within individuals over time.
This approach has been called for in the literature
(Cherel et al. 2009a,b), and has been accomplished for
squid tissues like gladii (Ruiz-Cooley et al. 2010, Lor-
rain et al. 2011), eye lenses (Hunsicker et al. 2010, Liu
et al. 2020) and beaks (Guerra et al. 2010, Queirós et
al. 2018).

In this study, we aimed to assess the unknown
habitat and trophic ecology of M. longimana bio-

sampled by GHA at the PEIs. To place the ecological
information in the context of the broader southern
Indian Ocean, the data from the PEIs are compared
to findings on M. longimana consumed by wander-
ing albatrosses at Îles Crozet and Îles Kerguelen. We
also used sub-samples collected sequentially along
the lateral walls of individual M. longimana lower
beaks to investigate ontogenetic changes in habitat
and feeding for this cephalopod species.

2.  MATERIALS AND METHODS

2.1.  Sampling

Naturally regurgitated beaks of Moroteuthopsis
longimana were collected around the nests of
actively breeding GHA at the PEIs (specifically at
Marion Island) during early incubation (12 Novem-
ber) in 2004 and late chick rearing (4 April) in 2013.
The samples  collected in 2004 were placed in 70%
ethanol until further analysis. The samples collected
in 2013 were frozen dry and only rehydrated in 50%
propanol 3 d before analysis, as in Clarke (1986) and
de Bruyn et al. (2003). These different storage meth-
ods are not expected to affect the isotopic values of
the beak tissue (Ruiz-Cooley et al. 2011).

2.2.  Identification and measurement

The upper and lower beaks were separated and
the lower beaks cleared of external contaminants.
The lower beaks were identified to species level as
M. longimana (n = 40) using identification guides
(Clarke 1986, Xavier & Cherel 2009) and the refer-
ence collection in the Port Elizabeth Museum at Bay-

world, South Africa. The lower rostral
lengths (LRLs) were then measured
to 0.1 mm precision using metal cal-
lipers. All beaks were completely
darkened, and could be treated the
same without the need to remove
undarkened regions. Undarkened re -
gions reflect different elemental com-
positions (Miserez et al. 2008).

2.3.  Overall isotopic values

The 40 lower beaks were halved
along the sagittal plane, through the
hood and crest (Fig. 2). The right
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Fig. 2. Processing of Moroteuthopsis longimana lower beaks by cutting (a)
along the sagittal plane for overall halves (right halves). (b) The left halves
were then sampled in a chronological sequence along the plane of growth of
the  lateral wall, from beak tip (demarcated by ‘1’) to the free corner (‘2’)
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halves (when viewed anteriorly while resting on the
tips of the wings) were used for overall SIA, similar to
whole-beak analysis (Guerreiro et al. 2015). These
halves were cut into smaller pieces and washed
clean of residues using a toothbrush and distilled
water. The samples were subsequently placed in dis-
tilled water in an ultrasonic water bath for 20 min
and then dried at 70°C. These were then ground to
powder using a microtube homogeniser (BeadBug
D1030) with 2 glass beads at 4000 oscillations min−1

for 3 min. Sub-samples of the powder (0.5−0.6 mg)
were then weighed off into tin capsules and fed
through an elemental analyser (Flash EA 1112,
Thermo Finnigan) at the University of Pretoria, South
Africa, for mass spectrometry. The whole-beak iso-
topic values for Îles Crozet and Îles Kerguelen were
obtained courtesy of Guerreiro et al. (2015); see
 Supplement at www. int-res. com/ articles/ suppl/ m658
p105 _ supp. xlsx.

2.4.  Sequential SIA along lateral walls of beaks

Four of the (opposing) left halves were sequen-
tially sampled along the lateral walls, from the tips
of the beaks to their bases, to evaluate the occur-
rence of ontogenetic niche shifts. The wings and
hoods of these halves were removed and the re -
maining lateral walls cleaned with distilled water
and a toothbrush. A 1 mm sliver was cut perpendi-
cular to the growth rings, from the beak tip to the
free corner, and further divided into 1 mm segments
along the plane of growth (Fig. 2). These segments
were then prepared for analysis as described above,
but weighed off directly to 0.5−0.6 mg, without
being powdered.

Stable isotope values are reported in parts per
thousand (‰) relative to universal standards Vienna
Pee Dee Belemnite for δ13C and atmospheric nitro-
gen for δ15N (see Eq. 1, where X represents a periodic
element, e.g. C, and R denotes the ratio of the ele-
ment's heavy to light isotopes in the sample or stan-
dard material): 

(1)

Duplicates of 9 random samples throughout both
the overall and sequential analyses were sub-
sampled by again weighing off 0.5−0.6 mg if enough
material was available. In-house standards (Merck
gel) and blanks were regularly included for the sake
of reproducibility. Duplicate reproducibility was
±0.30‰ for δ13C and ±0.26‰ for δ15N. The repro-

ducibility based on standards was 0.06 and ≥0.08‰
for δ13C and δ15N, respectively.

2.5.  Statistical analyses

Statistical analyses were performed using R ver-
sion 1.2.5033 (R Core Team 2017). With the 2004-
ethanol and 2013-propanol treatment groups, the
only deviation from normality and homoscedasticity
was that the variance of the δ13C residuals was not
homogeneous across the treatment groups (Levene’s
test F = 3.94, p = 0.05). A Mann-Whitney U-test for
δ13C (W = 170, p = 0.43) and a t-test for δ15N (t = −0.70,
df = 37.42, p = 0.49) was therefore used to confirm
that there were no significant differences in isotopic
values between the beaks from 2004 stored in 70%
ethanol and those from 2013 stored in 50% propanol.
Thus the 2 subsets could indeed be assessed as a sin-
gle unit.

The M. longimana beak isotope data were com-
pared between the PEIs, Îles Crozet and Îles Ker-
guelen. Testing for normality and homoscedasticity
revealed that δ13C for the PEIs were not normally
distributed, and the residuals of δ13C were not
homogeneous across islands. Differences in isotopic
values between islands were therefore assessed
using non-parametric Kruskal-Wallis and post hoc
Nemenyi tests for δ13C, and parametric ANOVA
and post hoc Tukey tests for δ15N. A combined bi-
plot (Fig. 3) of M. longimana isotopic data from
Marion Island (PEIs), Îles Crozet and Îles Kergue-
len was generated using Stable Isotope Bayesian
Ellipses (SIBER) in R, package version 2.1.4 (Jack-
son et al. 2011), plotting ellipses around the core
40% of isotopic data at a 95% confidence interval.
These ellipses denote the corrected standard
ellipse area (SEAc). The niche sizes of the respec-
tive populations were compared and the degrees
of overlap between the population niches were
also calculated.

Latitudinal δ13C and δ15N isotopic gradients cor-
relate strongly with the SO zones (Jaeger et al.
2010) delineated by distinct fronts (Fig. 1); the
Subtropical Zone (STZ) north of the Subtropical
Front (STF), the Sub-Antarctic Zone (SAZ) south of
the STF and north of the Antarctic Polar Front
(APF) and the Antarctic Zone (AZ) south of the
APF. This delineation allowed for the distinction of
cephalopods as subtropical (δ13C > −19.5‰), sub-
Ant arctic (−19.5 > δ13C > −22.9‰) or Antarctic
(δ13C < −22.9‰) as in Guerreiro et al. (2015), which
was adopted in this study.
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The sequential isotopic values of the 4 M. longi-
mana individuals from the PEIs were also plotted in
R, using the ‘ggplot’ package, to represent any shifts
as a line graph against segment number (‘age’)

(Fig. 4). Elemental composition of
beaks may confound ecological inter-
pretation using beak stable isotope
values. Chitin is a strongly 15N-
depleted and slightly 13C-enriched
polymer, and its content in tissues
can affect the tissues’ isotopic signa-
ture (Schimmelmann 2011). Darken-
ing of cephalopod beaks starts at the
tips and spreads to the wings and lat-
eral walls with de velopment (Cherel
& Hobson 2005). Darkening is associ-
ated with less chitin and a lower C:N
mass ratio (Rubin et al. 2010). Ecolog-
ical shifts were therefore disentan-
gled from the effect of the C:N mass
ratio by establishing the relationship
between C:N mass ratio and isotopic
responses using non-parametric Spear -
man rank correlation tests. Individual
general additive models were used to
establish the significance of isotopic
changes with segment number for
each of the 4 beaks, making use of a
P-spline smoother in (Fig. 4, Table 3).

Autocorrelation was significant only for lag 3 of the
δ13C for squid A112, which was corrected for by
adjusting the correlation coefficient (rho) to match
the coefficient of the start value, −0.15.
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3.  RESULTS

3.1.  Measurements and overall isotopic values

The sampled beaks from the PEIs had an average
LRL of 12.5 ± 1.1 mm (mean ± SD) ranging from 10.5
to 14.7 mm (n = 40). The mean overall isotopic values
recorded from the PEIs were δ13C = −24.0 ± 1.0‰ and
δ15N = 5.4 ± 0.7‰ (Table 1, Fig. 3). There was a single
outlier, individual A104, that showed a δ13C value of
−20.4‰ and a δ15N value of 6.6‰. The data ob tained
from Moroteuthopsis longimana beaks collected at
Îles Crozet showed a mean of −21.8 ± 0.6‰ for δ13C
and 7.4 ± 0.4‰ for δ15N. For Îles Kerguelen, the
recorded data were −21.6 ± 1.8‰ for δ13C and 7.8 ±
0.8‰ for δ15N (Table 1).

The Kruskal-Wallis and ANOVA tests revealed
 significant differences in both δ13C (χ2 = 26.62, p <
0.01) and δ15N (F = 72.84, p < 0.01) between the 3
study islands (df = 2). The post hoc Nemenyi and
Tukey tests showed that the PEIs were significantly
different from other islands for both δ13C (PEIs−Îles
Crozet: p < 0.01; PEIs−Îles Kerguelen: p < 0.01), and
δ15N values (p < 0.01 for both comparisons). The δ13C

(p = 0.92) values between Îles Crozet and Îles Ker-
guelen were not statistically distinct, and neither was
δ15N (p = 0.45).

The niche sizes of the populations of M. longimana
sampled by albatrosses from the respective islands
were represented by the SEAc, encompassing ap-
proximately 40% of the data around the mean at a
95% confidence interval (Fig. 3), and quantified as
1.8‰2 for the PEIs, 0.9‰2 for Îles Crozet and 4.8‰2 for
Îles Kerguelen. There was no overlap between the
niche of the PEIs and that of another island, whereas
the niche of Îles Crozet was completely encompassed
by that of Îles Kerguelen (Fig. 3). A data summary for
the respective islands is presented in Table 1.

3.2.  Sequential SIA along lateral walls 
of four beaks

The number of segments for A112 was 25, A151
had 17, A155 had 23, and A156 had 22. All C:N mass
ratios ranged from 3.3 to 3.8. Spearman rank correla-
tions between C:N mass ratio and stable isotope
ratios for the beaks showed a significant negative
relationship in only the δ15N of A112 (Table 2). The
δ13C showed an average pattern across the 4 individ-
uals, dropping sharply from −21.9 to −23.9‰ and
ending at −23.8‰. The average δ15N values, how-
ever, increased consistently from 3.9 to 5.3‰. The
results from the general additive models indicate that
all stable isotope response values, except the δ13C of
A156, changed significantly across the segments
(Table 3).

4.  DISCUSSION

4.1.  Overall isotopic values

Based on the lower beak δ13C values of squid in
this study, the GHA at the PEIs sourced Moro-
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n LRL (mm) Beak δ13C (‰) Beak δ15N (‰) Beak C:N mass ratio SEAc (‰2)
Mean ± SD Range Mean ± SD Range Mean ± SD Range Mean ± SD Range

PEIs 40 12.5 ± 1.1 10.5; 14.7 −24.0 ± 1.0 −25.7; −20.4 5.4 ± 0.7 4.3; 7.1 3.7 ± 0.2 3.5; 4.1 1.8
CI 10 13.8 ± 0.7 12.9; 14.8 −21.8 ± 0.6 −22.7; −20.7 7.4 ± 0.4 7.0; 8.1 3.1 ± 0.1 3.0; 3.1 0.9
KI 10 13.8 ± 1.1 12.2; 15.7 −21.6 ± 1.8 −24.7; −19.9 7.8 ± 0.8 6.4; 8.7 3.2 ± 0.1 3.2; 3.3 4.8

Table 1. Summarised data of Moroteuthopsis longimana beaks collected from albatrosses at various islands in the Southern
Ocean (PEIs:  Prince Edward Islands; CI:  Îles Crozet; KI:  Îles Kerguelen) including beak dimensions (lower rostral length, LRL),
isotopic values (δ13C, δ15N), elemental composition (C: N mass ratios) and standard ellipse area corrected for small sample 

size (SEAc)

Individual Relationship rs p 

A112 δ13C − C:N −0.33 0.11
δ15N − C:N −0.48 0.02

A151 δ13C − C:N −0.08 0.77
δ15N − C:N −0.39 0.12

A155 δ13C − C:N 0.10 0.72
δ15N − C:N −0.19 0.46

A156 δ13C − C:N 0.03 0.91
δ15N − C:N −0.11 0.64

Table 2. Strength and statistical significance of the correla-
tions between C:N mass ratio and stable isotope values in
sequential analyses along the lateral walls of 4 lower beaks
of Moroteuthopsis longimana from the Prince Edward Is-
lands consumed by grey-headed albatrosses. Bold indicates 

significance (p < 0.05)
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teuthopsis longimana from the AZ (δ13C < −22.9‰,
see Section 2). This corresponds more strongly to val-
ues from the distant South Georgia (>5000 km west)
than the nearby Îles Crozet (~1000 km east) and Îles
Kerguelen (~2400 km east) (Alvito et al. 2015, Guer-
reiro et al. 2015). It is consistent with the findings of
Nel et al. (2001), who showed that GHA foraged pre-
dominantly at eddies of cold waters created by the
ACC crossing the SWIR, particularly during the
chick-rearing period. These eddies are associated
with elevated primary productivity, attracting a host
of higher consumers and top predators (Nel et al.
2001, Worm et al. 2005, Tosh et al. 2012).

Importantly, while the δ13C values of M. longimana
from the PEIs were generally lower than those from
the Îles Crozet and Îles Kerguelen (Guerreiro et al.
2015), and mostly from the AZ, the data from Îles
Kerguelen (Guerreiro et al. 2015) showed both
Antarctic and sub-Antarctic values (Fig. 3). This is an
indication that breeding wandering albatrosses from
other sub-Antarctic islands utilise a broader latitudi-
nal area to source M. longimana than GHA from the
PEIs. Given that wandering albatrosses at the PEIs
also feed extensively on M. longimana during chick
rearing (Cooper et al. 1992), and that they forage
close to Marion Island to the north and east during
this period (relative to during their incubation
period) (Nel et al. 2002), there are most likely M.
longimana populations in the SAZ around the PEIs
that are not used by the GHAs during breeding. One
individual squid was considered an outlier, with a
δ13C value of −20.4‰ (in addition to 4 other beaks
with sub-Antarctic δ13C values not in the core ellipse,
Fig. 3) and is likely from GHA feeding in the SAZ
(Nel et al. 2001). Stomach retention of beaks ingested

in the SAZ during the incubation period, when GHA
foraging extends to the north of the PEIs (Nel et al.
2000, 2001), may have allowed beaks to only be
regurgitated, and therefore sampled, during the
breeding season (Alvito et al. 2015).

For the PEIs, the area of predicted suitable habi-
tat for M. longimana that falls within the SAZ is
limited to close proximity with the archipelago
(Xavier et al. 2016), possibly due to the steep bathy -
metry of the islands (Ansorge et al. 2012). Such a
localised pool of an important resource is likely
to be shared by various predators at the PEIs. It is
therefore interesting that very little of the M.
longimana data from this study indicate a sub-
Antarctic habitat, despite half of the samples being
collected during early incubation (see Supplement),
and GHAs foraging to the north of the PEIs (SAZ)
during incubation (Nel et al. 2001).

The recorded δ15N values of the M. longimana
beaks sampled at the PEIs were lower than at other
 islands in the Indian Ocean Sector of the Southern
Ocean (Guerreiro et al. 2015). A comparable differ-
ence was found between M. longimana beaks in
studies from Îles Crozet analysed by Cherel & Hob-
son (2005) (5.5 ± 0.5‰, mean ± SD) and Guerreiro et
al. (2015) (7.4 ± 0.4‰). The difference between these
studies, and lower overall δ15N values recorded in
our study relative to Guerreiro et al. (2015), may have
been caused by the trophic structure of the respec-
tive populations. Onychoteuthids at higher latitudes
are more dependent on Antarctic krill Euphausia
superba as prey, which occur south of the APF (Amos
1984), whereas more north ern populations readily
exploit myctophids (lanternfish) and squid (Lubi-
mova 1985, Nemoto et al. 1988, Cherel & Weimer-
skirch 1999). Therefore, the δ15N values of high-lati-
tude squid are expected to be lower than that of
northern conspecifics; the δ15N values of E. superba
(AZ) are 5.5 ± 0.4‰, while myctophids in the SAZ
range from 7.6 ± 0.2 to 10.2 ± 0.5‰ (Cherel et al.
2008). Note that due to the high chitin content in
cephalopod beaks, and the negative effect of chitin
on δ15N (see Section 4.2), the difference in δ15N
between cephalopod beaks and cephalopod diets
may be small, despite cephalopods occupying higher
trophic levels (Hobson & Cherel 2006).

Caution is also required here, as E. superba is not
well represented near the SWIR (Nicol et al. 2000,
Atkinson et al. 2008, Yang et al. 2021). The dietary
inclusion of crustaceans other than E. superba, par-
ticularly those entrained by eddies at the SWIR
(Bernard et al. 2007, Ansorge et al. 2010), may
reduce δ15N values for M. longimana at the PEIs.

111

Individual Relationship R2 p

A112 δ13C − Seg 0.70 <0.01
δ15N − Seg 0.81 <0.01

A151 δ13C − Seg 0.87 <0.01
δ15N − Seg 0.69 <0.01

A155 δ13C − Seg 0.90 <0.01
δ15N − Seg 0.99 <0.01

A156 δ13C − Seg 0.10 0.37
δ15N − Seg 0.73 <0.01

Table 3. Strength and statistical significance of the relation-
ships between segment number (Seg) and stable isotope
values in sequential analyses along the lateral walls of 4
lower beaks of Moroteuthopsis longimana from the Prince
Edward Islands eaten by grey-headed albatrosses. Estima-
tions were done with general additive models for each indi-

vidual. Bold indicates significance (p < 0.05)
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4.2.  Sequential isotopic values

For the sequential analysis, it is important to note
the C:N ratio pattern first, as it presents a confound-
ing factor when commenting on δ13C and δ15N pat-
terns. While it was expected that older, earliest dark-
ening segments of the beaks would have lower chitin
content, and therefore show lower C:N mass ratios,
i.e. the ‘chitin effect’ (Cherel & Hobson 2005, Rubin
et al. 2010, Schimmelmann 2011), the beak tips (old-
est segments) showed the highest C:N mass ratios.
This discrepancy is consistent with another sequen-
tial study on M. longimana beaks by Queirós et al.
(2018), who suggested that horizontal deposition at
the tip throughout life may affect the stable isotope
values at the tip. Still, all segments ranged in C:N
mass ratio from 3.3 to 3.8, indicating consistently low
chitin content across beak lateral walls, which was
expected from the complete darkening seen during
preparation. The δ13C was not correlated with the
C:N mass ratio in any individual and there was only
a negative correlation between C:N and δ15N for
A112. The negative effect of an increased C:N mass
ratio on δ15N is consistent with the chitin effect.

The 4 individual squid beaks that were assessed
for ontogenetic niche shifts showed variation in iso-
topic profiles, particularly for δ13C. While A112
remained an Antarctic resident, and A156 seemed
resident to the sub-Antarctic, both A151 and A155
showed marked decreases in δ13C, interpreted as
movement from sub-Antarctic to Antarctic waters.
Geographical migration is common among squid and
seems to be linked to productivity and temperature,
both of which have bearing on growth (O’Dor 1992,
Cherel & Hobson 2005). The distribution of M. longi-
mana indicates extensive migration across oceanic
fronts (Seco et al. 2016, Xavier et al. 2016, Queirós et
al. 2018).

The δ15N values indicated only slight differences in
feeding ecology between the individuals. All individ-
uals showed increases in δ15N values throughout
their lifetime, although no individual entered a
higher trophic level during growth (3−3.3‰, McCut -
chan et al. 2003; mean = 2.2‰, 1.5−2.6‰; A112
excluded due to confounding C:N mass ratio). The
difference between the highest and lowest δ15N
across all individuals (3.3‰) suggests that the
broader population exceeds one trophic level, similar
to the findings of Queirós et al. (2018). The increas-
ing δ15N pattern is consistent with known ontoge-
netic niche shifts (Clarke 1980, Cherel & Hobson
2005, Seco et al. 2016, Queirós et al. 2018). M. longi-
mana consume E. superba, but stomach contents of

larger specimens contained more fish and squid
remains (Clarke 1980). An isotopic effect of latitude
on trophic structure is supported by the consistently
lower values of A151, which may be explained by a
lower Antarctic trophic structure (krill-feeding), as it
was the most southerly individual. However, this
lower trophic structure was not reflected in A112, the
AZ resident. In fact, the SAZ resident A156 showed
trophic behaviour similar to A112, which would not
be expected if A112 were more dependent on E.
superba (Cherel & Weimerskirch 1999). The consis-
tently increasing δ15N patterns also counter the
notion that differences in δ15N values occur due to a
natural latitudinal gradient (Jaeger et al. 2010), since
the δ15N values were not linked to decreasing δ13C
values, although the latitudinal δ15N pattern is less
pronounced than the δ13C pattern.

Depth may have interacted with trophic effects.
There is a general increase in δ15N of suspended
organic matter with depth, attributed to reworking of
suspended organic material by heterotrophs (Han-
nides et al. 2013). These increased δ15N values are
mirrored in consumers that feed in deeper waters
(Choy et al. 2015, Romero-Romero et al. 2019). This
means that the incremental increases in δ15N values
along M. longimana beaks may be due to progres-
sively deeper feeding with age. However, beaks of
M. longimana have been retrieved from toothfish
(Dissostichus spp.) at depths ranging to >1700 m, but
did not indicate a separation between sub-adults and
adults with depth (Seco et al. 2016). Furthermore, M.
longimana likely undergo vertical migrations to the
surface to track prey stocks, particularly E. superba
(Fillipova 1972, Fraser et al. 1989, Imber 1992). The
depth-effect on the δ15N values of deep-dwelling
consumers is mitigated by feeding on sources from
the surface, as with vertical migration (Choy et al.
2015, Gloeckler et al. 2018) or surface-associated
‘snow’ (Golikov et al. 2019). It is therefore expected
that the increasing δ15N values along M. longimana
beaks is more reflective of progressively higher
trophic level feeding with age, and not feeding at
increasing depths.

5.  CONCLUSIONS

The ecological information and novel isotopic data
of Moroteuthopsis longimana provided here can be
used to inform the diet and trophic interactions of
other marine predators using SIA (Cherel & Hobson
2007), and, importantly, without having to rely on
data from other study sites. These data would be of
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particular value to studies of predators expected to
utilise the same pool of M. longimana as the GHA
from the PEIs (e.g. see Lübcker et al. 2017). The
paucity of sub-Antarctic values in this study also
points to a promising avenue for investigating differ-
ences in resource use between predators.

By making use of a sequential sampling method,
the study showed broad patterns in habitat use such
as residence in, and movement between, SO zones,
with southward movement of some M. longimana
early in life. It also reaffirmed the gradual shift in M.
longimana diet to prey at higher trophic levels with
age. There was marked variation between squid in -
dividuals, and correlation of δ15N values with C:N
mass ratio, which requires further study. Investigat-
ing confounding factors like baseline vs. ecological
effects and the effect of the C:N mass ratio on δ13C
and δ15N could be done with more advanced, com-
pound-specific SIA of amino acids (Xavier et al. 2015,
Cherel et al. 2019). This study supports findings that
GHA at the PEIs source M. longimana from regions
to the south of the archipelago, probably from meso -
scale features generated at the SWIR (Nel et al.
2001). Further studies on different cephalopod popu-
lations around the PEIs would be useful for model-
ling the local trophic system.
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