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Simple Summary: Gonatus fabricii is the most abundant cephalopod in the Arctic and northern part
of the North Atlantic, which are areas of rapid environmental change. It is very important as a
predator of many species of fish and invertebrates and as a prey for larger fish, seabirds, and marine
mammals. The life cycle of G. fabricii, in particular ontogenetic changes in diet and habitat, is little
known. Ecological modelling is an important method to forecast ecosystems” dynamics in relation
to a changing climate, and it is crucial to assess their present structure and functioning for a viable
forecast. Here, the ontogenetic changes in the diet and habitat of large G. fabricii from West Greenland
are studied using stable isotope analysis of carbon (513C) and nitrogen (6'°N) along trajectories in
chitin beaks, which function as archival structures. Using this approach, four stages with clearly
distinct ecologies were revealed in the species’ life cycle. This novel ecological periodization is a
crucial baseline tool in Arctic marine ecosystem studies and cephalopod biology, and should be used
in models to correctly reflect the ecological roles of G. fabricii in marine ecosystems.

Abstract: Cephalopods are important in Arctic marine ecosystems as predators and prey, but knowl-
edge of their life cycles is poor. Consequently, they are under-represented in the Arctic ecosystems
assessment models. One important parameter is the change in ecological role (habitat and diet)
associated with individual ontogenies. Here, the life history of Gonatus fabricii, the most abundant
Arctic cephalopod, is reconstructed by the analysis of individual ontogenetic trajectories of stable
isotopes (613C and 6'°N) in archival hard body structures. This approach allows the prediction of the
exact mantle length (ML) and mass when the species changes its ecological role. Our results show that
the life history of G. fabricii is divided into four stages, each having a distinct ecology: (1) epipelagic
squid (ML < 20 mm), preying mostly on copepods; (2) epi- and occasionally mesopelagic squid
(ML 20-50 mm), preying on larger crustaceans, fish, and cephalopods; (3) meso- and bathypelagic
squid (ML > 50 mm), preying mainly on fish and cephalopods; and (4) non-feeding bathypelagic
gelatinous females (ML > 200 mm). Existing Arctic ecosystem models do not reflect the different
ecological roles of G. fabricii correctly, and the novel data provided here are a necessary baseline for
Arctic ecosystem modelling and forecasting.

Keywords: deep-sea; ecology; S13C; S15N; mixing model; isotopic niche; allometric equation;
generalist; specialist; beaks
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1. Introduction

The Arctic Ocean is experiencing the world’s fastest climate change-induced warm-
ing [1,2]. This warming is causing changes in different levels of the Arctic marine ecosys-
tems [3-5]. Ice retreat as a result of warming allows marine fisheries to move further
north to new ice-free Arctic areas [6], which causes anthropogenic disturbance in these
vulnerable ecosystems. The need to predict ecosystem changes is reflected in eight (out of
15 total) main principles of the foremost international approach in marine ecosystem-based
management [7]. Data on ecosystem structure, biodiversity, species interactions with each
other and the environment, and the state of key abiotic parameters from both monitoring
and experimental approaches are crucial for ecological forecasting [8]. Ecosystem mod-
elling is a powerful tool for predicting near-future ecosystem change [8]. However, the
quality of the models depends on the available input data of the ecosystems’ components.
Crucial life history data are lacking for many ecologically important invertebrates in the
Arctic Ocean [9], and consequentially, these taxa are scarcely represented in ecosystem
models [10-20]. Moreover, invertebrates constitute most of the biodiversity in marine
ecosystems, they are a common link between primary producers and secondary consumers,
and many invertebrate taxa are sensitive to climate change [9,21-24].

Cephalopoda (Phylum Mollusca) are an abundant group of marine invertebrates in
Arctic marine ecosystems, are known to respond rapidly to environmental change, and
have a pivotal role in the food web [23,25-29]. Eleven species of cephalopods complete
their life cycle in the Arctic [23,30], and they are ecologically important due to their high
abundances and biomasses [29,31,32]. For example, cirrate octopod density can reach up
to 94 ind. km~2 in the Baffin Bay [29], and squid cumulative biomass is estimated up to
20 million t in the Nordic Seas [31]. They prey on many pelagic and benthic invertebrates
and fish and are key prey for top predators such as larger fish, seabirds, and marine
mammals [23,26-29,31,32]. Additionally, Arctic cephalopods occupy various ecological
niches and habitats, i.e., pelagic, benthic, nekton, nekto-benthic, and bentho-pelagic [23,25].
Despite their importance, Arctic cephalopods are either missed or poorly incorporated
into Arctic biodiversity assessment reports [9,21,22] and Arctic food web models [10-20].
Among the main reasons for this is that many cephalopods are not strictly benthic or
pelagic and change habitat during ontogenesis [25,27], and hence have not been included
in dedicated Arctic benthos nor nekton reviews [9,22,24]. Furthermore, scarce knowledge
of the life history (in particular, their ontogenetic diet and habitat changes, growth patterns,
age, and reproduction) of oceanic cephalopods also precludes their higher representation in
these models [10-20]. To obtain representative and accurate models, life history parameters
need to be obtained for key species. One such key species is Gonatus fabricii (Lichtenstein,
1818) [33], the most abundant cephalopod in the Arctic Ocean [31,32,34,35].

Gonatus fabricii is the only squid that spends its entire life cycle, including reproduction,
in the Arctic [23,25,32,36,37]. It is by far the most abundant cephalopod species in the Arctic
Ocean, reaching a cumulative biomass of up to 20 million t in the Nordic Seas, and it is well
represented in the deep scattering layer under the ice in the high-latitude Arctic [31,32,34,35].
This species undergoes a continuous ontogenetic descent from epi- to bathypelagic layers,
and has diurnal vertical migrations [36,38—42]. There is also a shift in the feeding behavior
and diet of G. fabricii throughout ontogeny [42-46]. Stomach content analyses of G. fabricii
show ontogenetic changes in the diet of individuals from the Nordic Seas and adjacent
south-west margin of the Barents Sea [43—46], but not in West Greenland, most likely due
to the sampled squid size distribution being biased towards smaller individuals [36]. The
food spectrum of G. fabricii includes at least 49 taxa (predominantly crustaceans and fish),
and G. fabricii is preyed upon by 47 taxa (predominantly fish and marine mammals) [27].

Stable isotope signals of 63C and 6'°N in hard body structures with continuous
growth have been analysed to understand individual variability in feeding over the life
history of individual cephalopods e.g., [47-52]. Hard body structures of cephalopods can be
used to decipher life history and trophic signals of individuals since they are present when
the individual hatches and grow for its entire life. Examples of such structures are statoliths,
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gladii, eye lenses, and beaks [53-55]. Upper and lower beaks are chitinous structures in the
cephalopod mouth, which might be used for species identification and are well preserved
in predators’ stomach contents [56—-60]. Moreover, it is possible to estimate individual size,
both mantle length (ML) and mass, from beak measurements [56,58].

Beaks are known to grow along their posterior border, where the most recent material
is deposited, while the oldest material is deposited in the anterior tip [61-65]. The most
anterior part of the beak, the tip of the rostrum, represents the earliest ontogenetic stages,
and the most posterior, end of the hood and crest in the upper beak and the end of the
hood and crest and wing in the lower beak, represents the latest [47,51,52,66]. The tip of the
rostrum is subjected to erosion and new beak material is deposited there throughout the
individual’s life [51,62,63]. Thus, values from the earliest ontogenetic stages are influenced
by beak layers deposited during the later life periods [51]. Previous studies showed that
new beak material is deposited every day in five species of squids and three species of
octopods and in different areas of their beaks: see the recent review by Xavier et al. [65].
However, new beak material deposition potentially depends on various factors, especially
in deep-sea and cold-water species [65,67,68]. Darkening of the beaks proceeds from
the anterior part towards the posterior, as the beaks grow [51,56,58,61]. Tanned parts
are very stiff and differ in composition from the semi-liquid transparent posterior-most
parts [51,61,69]. This stiffness is achieved by increasing the content of hydrophobic histidine-
rich proteins, which causes dehydration and sclerotization of the tissues [70,71]. Thus, the
tanned parts of the beaks are metabolically inert [47,51,52,61,65,66,69-71]. They are known
to lose water, but not any other substances, during their progressive sclerotization [70,71].
Stable isotope signals of 6'3C and 6'°N in the sclerotized tanned parts of the beaks from
the experimental study reflected the several months’ past diet of the captive cephalopods,
while soft transparent parts of their beaks reflected the recent diet [72]. Thus, the most
anterior and posterior parts of the beaks warrant certain methodological considerations
(see Materials and Methods) when applying stable isotope analysis (SIA) techniques to
different parts of the same beak.

Carbon (613C) and nitrogen (5'°N) are the most frequently used stable isotopes to
investigate trophic relationships in marine food webs [73,74]. Stable isotope analysis
has been used on cephalopods to reveal their foraging habitat changes, migrations, and
dietary changes throughout their ontogeny e.g., [30,47,50-52,75,76]. Specific SIA studies
on G. fabricii with different ML demonstrated an increase of 6'°N values from small to
large individuals, suggesting a change in the food spectra from low to high trophic level
(TL) prey as squid grow [27,77]. The combination of ontogenetic descent to deep waters,
changes in diet, and an increase in TL suggests that G. fabricii occupies several ecological
roles during its life-time. However, this hypothesis remains untested. Studies to date have
used snapshot data from multiple individuals of different sizes to generalize a pattern over
the lifetime of an average individual [27,77]. However, such an approach is incomplete and
does not take into account individual variation linked to continuous growth e.g., [50-52],
and consequently is not really suitable for highlighting potential migrations or clearly
defining ontogenetic stages during a lifetime. Thus, the analysis of ontogenetic change in
habitat and TL within individual G. fabricii is still a drawback in our understanding of the
ecology of this key species.

This study tests the following hypotheses: (1) ontogenetic change in habitat use,
TL, and diet determined using SIA of multiple individuals of G. fabricii is reflected in
the stable isotope signal along a trajectory (with continuous growth) in individual beaks;
(2) substantial variation exists among G. fabricii individuals and between sexes in stable
isotope trajectories in beaks; and (3) size-specific changes in habitat, TL, diet, and isotopic
niche can be determined via analyses of 6!3C and 6'°N in individual beaks, allowing us to
define the species’ ecological roles and their transitions. We strive to provide baseline data
on cephalopod biology and in Arctic marine ecosystem studies where G. fabricii plays an
important role in the structure of the trophic webs and function within the communities.
These data can be directly used in ecosystem modelling. Finally, we discuss the use of beaks
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and other cephalopod hard structures for SIA and provide guidelines and methodological
recommendations on how to apply the combination of population and individual SIA to
other cephalopods.

2. Materials and Methods
2.1. Material and Data Used, and Beak Measurements

Twenty nine G. fabricii individuals with ML > 200 mm were sampled in late June—early
November 2016 (R/V ‘Paamiut’, Greenland Institute of Natural Resources, Greenland, and
Department of Fisheries and Oceans, Canada), 2017 (R/V ‘Paamiut’, Greenland Institute of
Natural Resources) and 2019 (F/V “Helga Maria’, Greenland Institute of Natural Resources)
in West Greenland (Figure 1, Table S1). The samples were collected as bycatch by bottom
trawl “Alfredo 3’ at depths of 384.5-1443.0 m (Table S1), and fixed in 4% formalin onboard.
The squid’s ML and mass were measured in the laboratory and the sex and maturity stages
were identified following Golikov et al. [37]. Afterward, upper beaks were taken and
their upper beak rostrum length (URL) and upper beak crest length (UCL) were measured
following Clarke [56,58]. A total of fourteen individuals (six females and eight males) were
used to obtain ontogenetic stable isotope trajectories. Transparent parts of the upper beaks
were cut out as they have significantly different isotopic values from tanned beaks [61,69].
The upper beaks were divided in half along the crest. Sequential equal-sized subsections
as close to 1 mm as possible were taken from the inner side of the crest, starting from the
rostrum to the mid-point of the crest, and sequential equal-sized subsections as close to
2 mm as possible were taken starting from the midpoint of the crest to the onset of the
now-cut transparent part (Figure 2, Table S2). The higher resolution for the earlier half
of ontogenesis is explained by the fact that this is where the main changes in isotopic
values occurred in other cephalopods [47,51,52]. The tip of the rostrum, which is known
to have not only the newest material deposited due to beak growth specifics [51,62,63],
represented half of subsection 1 or less with this approach (Figure 2) and it did not bias
the outcome (see Results). With 11 to 17 subsections from each upper beak, SIA was
performed in 179 samples (Tables 1 and S2). The upper beak allows a sufficient number
of subsections to be analysed in an ontogenetic perspective according to Guerra et al. [47]
and Queirds et al. [52] (one study also exists on lower beaks, but only four individuals
were analysed [66]). Thus, the upper beak provides a more direct comparison with existing
studies where a sufficient number of subsections were analysed. A, lower beaks of G. fabricii
are much smaller than in other cephalopods, analysed with this approach.

Data from Golikov et al. [27], where 185 beaks of G. fabricii were measured and
105 beaks underwent SIA, were used in this study. Beak URL measurements from this
study and Golikov et al. [27] were pooled to update the existing equations, allowing us to
estimate ML and mass of G. fabricii in West Greenland and the Arctic in general: West and
East Greenland, and the Barents Sea (Table S3). Beak UCL measurements of individuals
from Golikov et al. [27] were not used in the respective study, and they are used here for
the first time. The difference between the isotopic composition of upper and lower beaks is
significant, but it is small and is within the measurement error of the method [69]. However,
this should be kept in mind when the data from this study were united with those from
Golikov et al. [27] for SIBER analyses (see below). In Golikov et al. [27], the individuals
were grouped as ‘epipelagic’, ‘mesopelagic’, and ‘bathypelagic’ based on ML and maturity
stages combined: ML < 60 mm in both sexes, ML 60-130 mm in males and 60-150 mm in
females, and ML > 130 mm in males and >150 mm in females. Thus, they are referred to as
small, medium, and large here, respectively.
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Figure 1. Sampling locations of Gonatus fabricii in West Greenland. Filled circles: stations where
morphological beak measurements and stable isotope analysis were performed. Empty circles:
stations where only morphological beak measurements were performed.

Figure 2. Scheme of the upper beak subsections cut in Gonatus fabricii from inside the crest: subsections
from the rostrum to the mid-point of the crest = 1 mm, and subsections from the mid-point of the
crest to the transparent part of the hood = 2 mm. Upper beak = individual M1 with mantle length
216 mm. The white line shows the crest outline from the inside.
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Table 1. Values of 6'3C and §'°N, estimated trophic level, and specialization index of all analysed individuals of Gonatus fabricii (n = 14), and mean among the
individuals, where applicable. ML: mantle length, TL: estimated trophic level, s: specialization index, n: sample size, n/a: not analysed, —: not applicable.

Squid Sex ML, mm Character n i:‘::f;::g}ly Minimum—Maximum s Minimum Value, Maximum Value, — Range of Values
) (Mean =+ SE) Subsection Number Subsection Number Minimum to Newest to
n Available Maximum Oldest

13C, %o 13/13 —20.5to —18.6 (—19.2 £ 0.19) 0.78 1 7 1.87 1.82

F1 Female 214 S5N, %o 13/13 7.9-13.5 (11.8 4 0.54) 0.97 2 10 4.60 4.08
TL 13/13 3.0-4.5 (4.0 £ 0.14) — 2 10 1.47 1.07

S13C, %o 13/13 —20.5 to —19.4 (—19.9 & 0.09) 0.45 3 8 1.04 0.71

F2 Female 215 SN, %o 13/13 8.6-13.5 (11.4 + 0.49) 0.96 1 8 4.90 3.58
TL 13/13 3.2-4.5 (3.9 £ 0.13) — 1 8 1.29 0.94

S13C, %o 11/15 —20.5 to —18.9 (—19.6 & 0.17) 0.71 1 14 1.60 1.42

F3 Female 238 SN, %o 12/15 10.3-16.7 (13.9 4 0.63) 0.97 6 13 6.42 430
TL 12/15 3.6-5.3 (4.6 £ 0.17) — 6 13 1.69 1.13

313C, %o 6/14 —19.4 to —18.6 (—19.1 £ 0.12) 0.40 4 5 0.75 0.06

F4 Female 249 SN, %o 10/14 6.4-15.5 (11.9 £ 0.82) 0.98 2 9.09 8.85
TL 10/14 3.0-5.4 (4.5 £ 0.22) — 2 4 2.39 2.33

13C, %o 9/13 —19.8 to —19.0 (—19.3 + 0.09) 0.37 4 6 0.76 0.61

F5 Female 257 S5N, %o 10/13 13.7-16.3 (15.6 + 0.25) 0.83 4 11 2.62 1.61
TL 10/13 45-5.2 (5.0 & 0.07) — 4 11 0.69 0.42

S13C, %o 15/15 —20.2to —18.5(—19.2 & 0.11) 0.57 1 15 1.71 1.71

F6 ! Female 230 S15N, %o 15/15 11.2-16.7 (15.0 4 0.45) 0.96 1 15 5.58 5.58
TL 15/15 3.6-5.1 (4.7 £ 0.12) — 1 15 1.47 1.47

S13C, %o 9/12 —20.1 to —18.5 (—19.0 & 0.17) 0.66 1 4 1.60 1.05

M1 Male 216 SN, %o 9/12 8.9-14.4 (12.5 + 0.65) 0.97 1 10 5.41 452
TL 9/12 3.3-4.7 (42 £ 0.17) — 1 10 1.42 1.19

513C, %o 11/11 —21.2 to —19.3 (—=19.9 + 0.20) 0.77 1 5 1.90 1.59

M2 Male 221 SN, %o 11/11 6.1-12.4 (9.9 £ 0.75) 0.98 1 10 6.23 5.86
TL 11/11 3.0-4.6 (4.0 £ 0.20) — 1 10 1.64 1.54
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Table 1. Cont.

Squid Sex ML, mm Character n ?Aurf:le;ss::il}ly Minimum—Maximum s Minin}um Value, Maxin}um Value, — Range of Values
! (Mean + SE) Subsection Number Subsection Number Minimum to Newest to
n Available Maximum Oldest
S13C, %o 14/14 —21.0 to —19.4 (—20.0 + 0.15) 0.70 1 8 1.57 1.20
M3 Male 269 815N, %o 14/14 9.5-15.4 (13.1 4 0.57) 0.97 2 10 5.94 429
TL 14/14 3.8-5.3 (4.7 £ 0.15) — 2 10 1.56 1.13
513C, %o 15/16 —20.3 to —18.2 (—19.0 % 0.16) 0.74 1 12 2.18 1.02
M4 Male 285 SN, %o 15/16 5.6-11.5 (9.6 & 0.53) 0.97 1 11 5.97 451
TL 15/16 3.0-4.6 (4.1 £ 0.14) — 1 11 1.57 1.19
513C, %o 14/14 —19.6 to —18.9 (—19.2 + 0.05) 0.21 3 6 0.72 0.11
M5 Male 252 515N, %o 14/14 6.4-12.3 (10.3 + 0.49) 0.96 3 10 5.95 1.75
TL 14/14 3.0-4.6 (4.1 £ 0.13) — 3 10 1.56 0.46
S13C, %o 15/15 —20.8 to —19.2 (—19.7 £ 0.12) 0.62 1 14 1.55 1.11
M6 Male 284 815N, %o 15/15 11.1-16.6 (14.5 + 0.43) 0.96 1 13 5.49 3.18
TL 15/15 3.8-5.3 (4.7 £ 0.11) — 1 13 1.45 0.84
13C, %o 4/172 —19.5to —19.1 (—19.2 £ 0.08) n/a? n/a? n/a? n/a? n/a?
M7 Male 298 SN, %o 13/17 10.3-15.4 (13.8 4 0.47) 0.96 3 9 5.09 427
TL 13/17 4.1-5.4 (5.0  0.12) — 3 9 1.34 1.12
513C, %o 12/17 —20.7 to —19.3 (—=19.7 £ 0.11) 0.51 1 6 1.43 0.80
M8 Male 325 815N, %o 14/17 10.7-15.1 (13.5 = 0.42) 0.95 2 7 441 2.67
TL 14/17 3.7-49 (45 £ 0.11) — 2 7 1.16 0.70
S5C % B inctia‘ﬁd“als n/a 0.58 Mode 1, Mode 6, 0.7-2.2 0.1-18
’ Except M7) +0.05 1.77 + 0.34 8.46 = 1.08 (1.4 4+ 0.13) (1.0 + 0.15)
Mean 58 N B 0N, % 14 individuals n/a io 381 z.ﬁoieo?@ 15\./([)%:6 2)(.)7’2 (5.2.1_%}37) (4.;61_%219)
L 14 individuals n/a - 2.1110260?:%9 15\./([)(7)di 2)?7'2 (1%1—20%10) (1.(1)'1_%.313)

1 gelatinous degeneration; 2 only subsections 4, 7, 15, and 17 were successfully analysed for 813C values, thus, this individual was excluded from some analyses.
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2.2. Stable Isotope Analyses

All beak subsections were dried at 60 °C for 2448 h, weighed (to the closest value to
0.3 mg) with a micro-balance and cracked if needed, and sterile-packed in tin containers.
Stable isotopic signatures were determined by a Flash EA 1112 Series elemental analyser
(Thermo Scientific Inc., Waltham, MA, USA) coupled online via a Finnigan ConFlo II inter-
face to a Delta vs. mass spectrometer (Thermo Scientific, Bremen, Germany) and expressed
as: 01°C and 6N = [(Reample/Rstandara) — 1] * 1000, where R = *C/*2C and ’N/MN,
respectively. The carbon and nitrogen isotope ratios were expressed in delta (J) notation
relative to Vienna-PeeDee Belemnite limestone (V-PDB) for §'3C and atmospheric nitrogen
(AIR) for §1°N. Replicate measurements of internal laboratory standards (acetanilide STD:
Thermo Scientific PN 338 36700) in every batch (1 = 14) indicated a precision <0.2%o for
both 6'3C and 6N signatures. The mass C:N ratio for each sample, where it was obtained,
ranges from 3.05 to 3.86 (Table 52). The analyses were carried out at the Marine and
Environmental Science Centre, University of Coimbra (Coimbra, Portugal).

2.3. Data Analyses

The newly obtained equation to estimate ML from UCL was used to find squid ML
at given subsections, and 4.2 mm was added to this value (see Beak equations in Results).
Squid mass at a given subsection was estimated based on the length-mass equation from
Golikov et al. [27].

A regression analysis was used to find equations fitting our data [78]. Correlations
between §'°C and 6'°N values were assessed using a Spearman’s rank correlation [78].
At the population level, n = 118 overall and n = 57 in West Greenland were used for this
analysis. At the individual level, it was possible to assess 7 of 14 individuals, as the rest
had missing values for some subsections (Table S2). A Mann-Whitney U test was used
to compare isotopic signatures of 6'°C and "N and TL between two groups (e.g., sexes),
and a Kruskal-Wallis H test (with a post-hoc Dunn’s Z test) was used to compare among
more than two groups (e.g., size groups) [78]. Differences in 6'3C values, 6'°N values,
and TL among beak subsections were tested using a Skillings-Mack test proceeded by the
Nemenyi post hoc test [79]: only the subsections common to all the beaks, i.e., until the last
subsection of the beak with the lowest number of subsections overall, were tested. The
packages PMCMR 4.4 [80] and Skillings.Mack 1.10 [81] in R 4.1.3 [82] were used for these
analyses. The value of « = 0.05 was considered significant in this study.

Stable isotopic values were used to calculate the specialization index (s) to estimate
the degree of individual specialization [83,84] based on the isotopic variation within and
between individuals of a sampled population [85]. The specialization index s was defined
as the variance of the isotopic signal along the crest of the given individual divided by
the total variance among individuals of the sampled population plus the variance of
the isotopic signal along the crest of the given individual [85]. Accordingly, s values
range from 0 to 1, with 1 representing a complete overlap between the individual and
the population (= extreme generalist individual) and lower s values representing higher
degrees of specialization [85]. Individuals occupying < 50% of the total niche of the sampled
population (i.e., s < 0.5) are considered specialists [85,86]. The specialization index s was
calculated separately for each individual and for each isotope, 6'3C and §'°N.

Neither ethanol nor formalin fixation significantly affect 613C or 6!°N signatures of
cephalopod beaks [87], thus, no corrections were performed due to fixation. Values of 61°N
in cephalopod beaks, in contrast to 6'3C values, are on average 4.8%. lower than values
from muscle tissue [72,75,87,88]. Therefore, when estimating TL, we added 4.8 %o to raw
beak §'°N values as proposed by Cherel et al. [88] and Golikov et al. [27,28,30,76].

Trophic level can be estimated with fixed trophic enrichment factor (TEF), either ‘clas-
sical’ 61°N = 3.4%o0 [89] or “Arctic’ §1°N = 3.8%o [90] and with the standard TL equation [91]
or with the scaled TEF equation [92,93] adapted for the Arctic by Linnebjerg et al. [94].
We used the standard TL equation with “Arctic’ TEF as the scaled approach was giving
unrealistically high results (not included in this paper). We used Calanus finmarchicus
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(Gunnerus, 1770) [95] taken from the nearest station in Hansen et al. [96] or, alternatively,
in Pomerleau et al. [97], as a reference value for TL = 2.0 when a closer location was not
present in Hansen et al. [96]. Interpretation of TL in the Arctic ecosystems followed the TL
interpretations of other stable isotope assessments of the area [27,28,30,90,94,98-101].

Sequential subsections of the same beak do not comply with the assumption of sample
independence, and due to that, nicheROVER 1.1.0 [102] in R 4.1.3 [82] was employed to
estimate isotopic niche width for each subsection and overlap among them. These analyses
were only applied until subsection 14, as an insufficient number of individuals were large
enough to sample subsections 15 (1 = 6), 16, and 17 (both n = 2) (Table 1). It was assumed
that the mean isotopic value of all subsections of the given individual corresponded to the
isotopic values of the individual obtained by the ‘classical” approach, i.e., powdering the
whole beak and taking a random portion. Thus, the mean isotopic values of beaks from this
study (n = 14) were pooled with the dataset from Golikov et al. [27], and SIBER 2.1.6 [103]
in R 4.1.3 [82] was employed to assess isotopic niche width and overlap between sexes and
squid with ML 20-50 mm and ML > 50 mm. Squid with ML < 20 mm (n = 4) from West
Greenland from Golikov et al. [27] could not be used in this ontogenetic niche comparison
due to the low sample number. The standard ellipse area corrected for small sample sizes
(SEA() and the Layman metric of convex hull area (TA) were estimated [103-105], and the
Bayesian approximation of the standard ellipse area (SEA}) was employed to compare
niche width [103]. The overlap interpretation for both niche-related packages followed
Langton [106], where overlap ranging from 0 to 0.29 indicated no overlap, from 0.30 to
0.60 indicated medium overlap, and from 0.61 to 1 indicated large overlap, with only the
latter taken as significant [30]. Trophic levels were used instead of 61°N values (y axis) in
niche estimations by both niche-related packages. This approach improves the ecological
meaning of isotopic data when comparing individuals from different areas and ecosystems
as it is a means to counter high 6!°N baseline variation e.g., [107,108]. This approach has
been repeatedly applied to cephalopods [28,30,76].

The Bayesian mixing model SIMMR 0.4.5 [109] in R 4.1.3 [82] was used to assess the
relative contribution of prey to the diet of G. fabricii. Based on an overview of stomach
content analyses [27], the prey groups assessed were copepods, euphasiids, shrimps (these
three taxa belong to Crustacea), chaetognaths, cephalopods (G. fabricii, as it is the only
squid species living permanently in the Arctic) and fish. Source isotopic values for the
diet model (terminology for the diet model followed its author [109]) were taken from
Pomerleau et al. [97,110], Hansen et al. [96], Agersted et al. [111], Linnebjerg et al. [94],
Golikov et al. [27], Grigor et al. [101] and this study (i.e., mean values of each studied
squid), and are detailed in Table S4. Crustacean and chaetognath source values were similar
for all analysed upper beak subsections of G. fabricii, and source values of cephalopods
and fish were taken according to squid size for ecological perception. For subsections 1-3,
cephalopods and fish were combined, as their source values were not significantly different:
all source values should be significantly different in at least one of the isotopes (Tables 54
and S5). Values and standard deviations of TEF were taken from the only experimental
study showing isotopic values in cephalopods to change following the long-time diet
composition [72]: 63C = —0.20 + 0.55%. and "N = 3.37 4= 0.99%.. The data fitting to
selected prey source values and TEFs were checked inside SIMMR 0.4.5 [109] prior to
the analysis, and only the fitting values were used in the models (Figure S1), as follows:
subsections 1-3, n fitting = 23 of 31; subsections 4-5,  fitting = 16 of 25; subsections 7-9,
n fitting = 20 of 36; and subsection 10, # fitting = 5 of 10. To compare the results of the
models among the subsections, the )(2 test and Fisher’s exact test were used: although the
latter is more adequate for small sample sizes, Fisher’s exact allows the comparison of only
two groups [78]. Statistical analyses were performed in R 4.1.3 [82], Statistica 10.0 (Statsoft),
and PAST 4.02 [112]. Values are presented as the mean + SE unless otherwise stated.
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3. Results
3.1. Stable Isotopic Values and Trophic Levels: Ontogenetic Changes

Each of the studied individuals demonstrated an ontogenetic increase of both isotopes
(Figure 3, Tables 2 and 3). Within-individual ontogenetic increase is overall lower than
within-population ontogenetic increase: 0.7-2.2%o (1.4 + 0.13) vs. 3.0%0 in 6'°C and
2.6-9.1%o0 (5.6 & 0.37) vs. 10.7%o in 6'°N, respectively. The first subsection (rostrum tip)
usually had the lowest value. However, the last subsection (posterior end of the crest),
except for the single analysed spent female (F6), never had the highest value. The main
increase of 6!3C values was from subsections 1 to 5 with a mean of 0.29%. per subsection,
which decreased to a mean of 0.01%o. per subsection afterward (Figure 3, Tables 2 and S2).
The lowest 613C values were from subsection 1 (mode among individuals) or 2 (mean
among individuals), and the highest was from subsection 6 (mode) or 8 (mean) (Table 1,
Tables 2 and S2). The main increase of §'°N values was from subsection 2 to 7 with a
mean of 0.89%. per subsection and decreased to a mean of 0.08 %o per subsection afterward
(Figure 3, Tables 2 and S2). The lowest 51PN values were from subsection 1 (mode) or 2
(mean), and the highest was from subsection 10 (both mode and mean) (Tables 1, 2 and S2).

Values of 5'3C of subsection 1 were significantly lower than subsections 6+ (Skillings—
Mack test gy = 57.13, d. f. = 10, p < 0.0001) (Table 3). Similarly, values of 55N (gy = 96.42,
d. f. =10, p < 0.0001) showed significant differences among subsections: subsections
1-3 were significantly lower than subsections 7+, and values of subsections 4-5 were
significantly lower than subsections 10+ (Table 3).

A significant positive correlation between 6!3C and §'°N values existed in six of the
seven individuals we were able to check (Table S6). A significant positive correlation
between §13C and 6'°N values also existed at the population level (Table S6).

3.2. Variation of Stable Isotopic Trajectories: Among Individuals and between Sexes

The specialization index of 61°N suggested that the studied G. fabricii were all gener-
alists with low variability among the individuals (Table 1). Significant differences were
present between the sexes: x> = 17.56, d. f. =5, p < 0.0001. The specialization index of
513C suggested that some of the studied individuals of G. fabricii were specialists in habitat
usage, with high variability among the individuals (Table 1). The specialization index of
613C was lower than 0.5 in three of six females and in one of eight males, and the latter was
the lowest among the studied squid (s = 0.21). Significant differences were present between
the sexes: x* =92.21,4d. f. =5, p < 0.0001.

Both sexes reached the highest values of 6'>N (and thus TL) in subsection 10. However,
females reached the highest values of §!3C at subsection 9 (larger ML), while males at
subsection 8 (smaller ML). Within-individual ontogenetic increase was smaller than within-
population for both sexes. No significant differences were found between the sexes for
within-individual increase: n =13, U = 17.5, p = 0.67 smallest to largest and n = 13, U = 20.0,
p = 0.95 first to last in 013C; and n = 14, U = 23.0, p = 0.95 smallest to largest and n = 14,
U =22.0, p =0.85 first to last in SN

3.3. Isotopic Niches and Diet Models as a Basis of Life History Reconstruction

No clear pattern of ontogenetic changes in niche width was found when analysed by
subsections. The widest niches were from subsections 3, 4, and 6, and the first and the
last analysed subsections were of roughly equal width (Figure 4a,b, Table S7). Niches of
subsections 1 and 2 had the least overlap with the rest (Figures 4b and S2, Table 4).
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Figure 3. Ontogenetic changes in 6'>C and §'°N values, and trophic level (TL) in Gonatus fabricii
from West Greenland at the individual (a,c,e) and population (b,d,f) levels: (a) S13C, individual level,
(b) 613C, population level, (c) 01PN, individual level, (d) 61°N, population level, (e) TL, individual
level, and (f) TL, population level. Filled squares represent mean value at given subsection (a,c,e) or
individual values (b,d,f). Bars (a,c,e) represent SE.
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Table 2. Mean values of 613C and ¢§'°N, and estimated trophic level of all analysed upper beak subsections of Gonatus fabricii (n = 179). ML: mantle length, TL:
estimated trophic level, n: sample size, n/a: no results, —: not applicable.

Subsection Character n Successfully Analysed/ Minimum—Maximum Subsection n Successfully Analysed/ Minimum—Maximum
Number n Available (Mean =+ SE) Number n Available (Mean =+ SE)
SN, %o 11/14 5.6-11.2 (9.1 £ 0.57) 12/14 11.2-15.8 (14.2 £ 0.46)
! TL 11/14 3.0-3.8 (3.5 £ 0.10) 10 12/14 4.4-5.3 (4.8 = 0.09)
Est. ML, mm 14/14 7.0-7.4 (7.3 £0.04) 14/14 76.9-108.2 (86.9 £ 2.49)
Est. mass, g 14/14 0.03-0.04 (0.033 + 0.0005) 14/14 15.2-36.7 (20.8 + 1.8)
S9N, %o 12/14 5.7-11.9 (9.3 £ 0.66) 13/14 11.1-16.3 (13.9 £ 0.49)
2 TL 12/14 3.0-4.2 (3.6 £0.13) 1 13/14 4.3-5.2 (4.8 = 0.09)
Est. ML, mm 14/14 11.6-12.8 (12.3 £ 0.10) 14/14 92.4-133.3 (106.5 £ 3.31)
Est. mass, g 14/14 0.11-0.14 (0.13 = 0.003) 14/14 24.4-63.0 (35.4 £ 3.2)
SN, %o 13/14 6.4-13.9 (10.2 + 0.70) 10/13 11.2-16.5 (13.7 & 0.65)
3 TL 13/14 3.0-5.0 (3.8 £ 0.16) 12 10/13 43-5.2 (4.7 £0.12)
Est. ML, mm 14/14 17.3-19.3 (18.5 £ 0.17) 13/13 113.5-159.8 (129.5 £ 3.73)
Est. mass, g 14/14 0.3-0.4 (0.37 £ 0.01) 13/13 41.6-100.7 (58.3 - 4.8)
SN, %o 13/14 8.2-15.5 (11.7 £ 0.61) 12/12 10.7-16.7 (13.9 £ 0.65)
! TL 13/14 3.4-5.4 (4.1 £0.15) b 12/12 41-5.3 (4.8 £ 0.13)
Est. ML, mm 14/14 23.7-26.8 (25.5 £ 0.25) 12/12 135.9-162.0 (148.6 £ 2.67)
Est. mass, g 14/14 1.4-1.9 (1.7 £ 0.05) 12/12 66.2-100.7 (81.3 £ 3.7)
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Table 2. Cont.

Subsection Character n Successfully Analysed/ Minimum—Maximum Subsection n Successfully Analysed/ Minimum—Maximum
Number n Available (Mean =+ SE) Number n Available (Mean =+ SE)
SN, %o 14/14 8.2-15.1 (12.4 & 0.50) 9/9 10.1-16.4 (14.3 £ 0.78)
> TL 14/14 3.7-4.9 (4.4 £ 0.09) 1 9/9 4.0-5.4 (49 £0.15)
Est. ML, mm 14/14 30.9-35.2 (33.3 £ 0.35) 9/9 159.4-190.3 (173.5 & 3.09)
Est. mass, g 14/14 1.4-1.9 (1.7 £ 0.05) 9/9 100.1-152.8 (121.3 £ 5.4)
SN, %o 12/14 9.9-15.7 (12.5 + 0.61) 6/6 10.5-16.7 (14.4 £ 0.85)
6 TL 12/14 3.6-5.0 (4.44+ 0.14) 1 6/6 4.3-5.3 (4.8 £0.14)
Est. ML, mm 14/14 38.7-44.2 (41.8 £ 0.45) 6/6 184.0-219.9 (199.8 £ 4.90)
Est. mass, g 14/14 24-35(3.1+£0.1) 6/6 145.0-222.0 (176.1 £ 10.3)
515N, %o 13/14 10.7-16.2 (13.7 + 0.49) 2/3 10.1-14.2 (12.1 = 2.06)
7 TL 13/14 4.0-5.4 (4.7 £ 0.10) 16 2/3 4.2-4.7 (44 £ 0.23)
Est. ML, mm 14/14 47.0-53.8 (50.9 & 0.56) 3/3 209.5-216.6 (211.9 + 2.34)
Est. mass, g 14/14 4.0-5.8(5.1£0.2) 3/3 203.1-221.2 (209.1 + 6.0)
e
815N, %o 12/14 10.7-16.1 (13.6 £ 0.57) 2/2 13.5-15.3 (14.4 £ 0.88)
5 TL 12/14 42-52 (4.7 £0.11) 17 2/2 45-54 (49 +0.44)
Est. ML, mm 14/14 55.8-64.0 (60.5 £ 0.67) 2/2 236.1-244.1 (238.7 + 2.69)
Est. mass, g 14/14 6.3-9.1(8.0+0.2) 2/2 276.5-301.6 (284.8 + 8.4)
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Table 2. Cont.

Subsection Character n Successfully Analysed/ Minimum—Maximum Subsection n Successfully Analysed/ Minimum—Maximum
Number n Available (Mean =+ SE) Number n Available (Mean =+ SE)
—19.7to —18.8
13C 9

077G, %o 12/14 (—19.2 £ 0.09)

SN, %o 13/14 10.7-16.1 (13.8 £ 0.50)

9
TL 13/14 43-5.4 (4.7 £ 0.10)
Est. ML, mm 14/14 65.0-84.8 (72.1 & 1.50)

Est. mass, g 14/14 9.3-19.5 (12.7 £ 0.8)
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Table 3. Comparison of (a) 6'3C and (b) §'°N values, and (c) estimated trophic level among different
upper beak subsections in Gonatus fabricii, using the Skillings-Mack test with the Nemenyi post hoc
test. Significant p-values are in bold. TL: estimated trophic level, —: not applicable.

(a) 6'3C values: gy = 57.13, d. f. = 10, p < 0.0001

Subsections (an telrior) 3 4 5 6 7 8 9 (po:t(i rior)
2 0.88 — — — — — — — — —
3 0.93 1.00 — — — — — — — —
4 0.68 1.00 1.00 — — — — — — —
5 0.0540 0.88 0.83 0.98 — — — — — —
6 0.0011 0.22 0.17 0.43 0.99 — — — — —
7 0.0017 0.28 0.22 0.51 1.00 1.00 — — — —
8 0.0046 0.43 0.35 0.68 1.00 1.00 1.00 — — —
9 0.0375 0.83 0.76 0.96 0.99 1.00 1.00 1.00 — —
10 0.0008 0.19 0.14 0.39 0.99 1.00 1.00 1.00 1.00 —
11 0.0090 0.56 0.47 0.80 1.00 1.00 1.00 1.00 1.00 1.00

(b) 6'°N values: gy = 96.42, d. f. = 10, p < 0.0001

Subsections (an telrior) 2 3 4 5 6 7 8 (po:t(i rior)
2 1.00 — — — — — — — — —
3 1.00 1.00 — — — — — — — —
4 1.00 1.00 1.00 — — — — — — —
5 0.98 0.94 1.00 1.00 — — — — — —
6 0.61 0.49 0.77 0.98 1.00 — — — — —
7 0.0179 0.0097 0.0382 0.21 0.44 0.93 — — — —
8 0.0097 0.0051 0.0218 0.14 0.34 0.86 1.00 — — —
9 0.0041 0.0020 0.0097 0.08 0.21 0.73 1.00 1.00 — —
10 <0.0001  <0.0001  0.0001 0.0020 0.0097 0.12 0.94 0.98 1.00 —
11 0.0020 0.0010 0.0051 0.0457 0.14 0.61 1.00 1.00 1.00 1.00

(¢) TL:gy =96.02,4. f. =10, p < 0.0001

Subsections (an telrior) 2 3 4 5 6 7 8 9 (poslt(zz rior)
2 1.00 — — — — — — — — —
3 1.00 1.00 — — — — — — — —
4 1.00 1.00 1.00 — — — — — — —
5 0.98 0.94 1.00 1.00 — — — — — —
6 0.59 0.47 0.75 0.98 1.00 — — — — —
7 0.0198 0.0108 0.0418 0.22 0.47 0.94 — — — —
8 0.0088 0.0045 0.0198 0.13 0.32 0.86 1.00 — — —
9 0.0045 0.0023 0.0108 0.08 0.22 0.77 1.00 1.00 — —
10 <0.0001  <0.0001  0.0001 0.0023 0.0108 0.14 0.94 0.98 1.00 —
11 0.0018 0.0009 0.0009 0.0418 0.13 0.61 1.00 1.00 1.00 1.00
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Figure 4. Isotopic niche width (a) and plot of ten random elliptical projections of niche region for each
subsection (b) among the upper beak subsections of Gonatus fabricii, estimated in nicheROVER 1.1.0.
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Table 4. Overlap among isotopic niches, estimated in nicheROVER 1.1.0 for different upper beak

subsections of Gonatus fabricii. Significant overlap values are in bold. ——not applicable.
Subsections

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 — 94.54 95,57 73.17 1436 5209 7.87 1.82 0.92 0.94 211 3.73 7.31 6.90
2 87.76 — 96.40 81.53 2634 63.11 1626  5.67 3.59 3.94 6.25 9.37 1546 13.71
3 64.17  77.70 — 8538 4994 74.85 39.04 2405 1981 2021 2549 3127 3944 34.69
4 43.37 6436  94.27 — 76.01 91.31 6794 50.84 4446 4459 52.00 5946 68.66 62.35
5 19.66 4673 9395 95.75 — 9%.74 86.75 7514 7131 7019 7719 8522 91.07 8215
6 26.18 4752 90.00 93.44 82.84 — 79.56 64.64 60.00 6081 67.85 7589 82.54 75.06
7 7.87 2581 86.85 9525 8434 96.73 — 85.45 8275 85.86 90.57 94.27 96.71  93.63
8 598 2545 9140 97.89 90.07 98.01 97.18 — 92,65 92.56 95.01 9742 98.63 96.93
9 4.30 2228 91.84 97.81 9194 98.01 96.85 94.05 — 9442 9590 98.21 98.89 96.42
10 3.24 18.77 88,58 96.41 87.66 97.13 96.01 90.77  91.08 — 95.69 97.80 98.72  95.62
11 4.01 1886 86.16 9495 84.23 96.46 94.72 87.02 86.57 90.21 — 96.46  98.03 94.24
12 4.19 1726 7942 89.10 7823 9232 8787 7741 7718 81.84 86.45 — 94.47  87.57
13 525 1853 77.89 87.88 7419 90.86 86.68 74.64 73.32 7817 83.96 90.20 — 86.94
14 525 1799 7738 89.41 70.07 9098 90.02 79.12 7521 79.82 85.71 90.71 94.22 —

Based on nicheROVER, SIA values, and diet modelling analyses, population niches
with SIBER should be compared among squid with ML < 20 mm (see Material and Methods),
ML 20-50 mm, and ML > 50 mm. The niche of squid with ML > 50 mm was significantly
wider than of squid with ML 20-50 mm, with low overlap between the niches (Figure 5a,
Table 5). No significant differences were found between the isotopic niche width of males
and females (Figure 5c,d, Table 5). These niches had significant overlap for both size classes
(Figure 5c,d, Tables 5 and S8). The pattern of ontogenetic niche increase and overlap in
females and males was similar (when the sexes were analysed separately) (Table S8).

The diet corresponding to beak subsections 1-3, 4-5, 7-9, and 10 was modelled
and compared. Chaetognaths were always a minor component of G. fabricii’s predicted
diet (Figure 6, Table 6). Crustaceans constituted a half or more in subsections 1-3 and
4-5, or slightly less than a half in subsections 7-9 and 10 (Figure 6, Table 6). Combined,
cephalopods, and fish formed a complementary pattern to crustaceans, i.e., they constituted
slightly less than a half in subsections 1-3 and 4-5, and slightly more than a half in sub-
sections 7-9 and 10 (Figure 6, Table 6). No significant differences in the predicted relative
contribution of prey taxa (i.e., chaetognaths, crustaceans, and cephalopods + fish) were
found among different subsections (Table S9): the described patterns are trends only. Can-
nibalism is predicted to be very important in the diet of G. fabricii (Figure 6, Table 6). Within
crustaceans, the smallest analysed squid (subsections 1-3) were predicted to consume
copepods, euphausiids, and shrimps in roughly equal ratios, which significantly differed
from other size groups of G. fabricii (Table S9) who mostly relied on larger crustaceans, i.e.,
euphausiids and shrimps, than copepods (Figure 6, Table 6).

3.4. Beak Equations

The equations for ML and UCL were described as: ML = 3.25 x UCL! (n = 86,
R? =0.95, p < 0.0001) in West Greenland, and ML = 3.77 x UCL!3* (n = 142, R? = 0.93,
p < 0.0001) overall in the Arctic (West and East Greenland, and the Barents Sea). The differ-
ence between real and predicted ML was 4.2 £ 2.44 mm for the West Greenland equation
and 3.3 £ 1.72 mm for the overall Arctic equation. Updated URL equations (Table S3)
outperformed previous ones cf. [27]: estimated ML was 5.1 &= 2.02 mm smaller than real
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ML vs. 12.2 £ 2.36 mm previously for the overall Arctic equation, and 6.1 & 2.92 mm vs.
16.5 £ 3.51 mm, respectively, for the West Greenland equation.
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Isotopic niches in Gonatus fabricii at the population level, estimated in SIBER 2.1.6:

(a) ontogenetic approach, all samples (West and East Greenland, and the Barents Sea), (b) onto-
genetic approach, West Greenland, (c) Sexes, all samples (West and East Greenland, and the Barents
Sea), and (d) sexes, West Greenland.

Table 5. Isotopic niche metrics (TA, SEA., and SEA) and overlap in Gonatus fabricii within different
studied areas, estimated in SIBER 2.1.6. SEAy, values are means £ SD. Significant p-values are in bold.
Significant overlap values are in bold. ML: mantle length, n: sample size, —: not applicable.

Arctic West Greenland
Parameter
ML 20-50 mm ML > 50 mm ML 20-50 mm ML > 50 mm
n 29 85 13 40
TA 2.77 6.26 1.20 2.25
SEA. 1.04 1.55 0.47 0.71
SEA, 1.04 + 0.20 1.55 +0.17 0.48 + 0.15 0.71 + 0.12
ML 20-50 mm — 0.9688 — 0.91
(p-values)
ML > 50 mm 0.0312 — 0.09 —
(p-values)
Overlap, % 17.88 11.65 0.00 0.00
Parameter Females Males Females Males
n 62 56 28 29
TA 6.01 6.58 3.70 3.39
SEA. 1.78 1.79 1.06 1.12
SEA} 1.78 +0.23 1.79 +£0.24 1.10 4+ 0.22 1.16 +0.22
Females . 051 . 057
(p-values)
Males 0.49 — 043 —
(p-values)
Overlap, % 86.64 85.96 90.55 85.77

1 West Greenland, East Greenland, and the Barents Sea.
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Subsections 1-3, estmated mantle length 7.0-19.3 mm Subsections 4-5, estmated mantle length 23.7-35.2 mm

0.75 | 0.60
c
2 050 0.40
S
(=8
<
T !
0.25 | TR 0.20 |
= .
0.00 1 0.00
32 ced ] A 082 002 ce? 95 A2 \\e° ot
002*° e i 1090 AP o02® ue® gl 100" e AP
C oo™ S one® Ge"rg\ﬂ\?ﬁ’ ¢ cuot® one® e
Subsections 7-9, estmated mantle length 47.0-84.8 mm Subsection 10, estmated mantle length 76.9—108.2 mm
] g
0.60 0.75
§
S 040 0.50
5 —
Q
e — —
o
0.20 | 025 | [ L
1 3 1
— = == ==
0.00 0.00
32 a 0% N2 e od2 32 S 0% A e a2
00 120%% A e o0 2OV 00 1a0%° e S 3ov©
cot® F_\)QY‘a“S o0 G“ae\og € coo® cot® gu‘?“au‘s o G‘\ae\o% € cev®

Figure 6. Relative contribution of prey to the diet (mean, box 25% and 75% percentiles, whiskers 5%,
and 95% percentiles) in different upper beak subsections of Gonatus fabricii (as a proxy of different
sizes) predicted by Bayesian mixing model SIMMR 0.4.5.

Table 6. Relative contribution of prey to the diet in different upper beak subsections of Gonatus
fabricii, predicted by Bayesian mixing model SIMMR 0.4.5. Relative contributions are mean + SD.
ML: mantle length, n: sample size, —: not applicable.

Parameter Subsections
1-3 4-5 7-9 10
Est. ML, mm 7.0-19.3 23.7-35.2 47.0-84.8 76.9-108.2
nl 23 16 20 5
1. Crustacea, % 49.6 +£2522 51.2 +£18.12 42.0 +£10.82 42.7 £29.92
1.1. Copepoda, % 16.4 + 8.9 6.1 +44 32+21 78+ 64
1.2. Euphausiacea, % 18.7 £11.0 7.3+54 3.6+25 89+74
1.3 Shrimps, % 145 +53 37.8 +8.3 352462 26.0 & 16.1
2. Chaetognatha, % 39+20 49428 33+19 83+59
3. Cephalopoda + fish, %  46.5 4+ 13.43 439 42593 547 +£125%  49.0 +£30.93
3.1. Cephalopoda, % 233+6.73 28.6 +14.0° 478 +£753 347 +18.83
3.2. Fish, % 2324673 15341193 6.9 +5.03 14341213

! Fitting only, see Materials and Methods for checking; 2 Crustacea estimated as three crustacean taxa combined;
3 Cephalopoda + fish estimated together for subsections 1-3, and separately for the rest (see Materials and
Methods).

4. Discussion
4.1. Ontogenetic Change in Isotopic Values, and Its Ecological Applications
Significant ontogenetic increase of both carbon and nitrogen isotopic values (and

thus TL) in G. fabricii is now confirmed at the individual level. Previous SIA studies of
G. fabricii [27,74], performed on whole beaks [27] or pieces of soft tissues [77] of multiple
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individuals (population analysis, not individual analysis), established this significant
ontogenetic increase in populations. However, they did not find the causes for this increase
and did not show at which sizes the main increase happens and to what degree changes
in an individual follow that of a population. The major issue arising from this is that we
need to apply a combination of individual and population SIA to study a species’ ecology
more completely and from different perspectives (see practical recommendations for such
an approach below).

The main ontogenetic increase in §'C values takes place in squid from ML 7.0-7.4 mm
to ML 30.9-44.2 mm. The increase in §'3C values is larger than expected based on dietary
changes, i.e., mean 1.4%o vs. about 1.0%o [89]. The main ontogenetic increase in SN values
(and TL) takes place in squid from ML 7.0-7.4 mm to ML 47.0-53.8 mm. The increase spans
a mean of 1.5 TLs among studied individuals. Shifts in food spectra are the reason for
changes in 6'°N values and TL (as also highlighted by the diet models, below). However,
other reasons such as individual movements may partly explain changes in 6!3C values.
Three types of migrations are known for G. fabricii. The first involves horizontal migra-
tion, the second is ontogenetic downward migration, and the third is diurnal vertical
migration [27,31,32,34,36—42,113]. There is an occasional presence of squid with ML
20-50 mm deeper than 200 m [36,38,113-116], while they are supposed to exclusively
inhabit epipelagic layers [42], which means the migrations outlined above also have a role
in ontogenetic increase of §13C values. It is clear that squid with ML 30.9-44.2 mm can
occasionally exploit the whole water column when we combine these literature data on
depth distribution with S13C values reported here and in Golikov et al. [27].

The ML values highlighted by §°N and TL analyses are used to group the squid and
assess the species’ assimilated diet. Reported results on diet are generally in accordance
with previous studies using stomach contents [36,43—46,115,116] that showed crustaceans
are major prey for G. fabricii with the increasing importance of fish and cephalopods
in individuals larger than ML 54-70 mm [44-46]. However, assimilated diet predicted
by SIA data often does not entirely coincide with stomach contents analysis results in
cephalopods [28,30,117]. Moreover, food spectra changes in G. fabricii were expected to
happen due to the hook appearance at its arms and tentacular clubs [43-46], which exactly
fits the predictions from this study. Gonatus fabricii already reaches the highest TL (adult
diet) at ML 76.9-108.2 mm, with the maximum ML recorded for G. fabricii being 389 mm [46].
Such behavior is also detected in Berryteuthis magister (Berry, 1913) [118], a gonatid squid
from the North Pacific that does not significantly change the size of the fish it preys upon
throughout ontogenesis [48]. Dosidicus gigas (d’Orbigny [in 1834-1847], 1835) [11Y], a large
squid from the Pacific, is also known to rely on small prey, despite that it is occasionally
hunting for large prey [120,121]. Cannibalism is well-known for G. fabricii [36,44,46,115]
and other gonatids [48,122] and the predicted diet models from this study underline its
importance. Previous studies on stomach contents did not estimate prey sizes of G. fabricii,
but the Pacific gonatids are known to eat fish and squids of 15-150% of their ML [48,122].

4.2. Variation of Stable Isotopic Trajectories: Among Individuals and between Sexes

Substantial variation among individual ontogenetic stable isotopic trajectories is found.
We applied the specialization index s to explore it further. This is the first application of s to
stable isotopic data from marine invertebrates to the authors” knowledge. Specialization
index s of 6'°N shows that G. fabricii is a generalist predator, as most predatory squids
are e.g., [48,50,120-123]. Significant differences in s of 515N between the sexes in G. fabricii
are influenced by only one individual: s values were 0.95-0.98 in all individuals, except
female F5 with s = 0.83. Specialization index s of §13C shows that G. fabricii is a specialist in
habitat usage. In turn, it suggests variability in migrations among individuals. Females
have much higher variation in habitat usage than males, resulting in lower specialization
index s in 13C, and females reach the highest 6!3C values at larger sizes than males. Thus,
at least part of the variation in §13C is explained by these differences between the sexes. The
greater migratory capability of females is known in oceanic squids Ommastrephes bartramii
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(Lesueur, 1821) [49,124] and D. gigas [123]. The niche width in G. fabricii is similar in
females and males, with significant niche overlap between the sexes. This means that high
individual variation in habitat usage and different migratory capabilities between sexes are
not enough to differentiate niches between females and males due to individual squid’s
highly generalist diets. These results contrast with previous studies on other cephalopods
where significant differences in niche width were found between sexes [30,49,123,125].

4.3. Life Cycle of Gonatus fabricii

Previous attempts to differentiate between ecological roles during the ontogenesis of
G. fabricii mostly used maturity stages (Table 7). The maturity stages, however, are not a
good proxy for an ecological role as there is a strong overlap in ML of squid in different
maturity stages (Table 7). An overview of ontogenetic changes in body shape, mass, and
reproductive indices [36,39,40,42] suggests a rather slow pace of changes in ecological
role, perhaps due to slow growth. However, these characters alone cannot be relied upon,
as shown above. A previous study that applied SIA in G. fabricii [27] showed that the
changes in the ecological role might happen faster than previously supposed [42]. Clearly
separate ecological roles, which G fabricii occupies during ontogenesis, are established
in this study (Table 7). This is achieved by a combination of individual and population
SIA. The life history of G. fabricii is as follows: (1) epipelagic squid with ML < 20 mm
prey mostly on crustaceans, especially copepods (as per stomach contents analysis) or
copepods and larger crustaceans in equal proportions (as per SIA prediction); (2) squid
with ML 20-50 mm mostly stay in the epipelagic layer, but occasionally exploit the whole
water column, with their food spectra shifting to larger Crustacea, fish, and cephalopods;
(3) squid with ML > 50 mm mostly prey on fish and cephalopods with a high proportion of
cannibalism, and stay in the meso- and bathypelagic layers (occasionally might be recorded
in the epipelagic layers, as they have daily vertical migrations); and 4) non-feeding and
almost non-moving bathypelagic gelatinous females with ML > 200 mm (Table 7).

Table 7. Different approaches to define ontogenetic stages with different ecological roles in
Gonatus fabricii. ML: mantle length, TL: trophic level, SCA: stomach content analysis, and SIA:
stable isotope analysis.

Maturity Stages ! “Classical’ Ecology 2 This Study
Stage Females Males Females Males
0 (juvenile) ML 7-35 mm ML 7-33 mm Fpipelagic paralarvac, Epipelagic squid with ML < 20 mm: prey mostly
: mm on crustaceans, especially copepods (SCA) or
I (early Epipelagic, copepods and larger crustaceans in equal
immature) ML 31-81 mm ML 34-78 mm ML 15-60 mm proportions (SIA); mass < 0.4 g
I (late 11\‘;[‘1“ 72~ 11\2111“ 70~ Squid with ML 20-50 mm: mostly stay in the
immature) mm mm Mesopelagic Mesopelagic, epipelagic layer, but occasionally exploit the whole
TII (early ML 226 ML 113- ML 60-150 mm ML 60-130 mm water column; diet shifts from Copepoda to larger
maturing) 306 mm 229 mm Crustacea, fish, and cephalopods; mass 0.7-5.8 g
v (lé}te g/gg 200- g/ga 198~ Squid with ML > 50 mm: stay in the meso- and
maturing) mm mm hvpelaei bathypelagic layers (occasionally might be
V1 (pre-mature) No data ML 236 mm I\B/[it yf SeOaglc, recorded in the epipelagic layers, as they have
> mm ) daily vertical migrations); mostly prey on fish and
V; (mature) ML 221~ ML 179~ Bathypelagic, cephalopods with a high proportion of
389 mm 320 mm ML > 130 mm cannibalism; mass > 6.3 g
ML 224- . . .
V3 (sub-spent) No data : Bathypelagic gelatinous females with
325 mm Bathypelagic X 5
VRS . I% el az% r('; ous, . ML > 200 mn;or;?rrggﬁﬁi;g and almost
VI (spent) 302 mm No data > mm mass > 208.7 g *

1 Nesis (1965), Kristensen (1981, 1984), Sennikov et al. (1989), Bjorke and Hansen (1996), Bjerke et al. (1997),
Arkhipkin and Bjerke (1999), Zumholz and Frandsen (2006), Gardiner and Dick (2010b), Golikov et al. (2012,
2019b, 2021) and Golikov (2015) [36,37,39-43,46,126-129]; 2 Kristensen (1981, 1984), Bjorke and Hansen (1996),
Arkhipkin and Bjerke (1999), Golikov et al. (2018) [27,36,39,40,42]; 3 non-gelatinous females exceeding ML 200
mm are common in the Baffin Bay and the Davis Strait (Kristensen 1984, Golikov et al. 2019b) [36,37]; 4 raw data
on the mass of gelatinous females from Golikov et al. (2018, 2019b, 2021) [27,37,129].
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4.4. Ecosystem Implications

Dividing the life history of G. fabricii into distinct ecological roles provides baseline
data on cephalopod biology and in Arctic marine ecosystem studies. Active cephalopod
predators are often compared with bony fish in terms of ecological role. However, the life
histories of these taxa are very different [130-132]. When based on a sufficient number
of beak subsections, individual life history SIA reconstructions of cephalopods [47,52,66]
strongly suggest that cephalopods change their ecological roles earlier in their ontogenesis
compared to fish cf. [133-135]. The growth speed of juvenile G. fabricii in West Greenland
was estimated to be 0.13-0.18 mm day~! [136] and 0.27 mm day ! [38]. This suggests
that squid remains in a “pure’ epipelagic stage (ML < 20 mm) for 2.5-4.2 months, then
transition their food spectra and habitat (ML 20-50 mm) for 3.7-6.3 months, with overall
life expectancy in West Greenland of up to three years [36]. Thus, longer-living cold-water
Arctic squid, which spend much of their life in the relatively stable deep-sea environment,
still have major ecological changes during early ontogenesis, cf. the large Antarctic squid
and octopus [51,52,66].

A high TL of 5.0 or above is only known in polar squids from the Arctic [27], and
this study and Antarctic [82,137,138]. Very high 61°N values in the beaks of Histioteuthis
atlantica (Hoyle 1885) [139] from Subantarctic waters suggest comparably high TL, as other
squids in the area showed much lower 6!°N values in their beaks [140]. The high TL of
G. antarcticus Lonnberg, 1898 [141] is most likely explained in a similar way as G. fabricii
(see above).

4.5. Modelling and Analyses Implications and Recommendations

Previous studies used eye lenses and gladii of cephalopods to analyse individual onto-
genetic stable isotopic trajectories; however, they failed to identify the fast pace of changes
in cephalopod ecological role early in ontogenesis [48-50,123,142-148]. Unlike beaks, nei-
ther eye lenses nor gladii were proven to have daily growth increment deposition [62-65].
Considering beak utility when necessary methodological considerations were performed
for the anterior-most and posterior-most parts [51,61-63,69], beaks are recommended for
ontogenetic SIA studies in the future. Analysis of individual ontogenetic stable isotopic
trajectories from beak crests provides precise sizes of ecological role changes, especially
if coupled with analysis of multiple individuals with their whole beaks powdered. The
recommendation is to use one hundred beaks in equal proportions of the small, medium,
and large sizes for population SIA, which is a large enough sample size [27,76]. With each
size group being n > 30, it would not bias the SIBER niche analysis outcome [149]. At least
ten large beaks are recommended for individual ontogenetic SIA, taking consecutive pieces
along the crest. Combining these approaches would give an extensive overview of the
species’ life history, together with its reconstruction with exact sizes, if a beak equation
to estimate squid size exists for the study species. Equations to estimate ML of G. fabricii
from URL and UHL exist for the Barents Sea, West Greenland, East Greenland, and the
overall Arctic [27], and this study, and equations to estimate squid ML from UCL only exist
for West Greenland and the overall Arctic (this study). Our recommendation is to use the
equation for the specific area of the Arctic (i.e., the Barents Sea, West Greenland, or East
Greenland) if it is known where the beaks come from, and to use the overall Arctic equation
in the absence of such information.

For future Arctic ecosystem modelling we recommend using the size-specific ecological
role periodization established here. The ecological role of G. fabricii is misrepresented in
current models. The dataset of Planque et al. [13] is used as a basis for most of the Barents
Sea ecosystem models [14,15,17-20]. In these, G. fabricii only has 12 prey taxa (all Crustacea
and G. fabricii itself, i.e., no fish) and 23 predators, cf. at least 49 and 47, respectively [27].
Thus, these models completely miss the role of G. fabricii as a fish consumer. The older
models [10-12] and those reusing them as a baseline [16] also do not reflect the ecological
role of G. fabricii. Dommasnes et al. [10], Blanchard et al. [12], and Murphy et al. [16]
are missing some groups of prey and predators: in particular, they miss cannibalism in
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G. fabricii. Moreover, they extrapolate biomass values of G. fabricii from the Nordic Seas
to the Barents Sea [10,12,16], which has been already shown to be incorrect elsewhere [34].
The Nordic Basin and the Barents Sea are very different in their oceanographic conditions,
and thus in their role in the range of G. fabricii [34,37]. For West Greenland, Pedersen and
Zeller [11] provided a better description of the trophic role of G. fabricii, however, suffer
from biomass estimation and P/B and Q/B coefficients for the species.

The only G. fabricii biomass assessment where large individuals were included was
performed by Bjorke and Gjesaeter [31] for the Nordic Seas, which largely covers the
Norwegian Sea. It shows 1.5 million t of squid in the upper 30 m layer and 8 million t of
meso- and bathypelagic squid [31]. Applying the ecological stages established here might
prove difficult, as: (1) it is unknown how much ‘epipelagic’ squid are with ML < 20 mm
and how much belong to other groups, and to which groups; (2) the layer between the
upper 30 m and mesopelagic layer is missing; (3) it is unknown how much of meso- and
bathypelagic squid are with ML < 50 mm and ML > 50 mm; and 4) the proportion of
gelatinous females in the latter group is also unknown. Extrapolation based on Figure 3
from Bjorke and Gjosaeter [31] suggests the whole estimated ‘epipelagic” of 1.5 million t
are squid with ML < 20 mm, then there are 2.5 million t of squid with ML of 20-50 mm. If
the sex ratio is assumed to be equal (it has never been assessed), and surviving to spawn
is 5% [31], then the biomass of gelatinous females would be 0.25 million t. The biomass
proportion of G. fabricii with a different ecology in the Nordic Seas would be approximately
12% squid with ML < 20 mm, 21% squid with ML 20-50 mm, 67% squid with ML > 50 mm,
and 0.02% gelatinous females. However, G. fabricii is supposed to live up to two years in
the Nordic Seas [150], and this is the assumption Bjerke and Gjesaeter [31] relied on. In
this study, G. fabricii from West Greenland is assessed to define the ontogenetic stages with
different ecology, which is supposed to live up to three years [36].

5. Conclusions

We detect a significant ontogenetic increase of §'3C and ¢'°N values (and TL) in
G. fabricii in individual squid. There is substantial variation among stable isotope trajectories
in individual G. fabricii beaks, with §'>C values having higher variation among individuals,
especially in females, than 6'°N values. At the same time, isotopic niches are not different
between the sexes, and are highly overlapping. Exact sizes when the species occupies
different ecological roles, both ML and mass, are found. We recommend that this ecological
periodization (with four clearly distinct stages) be used in future Arctic marine ecosystem
modelling. Currently, all existing Arctic ecosystem models fail to reflect the ecological
role of G. fabricii correctly, despite its immense importance in Arctic ecosystems. From
supposedly three years of squid ontogenesis in West Greenland cf. [36], stage 1 is expected
to last for 2.5-4.2 months followed by 3.7-6.3 months stage 2. Thus, the main changes
in Arctic squid ecology occur during the first 17-29% of the supposed life cycle and are
coupled with a fast size increase. We find that beaks have a superior capacity to visualize
ontogenetic changes in squid ecology compared to other hard structures such as eye lenses
and gladii. To assess the variation in stable isotope data, the specialization index s is
successfully applied for the first time in cephalopods. Finally, an equation to estimate the
ML of G. fabricii from UCL is provided, and existing equations to estimate ML and mass
from URL are updated.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani12243548 /s1, Table S1. All individuals of Gonatus fabricii,
analysed for this study (1 = 29): location, data, depth, sex, maturity stage, mantle length and upper
beak measurements: rostrum length and crest length. ML: mantle length, URL: upper beak rostrum
length, UCL: upper beak crest length, SIA: stable isotope analysis, n/a: no results, —: not applicable.
Table S2. Data on Gonatus fabricii, analysed by stable isotope analysis (n = 14), and each of the
analysed upper beak subsections (1 = 179): mantle length, sex, maturity stage, number and size of
subsections, mass C:N ratio, values of 613C and 615N, estimated trophic level, and estimated mantle
length and mass at given beak size. ML: mantle length, TL: trophic level, n/a: no results, —: not
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applicable. Table S3. Equations to estimate mantle length and mass of Gonatus fabricii from upper
beak rostrum length. Significant p-values are in bold. ML: mantle length, URL: upper beak rostrum
length, n: sample size. Table S4. Values of 6'3C and 6N for the prey group sources used in Bayesian
mixing model SIMMR 0.4.5. Values are mean + SD. N: sample size, —: not applicable. Table S5.
Differences in values of 613C and §!°N for the prey group sources used in Bayesian mixing model
SIMMR 0.4.5. Kruskal-Wallis H and Dunn’s Z tests are provided in the table. Significant p-values are
in bold. —: not applicable. Table S6. Spearman’s rank correlation between §'3C and 6'°N values in
Gonatus fabricii at population and individual levels. Significant p-values are in bold. n: sample size.
Table S7. Isotopic niche width, estimated in nicheROVER 1.1.0 for different upper beak subsections
of Gonatus fabricii. Values are mean £ SD. n: sample size. Table S8. Isotopic niches metrics (TA,
SEA., and SEA}) and overlap in Gonatus fabricii across sexes, sizes, and studied areas, estimated
in SIBER 2.1.6. SEAy, values are means & SD. Significant p-values are in bold. Significant overlap
values are in bold. ML: mantle length, n: sample size, —: not applicable. Table S9. Differences in the
predicted relative contribution of prey to the diet among different upper beak subsections of Gonatus
fabricii, estimated in Bayesian mixing model SIMMR 0.4.5. x? test and Fisher’s exact test are provided
in the table, above and below the diagonal, respectively. Significant p-values are in bold. —: not
applicable. Figure S1. Checking the data on Gonatus fabricii fitting to the prey group sources and
trophic enrichment factors in SIMMR 0.4.5. Consumers (studied individuals; violet empty circles) and
mean source signatures (see in-figure legend for reference) are shown. The exact values of sources
and their standard deviations are in Table S3, and trophic enrichment factors and their standard
deviations are in Materials and methods. Figure S2. Isotopic niche overlap among the upper beak
subsections of Gonatus fabricii, estimated in nicheROVER 1.1.0.

Author Contributions: Conceptualization, A.V.G., HJ.TH., ].P.Q. and J.C.X,; formal analysis, A.V.G,,
FR.C. and AM.L; funding acquisition, A.V.G., ER.C., H].TH., ] PQ., M.E.B.,, WW. and J.C.X;
investigation, A.V.G., ER.C., and A.M.L.; methodology, A.V.G., ER.C,, H].T.H,, ].PQ. and J].C.X.;
resources, A.V.G., M.E.B., WW., D.V.Z. and ].C.X,; visualization, A.V.G., ER.C. and A.M.L.; writing—
original draft, A.V.G., ER.C,, H].T.H,, ].P.Q., RM.S. and J.C.X,; writing—review and editing, A.V.G.,
ER.C., H].T.H,, J.P.Q., RM.S,, M.E.B., AM.L., WW., D.V.Z. and ].C.X. All authors have read and
agreed to the published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon 2020 research and
innovation program under the Marie Sktfodowska-Curie grant agreement Ne 101065960. Additionally:
this project is part of Initiating North Atlantic Benthos Monitoring, INAMon, which was financially
supported by the Greenland Institute of Natural Resources, North Atlantic Cooperation (nora.fo; J. nr.
510-151), Sustainable Fisheries Greenland, the Ministry for Research in Greenland (IKIIN) and the
Environmental Protection Agency (Dancea) of the Ministry of Environment and Food of Denmark
(J. nr. mst-112-00272); this project is also part of the Danish Presidency project in Nordic Council
of Ministers, mapping seabed biodiversity and vulnerability in the Arctic and North Atlantic; and
this project is also co-sponsored by the strategic project UID/MAR/04292 /2020, granted to MARE.
H.J.T.H. Thanks the Deutsche Forschungsgemeinschaft for financial support under the grant HO
5569 /2-1 that supports the Emmy Noether Junior Research Group of H.J.T.H; J.C.X. acknowledges the
financial support received from Fundagao para a Ciéncia e Tecnologia (FCT; Portugal); ER.C. acknowl-
edges the financial support via the transitory norm contract DL57/2016 (DL57/2016/CP1370/CT90)
from FCT and the European Social Fund (POPH; EU); ].P.Q. acknowledges the financial support
via an FCT PhD Scholarship co-financed by FSE (SFRH/BD/144320/2019) and the Government of
Canada’s contribution to the material collection in the Davis Strait through the Fisheries and Oceans
funding for multispecies survey in NAFO Divs. Finally, 0A and OB are acknowledged. The funding
sources had no involvement with the conduct of the research and preparation of the article.

Institutional Review Board Statement: No ethical approval was required. Beaks were only obtained
from occasional dead individuals caught as bycatch. No live animals were caught specifically for
this project.

Data Availability Statement: All relevant data are included in the paper and/or in the supplementary
information file, or uploaded to the Zenodo data repository (https://doi.org/10.5281/zenodo.7113726).


https://doi.org/10.5281/zenodo.7113726

Animals 2022, 12, 3548 25 of 30

’

Acknowledgments: We are grateful to ‘Initiating North Atlantic Benthos Monitoring (INAMon)
project and Government of Canada for providing parts of the samples and contextual information; to
the scientific groups and crews of R/V ‘Paamiut’ and F/V "Helga Maria’, especially Igor E. Manushin,
Jan Y. Poulsen, and Laure de Montety for help onboard; to Zara F. Teixeira, Claudia S. Moreira, and
Alexandra Baeta for help with stable isotope analysis; and to Yves Cherel and Catalina Perales-Raya
for discussion of our results.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Praetorius, S.; Rugenstein, M.; Persad, G.; Caldeira, K. Global and Arctic climate sensitivity enhanced by changes in North Pacific
heat flux. Nat. Commun. 2018, 9, 3124. [CrossRef]

IPCC. Summary for policymakers. In Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group I1
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Portner, H.-O., Roberts, D.C., Poloczanska, E.S.,
Mintenbeck, K., Tignor, M., Alegria, A., Craig, M., Langsdorf, S., Loschke, S., Moller, V., et al., Eds.; Cambridge University Press:
Cambridge, UK, 2022; pp. 3-33.

Fossheim, M.; Primicerio, R.; Johannesen, E.; Ingvaldsen, R.B.; Aschan, M.M.; Dolgov, A.V. Recent warming leads to a rapid
borealization of fish communities in the Arctic. Nat. Clim. Change 2015, 5, 673-677. [CrossRef]

Laidre, K.L.; Stern, H.; Kovacs, K.M.; Lowry, L.; Moore, S.E.; Regehr, E.V.; Ferguson, S.H.; Wiig, @.; Boveng, P.; Angliss, R.P; et al.
Arctic marine mammal population status, sea ice habitat loss, and conservation recommendations for the 21st century. Conserv.
Biol. 2015, 29, 724-737. [CrossRef] [PubMed]

Dalpadado, P,; Arrigo, K.R.; van Dijken, G.L.; Rune Skjoldal, H.; Bageien, E.; Dolgov, A.; Prokopchuk, I.; Sperfeld, E. Climate
effects on temporal and spatial dynamics of phytoplankton and zooplankton in the Barents Sea. Prog. Oceanogr. 2020, 185, 102320.
[CrossRef]

Fauchald, P.; Arneberg, P.; Debernard, ].B.; Lind, S.; Olsen, E.; Hausner, V.H. Poleward shifts in marine fisheries under Arctic
warming. Environ. Res. Lett. 2021, 16, 074057. [CrossRef]

Long, R.D.; Charles, A.; Stephenson, R.L. Key principles of marine ecosystem-based management. Mar. Policy 2015, 57, 53-60.
[CrossRef]

Dietze, M.C,; Fox, A.; Beck-Johnson, L.M.; Betancourt, J.L.; Hooten, M.B.; Jarnevich, C.S.; Keitt, T.H.; Kenney, M.A.; Laney, C.M.;
Larsen, L.G.; et al. Iterative near-term ecological forecasting: Needs, opportunities, and challenges. Proc. Natl. Acad. Sci. USA
2018, 115, 1424-1432. [CrossRef] [PubMed]

CAFF. State of the Arctic Marine Biodiversity Report; Conservation of Arctic Flora and Fauna International Secretariat: Akureyri,
Iceland, 2017; pp. 1-195. ISBN 978-9935-431-63-9.

Dommasnes, A.; Christensen, V.; Ellertsen, B.; Kvame, C.; Melle, W.; Nottestad, L.; Pedersen, T.; Tjelmeland, S.; Zeller, D. An
Ecopath model for the Norwegian and Barents Sea. In Fisheries Impacts on North Atlantic Ecosystems: Models and Analyses; Fisheries
Centre Research Reports 9; Guenette, S., Christensen, V., Pauly, D., Eds.; The Fisheries Centre, University of British Columbia:
Vancouver, BC, Canada, 2001; pp. 213-240. ISSN 1198-6727.

Pedersen, S.; Zeller, D. Multispecies interactions in the West Greenland marine ecosystem: Importance of the shrimp fisheries. In
Fisheries Impacts on North Atlantic Ecosystems: Models and Analyses; Fisheries Centre Research Reports 9; Guenette, S., Christensen,
V., Pauly, D., Eds.; The Fisheries Centre, University of British Columbia: Vancouver, BC, Canada, 2001; pp. 111-127. ISSN
1198-6727.

Blanchard, J.L.; Pinnegar, ] K.; Mackinson, S. Exploring Marine Mammal-Fishery Interactions Using 'Ecopath with Ecosim’: Modelling
the Barents Sea Ecosystem; Science series technical report 117; CEFAS: Lowestoft, UK, 2002; pp. 1-52.

Planque, B.; Primicerio, R.; Michalsen, K.; Aschan, M.; Certain, G.; Dalpadado, P.; Gjesaeter, H.; Hansen, C.; Johannesen, E;
Jorgensen, L.L.; et al. Who eats whom in the Barents Sea: A food web topology from plankton to whales: Ecological Archives
E095-124. Ecology 2014, 95, 1430. [CrossRef]

Kortsch, S.; Primicerio, R.; Fossheim, M.; Dolgov, A.V.; Aschan, M. Climate change alters the structure of Arctic marine food webs
due to poleward shifts of boreal generalists. Proc. R. Soc. B 2015, 282, 31-39. [CrossRef]

Kortsch, S.; Primicerio, R.; Aschan, M.; Lind, S.; Dolgov, A.V.; Planque, B. Food-web structure varies along environmental
gradients in a high-latitude marine ecosystem. Ecography 2019, 42, 295-308. [CrossRef]

Murphy, E.J.; Cavanagh, R.D.; Drinkwater, K.F; Grant, S.M.; Heymans, ].J.; Hofmann, E.E.; Hunt, G.L., Jr.; Johnston, N.M.
Understanding the structure and functioning of polar pelagic ecosystems to predict the impacts of change. Proc. R. Soc. B 2016,
283,20161646. [CrossRef] [PubMed]

Frainer, A.; Primicerio, R.; Kortsch, S.; Aune, M.; Dolgov, A.V.; Fossheim, M.; Aschan, M.M. Climate-driven changes in functional
biogeography of Arctic marine fish communities. Proc. Natl. Acad. Sci. USA 2017, 114, 12202-12207. [CrossRef]

Blanchet, M.-A.; Primicerio, R.; Frainer, A.; Kortsch, S.; Skern-Mauritzen, M.; Dolgov, A.V.; Aschan, M. The role of marine
mammals in the Barents Sea foodweb. ICES J. Mar. Sci. 2019, 76, i37-i53. [CrossRef]


http://doi.org/10.1038/s41467-018-05337-8
http://doi.org/10.1038/nclimate2647
http://doi.org/10.1111/cobi.12474
http://www.ncbi.nlm.nih.gov/pubmed/25783745
http://doi.org/10.1016/j.pocean.2020.102320
http://doi.org/10.1088/1748-9326/ac1010
http://doi.org/10.1016/j.marpol.2015.01.013
http://doi.org/10.1073/pnas.1710231115
http://www.ncbi.nlm.nih.gov/pubmed/29382745
http://doi.org/10.1890/13-1062.1
http://doi.org/10.1098/rspb.2015.1546
http://doi.org/10.1111/ecog.03443
http://doi.org/10.1098/rspb.2016.1646
http://www.ncbi.nlm.nih.gov/pubmed/27928038
http://doi.org/10.1073/pnas.1706080114
http://doi.org/10.1093/icesjms/fsz136

Animals 2022, 12, 3548 26 of 30

19.

20.

21.

22.

23.

24.
25.

26.
27.

28.

29.

30.

31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Griffith, G.P,; Hop, H.; Vihtakari, M.; Wold, A.; Kalhagen, K.; Gabrielsen, G.W. Ecological resilience of Arctic marine food webs to
climate change. Nat. Clim. Change 2019, 9, 868-872. [CrossRef]

Pecuchet, L.; Blanchet, M.A.; Frainer, A.; Husson, B.; Jergensen, L.L.; Kortsch, S.; Primicerio, R. Novel feeding interactions amplify
the impact of species redistribution on an Arctic food web. Glob. Chang. Biol. 2020, 26, 4894-4906. [CrossRef] [PubMed]
Sirenko, B.I. (Ed.) List of species of free-living invertebrates of Eurasian Arctic Seas and adjacent deep waters. Explor. Fauna Seas
2001, 51, 1-76.

Loeng, H.; Brander, K.; Carmack, E.; Denisenko, S.; Drinkwater, K.; Hansen, B.; Kovacs, K.; Livingston, P.; McLaughlin, F;
Sakshaug, E. Chapter 9. Marine Systems. In Arctic Climate Impact Assessment; Symon, C., Lehani, A., Heal, B., Eds.; Cambridge
University Press: Cambridge, UK, 2005; pp. 453-538. ISBN 978-0521865098.

Xavier, J.C.; Cherel, Y.; Allcock, L.; Rosa, R.; Sabirov, R.M.; Blicher, M.E.; Golikov, A.V. A review on the biodiversity, distribution
and trophic role of cephalopods in the Arctic and Antarctic marine ecosystems under a changing ocean. Mar. Biol. 2018, 165, 93.
[CrossRef]

Thomas, D.H. (Ed.) Arctic Ecology; Wiley Blackwell: Oxford, UK, 2021; pp. 1-443. ISBN 978-1-118-84654-4.

Nesis, K.N. Cephalopod molluscs of the Arctic Ocean and its seas. In Fauna and Distribution of Mollusks: North Pacific and Polar
Basin; Kafanov, A.L, Ed.; Far Eastern Scientific Center of USSR Academy of Sciences: Vladivostok, Russia, 1987; pp. 115-136.
(In Russian)

Gardiner, K; Dick, T.A. Arctic cephalopod distributions and their associated predators. Polar Res. 2010, 29, 209-227. [CrossRef]
Golikov, A.V,; Ceia, ER.; Sabirov, R M.; Zaripova, Z.I; Blicher, M.E.; Zakharov, D.V.; Xavier, ].C. Ontogenetic changes in stable
isotope (012C and 6'°N) values in squid Gonatus fabricii (Cephalopoda) reveal its important ecological role in the Arctic. Mar. Ecol.
Prog. Ser. 2018, 606, 65-78. [CrossRef]

Golikov, A.V,; Ceia, ER ; Sabirov, R.M.; Belyaev, A.N.; Blicher, M.E.; Arboe, N.H.; Zakharov, D.V.; Xavier, ].C. Food spectrum and
trophic position of an Arctic cephalopod, Rossia palpebrosa (Sepiolida), inferred by stomach contents and stable isotope (613C and
615N) analyses. Mar. Ecol. Prog. Ser. 2019, 632, 131-144. [CrossRef]

Golikov, A.V.; Artemev, G.M.; Blicher, M.E.; Gudmundsson, G.; Jergensen, L.L.; Olafsdottir, S.H.; Walkusz, W.; Zakharov, D.V,;
Zimina, O.L.; Sabirov, R.M. Deep and cold: Are Boreal and Arctic finned octopods, Stauroteuthis syrtensis and Cirroteuthis muelleri
(Cephalopoda, Octopoda, Cirrata), ecological analogues? Deep-Sea Res. I 2022, 181, 103706. [CrossRef]

Golikov, A.V,; Ceia, ER.; Sabirov, R.M.; Batalin, G.A.; Blicher, M.E.; Gareev, B.I.; Gudmundsson, G.; Jergensen, L.L.; Mingazov,
G.Z.; Zakharov, D.V,; et al. Diet and life history reduce interspecific and intraspecific competition among three sympatric Arctic
cephalopods. Sci. Rep. 2020, 10, 21506. [CrossRef] [PubMed]

Bjorke, H.; Gjosaeter, H. Who eats the larger Gonatus fabricii (Lichtenstein) in the Norwegian Sea? ICES CM Pap. Rep. 1998,
M10, 1-11.

Bjorke, H. Predators of the squid Gonatus fabricii (Lichtenstein) in the Norwegian Sea. Fish. Res. 2001, 52, 113-120. [CrossRef]
Lichtenstein, H.C. Onychoteuthis, Sepien mit Krallen. Isis Oken 1818, 9, 1591-1592. (In Deutsch)

Golikov, A.V,; Sabirov, R.M.; Lubin, P.A. First assessment of biomass and abundance of cephalopods Rossia palpebrosa and Gonatus
fabricii in the Barents Sea. ]. Mar. Biol. Assoc. 2017, 97, 1605-1616. [CrossRef]

Snoeijs-Leijonmalm, P.; Flores, H.; Sakinan, S.; Hildebrandt, N.; Svenson, A.; Castellani, G.; Vane, K.; Mark, EC.; Heuze, C,;
Tippenhauer, S.; et al. Unexpected fish and squid in the central Arctic deep scattering layer. Sci. Adv. 2022, 8, 7536. [CrossRef]
Kristensen, T.K. Biology of Gonatus fabricii (Lichtenstein, 1818) from West Greenland waters. Medd. Gronl. 1984, 13, 3-17.
Golikov, A.V,; Blicher, M.E,; Jorgensen, L.L.; Walkusz, W.; Zakharov, D.V.; Zimina, O.L.; Sabirov, R.M. Reproductive biology and
ecology of the boreoatlantic armhook squid Gonatus fabricii (Cephalopoda: Gonatidae). J. Moll. Stud. 2019, 85, 287-299. [CrossRef]
Kristensen, T.K. Hatching, growth and distribution of juvenile Gonatus fabricii (Mollusca: Cephalopoda) in Greenland waters.
Astarte 1977, 10, 21-28.

Kristensen, T.K. First record of a mature female of the squid Gonatus fabricii (Lichtenstein, 1818) (Cephalopoda: Teuthoidea).
Steenstrupia 1981, 7, 101-108.

Bjorke, H.; Hansen, K. Recordings of mature Gonatus fabricii (Lichtenstein) off the Norwegian coast. ICES CM Pap. Rep. 1996,
K17,1-11.

Bjorke, H.; Hansen, K.; Sundt, R.C. Egg masses of the squid Gonatus fabricii (Cephalopoda, Gonatidae) caught with pelagic trawl
off northern Norway. Sarsia 1997, 82, 149-152. [CrossRef]

Arkhipkin, A.I; Bjerke, H. Ontogenetic changes in morphometric and reproductive indices of the squid Gonatus fabricii (Oegopsida,
Gonatidae) in the Norwegian Sea. Polar Biol. 1999, 22, 357-365. [CrossRef]

Nesis, K.N. Distribution and feeding of young squids Gonatus fabricii in the Labrador Sea and the Norwegian Sea. Okeanologya
1965, 5, 102-108. (In Russian)

Wiborg, K.E. Gonatus fabricii (Lichtenstein). Investigations in the Norwegian Sea and the western Barents Sea, June-September
1979. Fisk. Havet 1980, 1, 1-7, (In Norwegian with English summary).

Wiborg, K.E; Gjesaeter, H.; Beck, I.-M. Gonatus fabricii (Lichtenstein). Investigations in the Norwegian and western Barents Seas,
June-September 1982 and 1983. Fisk. Havet 1984, 2, 1-11, (In Norwegian with English summary).

Sennikov, A.M.; Mukhin, S.G.; Bliznichenko, T.E. Distribution and trophic importance of juvenile squid (Gonatus fabricii Lichten-
stein) in the Norwegian and Barents Seas in 1986-1988. ICES CM Pap. Rep. 1989, K15, 1-18.


http://doi.org/10.1038/s41558-019-0601-y
http://doi.org/10.1111/gcb.15196
http://www.ncbi.nlm.nih.gov/pubmed/32479687
http://doi.org/10.1007/s00227-018-3352-9
http://doi.org/10.1111/j.1751-8369.2010.00146.x
http://doi.org/10.3354/meps12767
http://doi.org/10.3354/meps13152
http://doi.org/10.1016/j.dsr.2022.103706
http://doi.org/10.1038/s41598-020-78645-z
http://www.ncbi.nlm.nih.gov/pubmed/33299075
http://doi.org/10.1016/S0165-7836(01)00235-1
http://doi.org/10.1017/S0025315416001004
http://doi.org/10.1126/sciadv.abj7536
http://doi.org/10.1093/mollus/eyz023
http://doi.org/10.1080/00364827.1997.10413648
http://doi.org/10.1007/s003000050429

Animals 2022, 12, 3548 27 of 30

47.

48.

49.

50.

51.
52.
53.
54.
55.
56.
57.
58.
59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Guerra, A.; Rodriguez-Navarro, A.B.; Gonzalez, A.F; Romanek, C.S.; Alvarez-Lloret, P.; Pierce, G.J. Life-history traits of the giant
squid Architeuthis dux revealed from stable isotope signatures recorded in beaks. ICES J. Mar. Sci. 2010, 67, 1425-1431. [CrossRef]
Hunsicker, M.E.; Essington, T.E.; Aydin, K.Y.; Ishida, B. Predatory role of the commander squid Berryteuthis magister in the eastern
Bering Sea: Insights from stable isotopes and food habits. Mar. Ecol. Prog. Ser. 2010, 415, 91-108. [CrossRef]

Kato, Y.; Sakai, M.; Nishikawa, H.; Igarashi, H.; Ishikawa, Y.; Dharmamony, V.; Sakurai, Y.; Wakabayshi, T.; Awaji, T. Stable
isotope analysis of the gladius to investigate migration and trophic patterns of the neon flying squid (Ommastrephes bartramii).
Fish. Res. 2016, 173, 169-174. [CrossRef]

Merten, V.; Christiansen, B.; Javidpour, J.; Piatkowski, U.; Puebla, O.; Gasca, R.; Hoving, H.].T. Diet and stable isotope analyses
reveal the feeding ecology of the orangeback squid Sthenoteuthis pteropus (Steenstrup 1855) (Mollusca, Ommastrephidae) in the
eastern tropical Atlantic. PLoS ONE 2017, 12, e0189691. [CrossRef] [PubMed]

Queirds, ].P.; Cherel, Y.; Ceia, ER.; Hilario, A.; Roberts, ].; Xavier, ].C. Ontogenic changes in habitat and trophic ecology in the
Antarctic squid Kondakovia longimana derived from isotopic analysis on beaks. Polar Biol. 2018, 41, 2409-2421. [CrossRef]
Queirds, ].P.; Fenwick, M.; Stevens, D.W.; Cherel, Y.; Ramos, J.A.; Xavier, ].C. Ontogenetic changes in habitat and trophic ecology of
the giant Antarctic octopus Megaleledone setebos inferred from stable isotope analyses in beaks. Mar. Biol. 2020, 167, 56. [CrossRef]
Clarke, M.R. The cephalopod statolith—An introduction to its form. J. Mar. Biol. Assoc. 1978, 58, 701-712. [CrossRef]
Kristensen, T.K. Periodical growth rings in cephalopod statoliths. Dana 1980, 1, 39-51.

Arkhipkin, A.L; Bizikov, V.A.; Doubleday, Z.A.; Laptikhovsky, V.V,; Lishchenko, EV,; Perales-Raya, C.; Hollyman, P.R. Techniques
for estimating the age and growth of Molluscs: Cephalopoda. J. Shellfish Res. 2018, 37, 783-792. [CrossRef]

Clarke, M.R. The identification of cephalopod ‘beaks’ and the relationship between beak size and total body weight. Bull. Br.
Mus. Nat. 1962, 8, 419-483.

Clarke, M. Beaks, nets and numbers. Symp. Zool. Soc. Lond. 1977, 38, 89-126.

Clarke, M.R. A Handbook for the Identification of Cephalopod Beaks; Clarendon Press: Oxford, UK, 1986; pp. 1-273. ISBN 019857603X.
Xavier, ].C.; Croxall, J.P.; Cresswell, K.A. Boluses: An effective method to assess the proportions of cephalopods in the diet of
albatrosses. Auk 2005, 122, 1182-1190. [CrossRef]

Cherel, Y. A review of Southern Ocean squids using nets and beaks. Mar. Biodivers. 2020, 50, 98. [CrossRef]

Miserez, A.; Schneberk, T.; Sun, C.; Zok, EW.; Waite, ].H. The transition from stiff to compliant materials in squid beaks. Science
2008, 319, 1816-1819. [CrossRef] [PubMed]

Perales-Raya, C.; Bartolomé, A.; Garcia-Santamaria, M.T.; Pascual-Alayon, P.; Almansa, E. Age estimation obtained from analysis
of octopus (Octopus vulgaris Cuvier, 1797) beaks: Improvements and comparisons. Fish. Res. 2010, 106, 171-176. [CrossRef]
Perales-Raya, C.; Almansa, E.; Bartolomé, A.; Felipe, B.C.; Iglesias, J.; Sanchez, E]J.; Carrasco, ].F; Rodriguez, C. Age validation in
Octopus vulgaris beaks across the full ontogenetic range: Beaks as recorders of life events in octopuses. J. Shellfish Res. 2014, 33,
481-493. [CrossRef]

Perales-Raya, C.; Jurado-Ruzafa, A.; Bartolomé, A.; Duque, V.; Carrasco, M.N.; Fraile-Nuez, E. Age of spent Octopus vulgaris and
stress mark analysis using beaks of wild individuals. Hydrobiologia 2014, 725, 105-114. [CrossRef]

Xavier, J.C.; Golikov, A.V.; Queirds, J.; Perales-Raya, C.; Rosas-Luis, R.; Abreu, J.; Bello, G.; Bustamante, P.; Capaz, ].C.; Dimkovikj,
V.H.; et al. The significance of cephalopod beaks as a research tool: An update. Front. Physiol. 2022, 13, 1038064. [CrossRef]

Van Tonder, A.; Lubcker, N.; Guerreiro, M.; Xavier, J.C.; Cherel, Y.; de Bryun, PJ.N. Ecology of Moroteuthopsis longimana at the
sub-Antarctic Prince Edward Islands, revealed through stable isotope analysis of squid beaks. Mar. Ecol. Prog. Ser. 2021, 658,
105-115. [CrossRef]

Schwarz, R.; Hoving, H.J.; Noever, C.; Piatkowski, U. Life histories of Antarctic incirrate octopods (Cephalopoda: Octopoda).
PLoS ONE 2019, 14, €0219694. [CrossRef]

Schwarz, R.; Piatkowski, U.; Robison, B.H.; Laptikhovsky, V.V.; Hoving, H.]. Life history traits of the deep-sea pelagic cephalopods
Japetella diaphana and Vampyroteuthis infernalis. Deep Sea Res. I 2020, 164, 103365. [CrossRef]

Cherel, Y.; Fontaine, C.; Jackson, G.D.; Jackson, C.H.; Richard, P. Tissue, ontogenic and sex-related differences in S13C and N
values of the oceanic squid Todarodes filippovae (Cephalopoda: Ommastrephidae). Mar. Biol. 2009, 156, 699-708. [CrossRef]
Miserez, A.; Rubin, D.; Waite, ].H. Cross-linking chemistry of squid beak. J. Biol. Chem. 2010, 285, 38115-38124. [CrossRef]
[PubMed]

Tan, Y.P; Hoon, S.; Guerette, P.A.; Wei, W.; Ghadban, A.; Hao, C.; Miserez, A.; Waite, ].H. Infiltration of chitin by protein
coacervates defines the squid beak mechanical gradient. Nat. Chem. Biol. 2015, 11, 488-495. [CrossRef] [PubMed]

Hobson, K.A.; Cherel, Y. Isotopic reconstruction of marine food webs using cephalopod beaks: New insight from captively raised
Sepia officinalis. Can. J. Zool. 2006, 84, 766-770. [CrossRef]

Boecklen, W.].; Yarnes, C.T.; Cook, B.A ; James, A.C. On the use of stable isotopes in trophic ecology. Annu. Rev. Ecol. Evol. Syst.
2011, 42, 411-440. [CrossRef]

Layman, C.A.; Araujo, M.S.; Boucek, R.; Hammerschlag-Peyer, C.M.; Harrison, E.; Jud, Z.R.; Matich, P.; Rosenblatt, A.E.; Vaudo,
J.J.; Yeager, L.A_; et al. Applying stable isotopes to examine food-web structure: An overview of analytical tools. Biol. Rev. 2012,
87,545-562. [CrossRef]

Cherel, Y.; Hobson, K.A. Stable isotopes, beaks and predators: A new tool to study the trophic ecology of cephalopods, including
giant and colossal squids. Proc. R. Soc. B 2005, 272, 1601-1607. [CrossRef]


http://doi.org/10.1093/icesjms/fsq091
http://doi.org/10.3354/meps08750
http://doi.org/10.1016/j.fishres.2015.09.016
http://doi.org/10.1371/journal.pone.0189691
http://www.ncbi.nlm.nih.gov/pubmed/29244845
http://doi.org/10.1007/s00300-018-2376-4
http://doi.org/10.1007/s00227-020-3666-2
http://doi.org/10.1017/S0025315400041345
http://doi.org/10.2983/035.037.0409
http://doi.org/10.1093/auk/122.4.1182
http://doi.org/10.1007/s12526-020-01113-4
http://doi.org/10.1126/science.1154117
http://www.ncbi.nlm.nih.gov/pubmed/18369144
http://doi.org/10.1016/j.fishres.2010.05.003
http://doi.org/10.2983/035.033.0217
http://doi.org/10.1007/s10750-013-1602-x
http://doi.org/10.3389/fphys.2022.1038064
http://doi.org/10.3354/meps13556
http://doi.org/10.1371/journal.pone.0219694
http://doi.org/10.1016/j.dsr.2020.103365
http://doi.org/10.1007/s00227-008-1121-x
http://doi.org/10.1074/jbc.M110.161174
http://www.ncbi.nlm.nih.gov/pubmed/20870720
http://doi.org/10.1038/nchembio.1833
http://www.ncbi.nlm.nih.gov/pubmed/26053298
http://doi.org/10.1139/z06-049
http://doi.org/10.1146/annurev-ecolsys-102209-144726
http://doi.org/10.1111/j.1469-185X.2011.00208.x
http://doi.org/10.1098/rspb.2005.3115

Animals 2022, 12, 3548 28 of 30

76.

77.
78.
79.
80.
81.
82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Golikov, A.V,; Ceia, ER.; Sabirov, R M.; Ablett, ].D.; Gleadall, I.G.; Gudmundsson, G.; Hoving, H.J.; Judkins, H.; Palsson, ]J.; Reid,
AL, et al. The first global deep-sea stable isotope assessment reveals the unique trophic ecology of Vampire Squid Vampyroteuthis
infernalis (Cephalopoda). Sci. Rep. 2019, 9, 19099. [CrossRef]

Lischka, A.; Lacoue-Labarthe, T.; Bustamante, P; Piatkowski, U.; Hoving, H.].T. Trace element analysis reveals bioaccumulation
in the squid Gonatus fabricii from polar regions of the Atlantic Ocean. Environ. Pollut. 2020, 256, 113389. [CrossRef]

Zar, ].H. Biostatistical Analysis; Prentice Hall: Upper Saddle River, NJ, USA, 2010; pp. 1-960. ISBN 978-0-13-100846-5.

Chatfield, M.; Mander, A. The Skillings-Mack test (Friedman test when there are missing data). Stata J. 2009, 9, 299-305. [CrossRef]
Pohlert, T. PMCMR: Calculate Pairwise Multiple Comparisons of Mean Rank Sums. Version 4.4. 2014. Available online:
https:/ /cran.r-project.org/web/packages/PMCMR/ (accessed on 1 July 2022).

Srisuradetchai, P. Skillings.Mack: The Skillings-Mack Test Statistic for Block Designs with Missing Observations. Version 1.10.
2015. Available online: https://cran.r-project.org/web/packages/Skillings.Mack/ (accessed on 1 July 2022).

R Development Core Team. R: A Language and Environment for Statistical Computing, Version 4.1.3; R Foundation for Statistical
Computing: Vienna, Austria, 2022; Available online: https:/ /www.r-project.org/ (accessed on 1 July 2022).

Roughgarden, J. Evolution of niche width. Am. Nat. 1972, 106, 683-718. [CrossRef]

Bolnick, D.I; Yang, L.H.; Fordyce, ].A.; Davis, ].M.; Svanback, R. Measuring individual-level resource specialization. Ecology 2002,
83,2936. [CrossRef]

Riveron, S.; Raoult, V.; Baylis, AM.M.; Jones, K.A.; Slip, D.J.; Harcourt, R.G. Pelagic and benthic ecosystems drive differences in
population and individual specializations in marine predators. Oecologia 2021, 196, 891-904. [CrossRef] [PubMed]

Huckstadt, L.A.; Koch, P.L.; McDonald, B.I.; Goebel, M.E.; Crocker, D.E.; Costa, D.P. Stable isotope analyses reveal individual
variability in the trophic ecology of a top marine predator, the southern elephant seal. Oecologia 2012, 169, 395-406. [CrossRef]
Ruiz-Cooley, R.I; Garcia, K.Y.; Hetherington, E.D. Effects of lipid removal and preservatives on carbon and nitrogen stable isotope
ratios of squid tissues: Implications for ecological studies. J. Exp. Mar. Biol. Ecol. 2011, 407, 101-107. [CrossRef]

Cherel, Y.; Ducatez, S.; Fontaine, C.; Richard, P.; Guinet, C. Stable isotopes reveal the trophic position and mesopelagic fish diet of
female southern elephant seals breeding on the Kerguelen Islands. Mar. Ecol. Prog. Ser. 2008, 370, 239-247. [CrossRef]

Post, D.M. Using stable isotopes to estimate trophic position: Models, methods and assumptions. Ecology 2002, 83, 703-718.
[CrossRef]

Hobson, K.A; Fisk, A.; Karnovsky, N.; Holst, M.; Gagnon, ].M.; Fortier, M. A stable isotope ((513C, 515N) model for the North
Water food web: Implications for evaluating trophodynamics and the flow of energy and contaminants. Deep-Sea Res. II 2002, 49,
5131-5150. [CrossRef]

Vander Zanden, M.].; Cabana, G.; Rasmussen, ].B. Comparing trophic position of freshwater fish calculated using stable nitrogen
isotope ratios (0'°N) and literature dietary data. Can. J. Fish. Aquat. Sci. 1997, 54, 1142-1158. [CrossRef]

Hussey, N.E.; MacNeil, M.A.; McMeans, B.C.; Olin, J.A.; Dudley, S.E].; Cliff, G.; Wintner, S.P; Fennessy, S.T.; Fisk, A.T. Rescaling
the trophic structure of marine food webs. Ecol. Let. 2014, 17, 239-250. [CrossRef]

Hussey, N.E.; MacNeil, M.A.; McMeans, B.C.; Olin, J.A.; Dudley, S.E]J.; Cliff, G.; Wintner, S.P; Fennessy, S.T.; Fisk, A.T.
Corrigendum to Hussey et al. (2014). Ecol. Let. 2014, 17, 768. [CrossRef]

Linnebjerg, ].E; Hobson, K.A ; Fort, J.; Nielsen, T.G.; Meller, P.; Wieland, K.; Born, E.W.; Riget, F.F.; Mosbech, A. Deciphering the
structure of the West Greenland marine food web using stable isotopes (613C, 815N). Mar. Biol. 2016, 163, 230. [CrossRef]
Gunnerus, J.E. Nogle smaa rare og meestendeelen nye Noske Seedyr. Skr. Kbh. Selsk. Leerdoms Vidensk. Elsk. 1770, 10, 166-176.
(In Danish)

Hansen, ].H.; Hedeholm, R.B.; Sunksen, K.; Christensen, J.T.; Grenkjaer, P. Spatial variability of carbon (613C) and nitrogen (61°N)
stable isotope ratios in an Arctic marine food web. Mar. Ecol. Prog. Ser. 2012, 467, 47-59. [CrossRef]

Pomerleau, C.; Winkler, G.; Sastri, A.R.; Nelson, R.J.; Vagle, S.; Lesage, V.; Ferguson, S.H. Spatial patterns in zooplankton
communities across the eastern Canadian sub-Arctic and Arctic waters: Insights from stable carbon (613C) and nitrogen (61°N)
isotope ratios. J. Plankton Res. 2011, 33, 1779-1792. [CrossRef]

Tamelander, T.; Renaud, P.E.; Hop, H.; Carroll, M.L.; Ambrose, W.G., Jr.; Hobson, K.A. Trophic relationships and pelagic-benthic
coupling during summer in the Barents Sea Marginal Ice Zone, revealed by stable carbon and nitrogen isotope measurements.
Mar. Ecol. Prog. Ser. 2006, 310, 33—46. [CrossRef]

Sereide, J.E.; Carroll, M.L.; Hop, H.; Ambrose, W.G., Jr.; Hegseth, E.N.; Falk-Petersen, S. Sympagic-pelagic-benthic coupling in
Arctic and Atlantic waters around Svalbard revealed by stable isotopic and fatty acid tracers. Mar. Biol. Res. 2013, 9, 831-850.
[CrossRef]

Sokolowski, A.; Szczepanska, P.; Richard, P.; Kedra, M.; Wolowicz, M.; Weslawski, ].M. Trophic structure of the macrobenthic
community of Hornsund, Spitsbergen, based on the determination of stable carbon and nitrogen isotopic signatures. Polar Biol.
2014, 37, 1247-1260. [CrossRef]

Grigor, J.J.; Schmid, M.S.; Caouette, M.; St-Onge, V.; Brown, T.A.; Barthelemy, R.-M. Non-carnivorous feeding in Arctic chaetog-
naths. Prog. Oceanogr. 2020, 186, 102388. [CrossRef]

Swanson, H.K.; Lysy, M.; Power, M.; Stasko, A.D.; Johnson, J.D.; Reist, ].D. A new probabilistic method for quantifying
n-dimensional ecological niches and niche overlap. Ecology 2015, 96, 318-324. [CrossRef]

Jackson, A.L.; Inger, R.; Parnell, A.C.; Bearhop, S. Comparing isotopic niche widths among and within communities: SIBER-stable
isotope Bayesian ellipses in R. J. Anim. Ecol. 2011, 80, 595-602. [CrossRef]


http://doi.org/10.1038/s41598-019-55719-1
http://doi.org/10.1016/j.envpol.2019.113389
http://doi.org/10.1177/1536867X0900900208
https://cran.r-project.org/web/packages/PMCMR/
https://cran.r-project.org/web/packages/Skillings.Mack/
https://www.r-project.org/
http://doi.org/10.1086/282807
http://doi.org/10.1890/0012-9658(2002)083[2936:MILRS]2.0.CO;2
http://doi.org/10.1007/s00442-021-04974-z
http://www.ncbi.nlm.nih.gov/pubmed/34173892
http://doi.org/10.1007/s00442-011-2202-y
http://doi.org/10.1016/j.jembe.2011.07.002
http://doi.org/10.3354/meps07673
http://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
http://doi.org/10.1016/S0967-0645(02)00182-0
http://doi.org/10.1139/f97-016
http://doi.org/10.1111/ele.12226
http://doi.org/10.1111/ele.12270
http://doi.org/10.1007/s00227-016-3001-0
http://doi.org/10.3354/meps09945
http://doi.org/10.1093/plankt/fbr080
http://doi.org/10.3354/meps310033
http://doi.org/10.1080/17451000.2013.775457
http://doi.org/10.1007/s00300-014-1517-7
http://doi.org/10.1016/j.pocean.2020.102388
http://doi.org/10.1890/14-0235.1
http://doi.org/10.1111/j.1365-2656.2011.01806.x

Animals 2022, 12, 3548 29 of 30

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

Layman, C.A.; Arrington, D.A.; Montafia, C.G.; Post, D.M. Can stable isotope ratios provide for community-wide measures of
trophic structure? Ecology 2007, 88, 42-48. [CrossRef] [PubMed]

Newsome, S.D.; del Rio, C.M.; Bearhop, S.; Phillips, D.L. A niche for isotopic ecology. Front. Ecol. Environ. 2007, 5, 429-436.
[CrossRef]

Langton, R.W. Diet overlap between Atlantic cod, Gadus morphua, silver hake, Merluccius bilinearis, and fifteen other northwest
Atlantic finfish. Fish. Bull. 1982, 80, 745-759.

Somes, C.J.; Schmittner, A.; Galbraith, E.D.; Lehmann, M.F; Altabet, M.A.; Montoya, ].P; Letelier, R.M.; Mix, A.C.; Bourbonnais,
A.; Eby, M. Simulating the global distribution of nitrogen isotopes in the ocean. Glob. Biogeochem. Cycles 2010, 24, GB4019.
[CrossRef]

Somes, C.J.; Schmittner, A.; Muglia, J.; Oschlies, A. A three-dimensional model of the marine nitrogen cycle during the last glacial
maximum constrained by sedimentary isotopes. Front. Mar. Sci. 2017, 4, 108. [CrossRef]

Parnell, C.A. Simmr: A Stable Isotope Mixing Model. Version 0.4.5. 2021. Available online: https://cran.r-project.org/web/
packages/simmr/ (accessed on 1 July 2022).

Pomerleau, C.; Stern, G.A.; Pucko, M.; Foster, K.L.; Macdonald, R.W.; Fortier, L. Pan-Arctic concentrations of mercury and stable
isotope ratios of carbon (613C) and nitrogen (61°N) in marine zooplankton. Sci. Total Environ. 2016, 551, 92-100. [CrossRef]
Agersted, M.D.; Bode, A_; Nielsen, T.G. Trophic position of coexisting krill species: A stable isotope approach. Mar. Ecol. Prog. Ser.
2014, 516, 139-151. [CrossRef]

Hammer, ©.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis.
Palaeontol. Electron. 2001, 4, 1-9.

Golikov, A.V.; Sabirov, RM.; Lubin, P.A. New data on Gonatus fabricii (Cephalopoda, Teuthida) distribution and reproduc-
tive biology in the western sector of Russian Arctic. Proc. Kazan Uni. Nat. Sci. Ser. 2012, 154, 118-128, (In Russian with
English summary).

Wiborg, K.F. Gonatus fabricii (Lichtenstein), a possible fishery resource in the Norwegian Sea. Fisk. Havet 1979, 1, 3346, (In
Norwegian with English summary).

Wiborg, K.F. Gonatus fabricii (Lichtenstein). Investigations in the Norwegian Sea and the western Barents Sea, February-September
1980 and July—September 1981. Fisk. Havet 1982, 2, 13-25, (In Norwegian with English summary).

Wiborg, K.E; Gjesaeter, H.; Beck, I.-M. The squid Gonatus fabricii (Lichtenstein) investigations in the Norwegian Sea and western
Barents Sea 1978-1981. ICES CM Pap. Rep. 1982, K31, 1-18.

De Souza Dantas, R.J.; Leite, T.S.; de Albuquerque, C.Q. Assessing the diet of octopuses: Traditional techniques and the stable
isotopes approach. J. Moll. Stud. 2020, 86, 210-218. [CrossRef]

Berry, S.S. Notes on some West American cephalopods. Proc. Acad. Nat. Sci. USA 1913, 65, 72-77.

Orbigny, A.D. Mollusques. In Voyage Dans I’ Amerique Meridionale; Chez Pitois-Levrault et Cie: Paris, France, 1835; Volume 5, pp.
1-758. (In French)

Field, J.C; Elliger, C.; Baltz, K.; Gillespie, G.E.; Gilly, W.F,; Ruiz-Cooley, R.1; Pearse, D.; Stewart, ].S.; Matsubu, W.; Walker, W.A.
Foraging ecology and movement patterns of jumbo squid (Dosidicus gigas) in the California current system. Deep-Sea Res. II 2013,
95, 37-51. [CrossRef]

Portner, E.J.; Markaida, U.; Robinson, C.J.; Gilly, W.E. Trophic ecology of Humboldt squid, Dosidicus gigas, in conjunction with
body size and climatic variability in the Gulf of California, Mexico. Limnol. Oceanogr. 2020, 65, 732-748. [CrossRef]

Hoving, H.J.T.; Robison, B.H. Deep-sea in situ observations of gonatid squid and their prey reveal high occurrence of cannibalism.
Deep-Sea Res. 12016, 116, 94-98. [CrossRef]

Hu, G.; Boenish, R.; Zhao, Z.; Li, ].; Chen, X. Ontogenetic and spatiotemporal changes in isotopic niche of jumbo squid (Dosidicus
gigas) in the Southeastern Pacific. Front. Mar. Sci. 2022, 9, 806847. [CrossRef]

Lesueur, C.A. Descriptions of several new species of cuttlefish. Proc. Acad. Nat. Sci. USA 1821, 2, 86-101.

Gong, Y.; Ruiz-Cooley, R.I.; Hunsicker, M.E.; Li, Y.; Chen, X. Sexual dimorphism in feeding apparatus and niche partitioning in
juvenile jumbo squid Dosidicus gigas. Mar. Ecol. Prog. Ser. 2018, 607, 99-112. [CrossRef]

Golikov, A.V. Distribution and Reproductive Biology of Ten-Armed Cephalopods (Sepiolida, Teuthida) in the Barents Sea and
Adjacent Areas. Ph.D. Thesis, Moscow State University, Moscow, Russia, 2015. (In Russian).

Zumholz, K; Frandsen, R.P. New information on the life history of cephalopods off west Greenland. Polar Biol. 2006, 29, 169-178.
[CrossRef]

Gardiner, K.; Dick, T.A. A concentration of large forms of five common cephalopods from the Canadian Arctic. Mar. Biodivers.
Rec. 2010, 3, e37. [CrossRef]

Golikov, A.V,; Blicher, M.E.; Hoving, H.].T.; Zakharov, D.V.; Sabirov, R M. Actual fecundity of the Arctic squid Gonatus fabricii
(Cephalopoda) based on the examination of a rarely encountered spent female. Molluscan Res. 2021, 41, 83-86. [CrossRef]
Packard, A. Cephalopods and fish: The limits of convergence. Biol. Rev. 1972, 47, 241-307. [CrossRef]

O’Dor, R.K.; Webber, D.M. The constraints on cephalopods: Why squid aren’t fish. Can. J. Zool. 1986, 64, 1591-1605. [CrossRef]
Tan, H.; Hirst, A.G.; Glazier, D.S.; Atkinson, D. Ecological pressures and the contrasting scaling of metabolism and body shape in
coexisting taxa: Cephalopods versus teleost fish. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2019, 374, 20180543. [CrossRef]

Wallace, A.A.; Hollander, D.J.; Peebles, E.B. Stable isotopes in fish eye lenses as potential recorders of trophic and geographic
history. PLoS ONE 2014, 9, e108935. [CrossRef]


http://doi.org/10.1890/0012-9658(2007)88[42:CSIRPF]2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/17489452
http://doi.org/10.1890/1540-9295(2007)5[429:ANFIE]2.0.CO;2
http://doi.org/10.1029/2009GB003767
http://doi.org/10.3389/fmars.2017.00108
https://cran.r-project.org/web/packages/simmr/
https://cran.r-project.org/web/packages/simmr/
http://doi.org/10.1016/j.scitotenv.2016.01.172
http://doi.org/10.3354/meps11055
http://doi.org/10.1093/mollus/eyaa003
http://doi.org/10.1016/j.dsr2.2012.09.006
http://doi.org/10.1002/lno.11343
http://doi.org/10.1016/j.dsr.2016.08.001
http://doi.org/10.3389/fmars.2022.806847
http://doi.org/10.3354/meps12768
http://doi.org/10.1007/s00300-005-0036-y
http://doi.org/10.1017/S1755267210000321
http://doi.org/10.1080/13235818.2021.1898732
http://doi.org/10.1111/j.1469-185X.1972.tb00975.x
http://doi.org/10.1139/z86-241
http://doi.org/10.1098/rstb.2018.0543
http://doi.org/10.1371/journal.pone.0108935

Animals 2022, 12, 3548 30 of 30

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Tzadik, O.E.; Curtis, J.S.; Granneman, J.E.; Kurth, B.N.; Pusack, T.J.; Wallace, A.A.; Hollander, D.].; Peebles, E.B.; Stallings, C.D.
Chemical archives in fishes beyond otoliths: A review on the use of other body parts as chronological recorders of microchemical
constituents for expanding interpretations of environmental, ecological, and life-history changes. Limnol. Oceanogr. Meth. 2017,
15,238-263. [CrossRef]

Quaeck-Davies, K.; Bendall, V.A.; MacKenzie, K.M.; Hetherington, S.; Newton, J.; Trueman, C.N. Teleost and elasmobranch eye
lenses as a target for life-history stable isotope analyses. Peer] 2018, 6, 4883. [CrossRef]

Piatkowski, U.; Wieland, K. The boreoatlantic gonate squid Gonatus fabricii: Distribution and size off West Greenland in summer
1989 and in summer and autumn 1990. Aquat. Living Resour. 1993, 6, 109-114. [CrossRef]

Cherel, Y,; Bustamante, P; Richard, P. Amino acid §13C and 6°N from sclerotized beaks: A new tool to investigate the foraging
ecology of cephalopods, including giant and colossal squids. Mar. Ecol. Prog. Ser. 2019, 624, 89-102. [CrossRef]

Woods, B.L.; Walters, A.; Hindell, M.; Revill, A.T.; Field, I.; McCormack, S.A.; Cherel, Y.; Trebilco, R. Trophic structure of Southern
Ocean squid: A cross-basin analysis of stable isotopes in archived beaks from predator stomachs. Mar. Ecol. Prog. Ser. 2022, 685,
137-152. [CrossRef]

Hoyle, W.E. Diagnoses of new species of Cephalopoda collected during the Cruise H.M.S. ‘Challenger’. Part II. The Decapoda.
Ann. Mag. Nat. Hist. 1885, 16, 181-203. [CrossRef]

Queirds, ].P,; Hildrio, A.; Thompson, D.R; Ceia, ER.; Elliott, G.; Walker, K.; Cherel, Y.; Xavier, ].C. From warm to cold waters:
New insights into the habitat and trophic ecology of Southern Ocean squids throughout their life cycle. Mar. Ecol. Prog. Ser. 2021,
659, 113-126. [CrossRef]

Lonnberg, E. On the cephalopods collected by the Swedish Expedition to Tierra del Fuego, 1895-1896. Sven. Exped. Till
Magellanslanderna 1898, 2, 49-64.

Parry, M.P. The Trophic Ecology of Two Ommastrephid Squid Species, Ommastrephes bartramii and Sthenoteuthis oualaniensis, in
the North Pacific Sub-Tropical Gyre. Ph.D. Thesis, University of Hawaii, Manoa, HI, USA, 2003.

Ruiz-Cooley, R.I; Villa, E.C.; Gould, W.R. Ontogenetic variation of 513C and 65N recorded in the gladius of the jumbo squid
Dosidicus gigas: Geographic differences. Mar. Ecol. Prog. Ser. 2010, 399, 187-198. [CrossRef]

Ruiz-Cooley, R.I; Ballance, L.T.; McCarthy, M.D. Range expansion of the jumbo squid in the NE pacific: 515N decrypts multiple
origins, migration and habitat use. PLoS ONE 2013, 8, e59651. [CrossRef]

Lorrain, A.; Arguelles, J.; Alegre, A.; Bertrand, A.; Munaron, ].M.; Richard, P.; Cherel, Y. Sequential isotopic signature along
gladius highlights contrasted individual foraging strategies of jumbo squid (Dosidicus gigas). PLoS ONE 2011, 6, e22194. [CrossRef]
Li, YK.; Gong, Y.; Zhang, Y.Y.; Chen, X.J. Inter-annual variability in trophic patterns of jumbo squid (Dosidicus gigas) off the
exclusive economic zone of Peru, implications from stable isotope values in gladius. Fish. Res. 2017, 187, 22-30. [CrossRef]
Meath, B.A.; Peebles, E.B.; Seibel, B.A.; Judkins, H. Stable isotopes in the eye lenses of Doryteuthis plei (Blainville 1823) exploring
natal origins and migratory patterns in the eastern Gulf of Mexico. Cont. Shelf Res. 2019, 174, 76-84. [CrossRef]

Xu, W,; Chen, XJ.; Liu, B.L.; Chen, Y,; Huan, M.Y,; Liu, N.; Lin, ].Y. Inter-individual variation in trophic history of Dosidicus gigas,
as indicated by stable isotopes in eye lenses. Aquac. Fish. 2019, 4, 261-267. [CrossRef]

Syvaranta, J.; Lensu, A.; Marjoméki, T.J.; Oksanen, S.; Jones, RI. An empirical evaluation of the utility of convex hull and standard
ellipse areas for assessing population niche widths from stable isotope data. PLoS ONE 2013, 8, e56094. [CrossRef] [PubMed]
Arkhipkin, A.L; Bjerke, H. Statolith shape and microstructure as indicators of ontogenetic shifts in the squid Gonatus fabricii
(Oegopsida, Gonatidae) from the Norwegian Sea. Polar Biol. 2000, 23, 1-10. [CrossRef]


http://doi.org/10.1002/lom3.10153
http://doi.org/10.7717/peerj.4883
http://doi.org/10.1051/alr:1993011
http://doi.org/10.3354/meps13002
http://doi.org/10.3354/meps13990
http://doi.org/10.1080/00222938509459868
http://doi.org/10.3354/meps13551
http://doi.org/10.3354/meps08383
http://doi.org/10.1371/journal.pone.0059651
http://doi.org/10.1371/journal.pone.0022194
http://doi.org/10.1016/j.fishres.2016.11.005
http://doi.org/10.1016/j.csr.2018.12.013
http://doi.org/10.1016/j.aaf.2019.05.001
http://doi.org/10.1371/journal.pone.0056094
http://www.ncbi.nlm.nih.gov/pubmed/23405254
http://doi.org/10.1007/s003000050001

	Introduction 
	Materials and Methods 
	Material and Data Used, and Beak Measurements 
	Stable Isotope Analyses 
	Data Analyses 

	Results 
	Stable Isotopic Values and Trophic Levels: Ontogenetic Changes 
	Variation of Stable Isotopic Trajectories: Among Individuals and between Sexes 
	Isotopic Niches and Diet Models as a Basis of Life History Reconstruction 
	Beak Equations 

	Discussion 
	Ontogenetic Change in Isotopic Values, and Its Ecological Applications 
	Variation of Stable Isotopic Trajectories: Among Individuals and between Sexes 
	Life Cycle of Gonatus fabricii 
	Ecosystem Implications 
	Modelling and Analyses Implications and Recommendations 

	Conclusions 
	References

