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Abstract

Knowledge of the movements of marine organisms is essential for effective conservation schemes. Here, we investigated the lifetime
habitat use of diamond squid, Thysanoteuthis rhombus, collected in the western North Pacific and its marginal seas (the Sea of Japan
and the East China Sea) during 2021-2022, whose migratory ecology is poorly known, using bulk stable nitrogen and carbon isotope
ratios in eye lenses. From the eye lens isotope profiles, the chronology of the isotopic baseline of squid habitat was estimated by
removing the effect of size-dependent changes of trophic position. Then, the baseline estimates were compared to the isoscapes of
particulate organic matter. The baseline chronologies showed fluctuations during the paralarval and juvenile stages, becoming stable
during the adult stage, suggesting that significant movements mainly occur during the early life stages due to current transport, with
adults potentially not undertaking long-distance migrations. The squids in the marginal seas mostly originated from outside the sub-
tropical gyre, while the squids in the subtropical gyre had various sources, including outside the gyre and southern and northern parts
within the gyre, revealing a complex mixing pattern of the species. These results show that isotope chronology combined with baseline

isoscapes are effective tools to understand animal migrations, which can help managing various cephalopods and fish.
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Introduction

Cephalopods play an important role in energetic dynamics in
marine ecosystems as prey (Galvan-Magafa et al., 2013) and
predators of fish (Takahashi ez al., 2022), linking pelagic and
demersal energy flows (Gasalla et al., 2010), and connecting
nutrients from remote regions (Arkhipkin, 2013). As commer-
cial demand for cephalopods, especially oceanic squids, has
increased significantly over the last 50 years (Arkhipkin et al.,
20135), fisheries management based on scientific stock assess-
ments is crucial for sustainability (Hilborn et al., 2020). How-
ever, the extensive ontogenetic migrations and complex pop-
ulation structures of cephalopods often pose a challenge in
assessing their stocks (Arkhipkin et al., 2021). As assessment
models are often based on the assumption that data come from
a closed population without significant immigration, inade-
quate understanding of population structures can compromise
the accuracy of assessments and lead to overfishing of local
populations (e.g. Kerr et al., 2014).

A number of methods have been developed to study the
movements of cephalopods, which can occur at all stages of
life history, from the transport of egg masses and paralarvae
to adult spawning migration (Semmens et al., 2007). The sim-
ple method of tag recapture in heavily fished species such as
the Japanese flying squid Todardes pacificus has successfully
revealed seasonal migration patterns at the population level

(e.g. Kidokoro et al., 2010). Electronic tags have been used to
track the horizontal and vertical movements of a jumbo squid,
Dosidicus gigas, for months at a resolution of <5 min (Gilly ez
al., 2006). However, stable isotope ratio analysis of metabol-
ically inert and incrementally growing tissues such as beaks,
gladius, and eye lenses has the unique advantage of revealing
lifelong life history traits, since the early life stages that are
difficult to tag (e.g. Parry, 2003; Hunsicker et al., 2010; Jones
etal., 2023).

The eye lenses of vertebrates and cephalopods grow by the
sequential formation of protein-filled fibre cells (Bloemendal
etal.,2004), which generally lack the cellular functions of pro-
tein synthesis and catabolism (Bassnett and Beebe, 1992). Be-
cause there is limited or no protein turnover in lens cells, stable
isotope ratios in lens layers can be conserved during their for-
mation (Nielsen et al., 2016), allowing the reconstruction of
lifelong chronologies of isotopic variation in fish and squid
(e.g. Parry, 2003; Liu et al., 2020; Wallace et al., 2023). Stable
nitrogen and carbon isotopes (§'°N and §'3C, respectively) in
organic tissues increase by ~3-4%o and ~1%o, respectively, per
trophic transfer (DeNiro and Epstein, 1978; 1981). The §'°N
and 8'3C baselines, that is, the isotope values of phytoplank-
ton, often exhibit considerable spatial variation (e.g. Goericke
and Fry, 1994). The 89N baseline typically depends on nutri-
ent availability (Peterson and Fry, 1987) and sources (Voss et
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Figure 1. Schematics of currents in the study areas (a) and streamlines of mean surface geostrophic flow in 2021 (b). The background colours show
bathymetry (a) and the mean dynamic topography (b). The yellow “+" and “0" symbols represent sampling locations of diamond squids used for
isotope analysis of the eye lens and mantle, respectively (a, b). Red solid line is the contour of absolute dynamic topography (ADT) of 1.1 m during 2021
that roughly corresponds to the axis of the Kuroshio and the Kuroshio Extension (KE) (a).

al.,2001; Kodama et al., 2023), which tends to be reduced in
subtropical areas due to active N, fixation (Horii et al., 2018).
The 6'3C baseline generally varies with latitude and tempera-
ture in the open ocean (Goericke and Fry, 1994). Thus, the
isotope ratios of animal tissues contain mixed information
about their trophic position and distribution, the chronology
of which offers insights into trophic and migratory ecology
throughout their lives. The isotope analysis has been partic-
ularly useful for rare species from which samples can only
be collected opportunistically, such as the giant squid, Archi-
teuthis dux (Guerra et al.,2010), although prior knowledge of
baseline variation is essential for accurate interpretation of the
data.

Diamond squid, Thysanoteuthis rhombus Troschel, 1857,
is a large oceanic squid distributed worldwide in tropical
and subtropical waters, and little is known about its ecol-
ogy (Roper and Jereb, 2010). It is the only species within
the family Thysanoteuthidae and is closest to the family
Ommastrephidae (Tang et al., 2021), which includes several
commercially important oceanic squids (e.g. jumbo squid,
D. gigas). Despite the generally low primary production in
the waters where diamond squid inhabit, their growth rate
is the fastest among cephalopods, reaching a wet weight of
17 kg and a ML of 800 mm within about a year (Nigmatullin
et al., 1995). As juveniles, they feed mainly on crustaceans
and switch to mesopelagic fish and other squid in the adult
stage (Nigmatullin and Arkhipkin, 1998; Ando et al., 2004;
Sajikumar et al., 2020). Paralarvae and juveniles are assumed
to live in the epipelagic zone (Nigmatullin and Arkhipkin,
1998) of warm water columns (20-26°C at 50m depth,
Ohshimo et al., 2023), while adults make significant diel
vertical migrations, moving to subsurface layers at night and
descending to deeper waters of about 500 m during the day
(Bower and Miyahara, 2005).

Active migrations of diamond squid in oceanic waters are
practically unknown (Nigmatullin and Arkhipkin, 1998). The
diamond squid is considered a slow swimmer despite its char-
acteristic large diamond-shaped fins (Nishimura, 1966). Its
horizontal movements are hypothesized to depend on the sur-
face circulations of oceanic waters (Nigmatullin and Arkhip-

kin, 1998), although few tag recapture studies have tested this
empirically (e.g. Miyahara et al., 2008). Due to generally low
population densities, the diamond squid has not been an im-
portant target for fisheries in locations other than the west-
ern North Pacific and its marginal seas (the Sea of Japan and
East China Sea , Figure 1), where fisheries have annual land-
ings of several thousand tonnes (Bower and Miyahara, 2005).
Catches in the Sea of Japan, however, have declined sharply
over the past 20 years (Tajima Fisheries Technology Centre,
2022), prompting calls for fisheries management based on sci-
entific stock assessment (Ohshimo et al., 2023) and the accu-
mulation of knowledge on squid migratory ecology needed to
develop assessment models.

The western North Pacific and its marginal seas are char-
acterized by the strong presence of the northeast-flowing
Kuroshio (Figure 1a). The intrusion of the Kuroshio into the
East China Sea is the main origin of the Tsushima Warm Cur-
rent (Inoue et al., 2021), which flows to the Sea of Japan from
the East China Sea (Figure 1a). Weak but persistent currents,
such as the westward Kuroshio Countercurrent and the east-
ward Subtropical Countercurrent (e.g. Oka et al., 2018), ex-
ist to the south of the Kuroshio (Figure 1b). Egg masses and
adults of diamond squid can be found year-round in the sub-
tropical areas around Okinawa and the Ogasawara Islands,
but only in warmer months in the Sea of Japan (Bower and
Miyahara, 2005). Adults in the Sea of Japan are hypothe-
sized to arrive from further south in summer (Miyahara et
al., 2005) and die in winter, as the winter temperature there
is likely not tolerable for this tropical to subtropical squid
(Nazumi, 1975). Young individuals [ <200 mm mantle length
(ML)] have been captured in trawl surveys off northeast Tai-
wan and around the Okinawa Islands along the Kuroshio in
June—July and in the Sea of Japan and Kuroshio Extension
(KE) areas during August-September (Ohshimo et al., 2023).
Based on size frequency data, Ando et al. (2004) hypothesized
that squids around the Ogasawara Islands are composed of
two groups, those that stay near the islands year-round and
those that arrive seasonally from other areas. Nevertheless, the
origin, dispersal, and migration routes of the squids in each
area and the general population structure remain unknown.
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Reading the travel memories in eye lenses of diamond squid

Table 1. Number of diamond squid collected and used for analyses.
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No. of inds. for lens No. of inds.
No. of inds. diameter-size for isotope No. of laminae for
Area Year Month ML (mm) collected relationship analysis isotope analysis
ECS 2021 Oct 246-389 3 3 3 10
ECS 2021 Nov 645-709 N 4 4 35
ECS 2021 Dec 629-656 2 2 2 8
ECS 2022 Jan 707-740 3 3 3 21
SJ 2021 Oct 381-762 N S 4 30
SJ 2021 Nov 573-666 8 S N 28
OKW 2021 Dec 680-724 3 3 3 30
OKW 2022 Jan 556-650 6 6 6 25
OGS 2021 Dec 599-791x 13 0 13 52
KE 2021 Aug 34-54 2 2 2 2
KE 2021 Sep 87-176 4 4 4 9

Abbreviations: Sea of Japan (SJ), East China Sea (ECS), around Kuroshio Extension (KE), and Okinawa (OKW) and Ogasawara Islands (OGS). *The ML of
squids from OGS was estimated from the eye lens diameter as ML data were not available.

Kitaura et al. (1998) suspected significant mixing of squids
between the Sea of Japan, Okinawa, and the Ogasawara
Islands, as they did not find clear differences in mitochondrial
DNA. However, Ohshimo et al. (2023) recently found signif-
icant differences in §'°N and §'3C of mantles between those
in the subtropical Pacific and marginal seas and hypothesized
that there are two distinct habitats. Stable isotope analysis of
chronological tissue could deepen our understanding of the
trophic and migratory ecology of diamond squid throughout
their lives.

Here, we investigated the lifetime movements of diamond
squid sampled in the western North Pacific and its marginal
seas (the Sea of Japan and East China Sea) during 2021-2022
using stable isotope ratios in eye lenses (Figure 1). Dataset of
particulate organic matter (POM) isotope values as isotopic
baseline was created by combining literature and unpublished
observations. By estimating baseline chronologies from eye
lens isotope profiles and comparing them to the spatial vari-
ations of the POM isotope ratios, we were able to infer the
lifetime habitat uses by diamond squid.

Methods

Squid sample collection

Diamond squid (7 = 54) were collected from the Sea of
Japan, East China Sea, KE area, and near Okinawa and
Ogasawara Islands during 2021-2022 (Figure 1; Table 1).
Forty-eight specimens were purchased from fishermen, and
six juveniles were collected in midwater trawl surveys in the
KE. The surveys were aimed for assessing the recruitment of
fish and cephalopods, including diamond squid (Ohshimo et
al., 2023) and have been approved by the Fisheries Agency,
Japan. The survey was carried out with the certification for
permitting the trawling written in Japanese. All procedures
for squid were conducted in accordance with the “Guide-
lines for the Care and Welfare of Cephalopods in Research”
(Fiorito et al., 2015), the “Guidelines for handling live fish
at FRI” of the Fisheries Resources Institute, Japan Fisheries
and Education Agency (FRI), and the recommendations of
the ARRIVE (Animal Research: Reporting of In Vivo Ex-
periments) Guideline (Percie du Sert et al., 2020). From the
Ogasawara Islands, only the heads frozen by a fisherman
were sent to the laboratory. Most of the fishery samples
from other areas were transported to the laboratory on land

without freezing, while samples collected during the surveys
were frozen on board and thawed in the laboratory. After
measurements of mantle length and body weight, eye lenses
were extracted with scalpels and frozen at —20°C until isotope
analysis.

Baseline isotope data and generation of isoscapes

Prior knowledge of baseline variation in stable isotope ra-
tios is essential to interpret stable isotope data of marine or-
ganisms. Previously published data were therefore consoli-
dated to understand the spatial variability of baseline stable
isotope ratios in the western North Pacific and its marginal
seas. We combined previously published data with our ob-
served data of POM 8"°N and §'3C for the region of 15—
45°N and 115-155°E (Table 2). The POM isotope ratios may
change significantly with season in mid- to high-latitudes, es-
pecially in winter (Sakamoto et al., 2023). Meanwhile, dia-
mond squid is found mainly in warmer seasons at higher lat-
itudes (Ohshimo et al., 2023), and is considered an oceanic
species (Nigmatullin and Arkhipkin, 1998). Therefore, data
collected north of 30°N during cooler months (November—
April) and data collected in coastal bays were excluded. From
the literature that contained data only in their plots, data
was extracted from the plots using WebPlotDigitizer (https:
/lautomeris.io/WebPlotDigitizer/).

As for the unpublished data, the seawater samples for POM
analysis were collected during various research surveys con-
ducted by the University of Tokyo and the Japan Fisheries Re-
source Institute in the western North Pacific and its marginal
seas during 2013-2021. Briefly, seawater samples were col-
lected during the cruises either by pumping the surface water
on board with an acid-cleaned bucket or with Niskin bottles
in the upper 50 m. The collected seawater samples were fil-
tered using a pre-combusted glass fiber filters (GF/F) with a
nominal pore size of ~0.7 um. All filter samples were kept
at —=20°C or -30°C until later measurements on land. For the
measurement, the filter samples were oven-dried at 50°C or
60°C, exposed to HCI fumes for 2h to remove the carbon-
ate, and oven-dried again. The stable isotope ratios were mea-
sured using either the DELTA V advantage-mass spectrometer
(Thermo Fisher Scientific Inc), MAT252 (Thermo Fisher Sci-
entific Inc) or Isoprime 100 (Elementer). Amino acid working
standards were used to obtain the calibration curves and to
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Table 2. Metadata of POM isotope data.

T. Sakamoto et al.

Number of
measurements

Reference/Cruise name Year Month Longitude (°E) Latitude (°N) Depth (m) available
Minagawa et al., 2001 1993 Jul 127.4 28.1 43 1
Wu et al., 2003 2000-2000 Nov 125.0-126.5 28.0-29.2 36-36 4
Chen et al., 2006 2003-2003 Nov 135.0-155.0 27.5-29.5 30-30 S
Zhang et al., 2011 2005-2006 Mar-Nov 115.5-122.6 15.5-28.5 0-0 8
Chang et al., 2014 2009-2010 Jul 122.2-126.3 28.6-31.2 0-0 9
Yang et al., 2017 2014 Aug 121.1 20.0 0 1
Liu et al., 2018 2013-2013 Jul 120.8-124.1 25.7-30.0 10-50 33
Liu et al., 2019 2013-2013 Oct 120.8-124.2 26.4-30.0 6-30 27
Zhang et al., 2019 2012-2012 Jul-Sep 122.2-154.9 15.2-19.8 0-0 19
Mino et al., 2016 2010-2012 Feb-Nov 145.0 30.0 10-50 14
Zhou et al., 2021 2017 Aug 150.0 23.0 1.4 1
Ho et al., 2021 2010-2018 Mar-Dec 120.1-126.2 25.1-31.6 0-0 113
Kodama et al., 2021 2008-2019 Jan-Nov 138.0-138.1 29.6-34.0 5-50 275
Nakamura et al., 2022 2019-2019 May 135.3-137.3 35.8-37.3 20-20 6
Kodama et al., 2023 2019-2021 May-Sep 131.3-139.4 35.0-41.0 0-50 215
KH-13-7 2013-2014 Feb-Dec 142.4-151.7 16.6-29.6 1-2 7
KH-14-3 2014-2014 Jul 142.9-152.8 25.6-32.8 2.1-2.1 N
KH-16-7 2016-2016 Dec 125.7-146.9 23.0-26.3 1.2-2.2 25
KH-17-3 2017-2017 Jun 150.1-154.5 40.9-43.8 1.3-2.3 3
KH-17-4 2017-2017 Aug-Oct 137.0-154.1 23.0-27.7 1.4-2.4 6
SHU1903-1 2019-2019 Jun 125.9-127.5 27.6-27.7 10-10 2
SHU1903-2 2019-2019 Jul-Jul 142.0-144.0 35.3-38.0 10-50 17
SHU1903-3 2019-2019 Jul-Aug 142.0-144.0 35.3-38.0 10-50 18
SHU2003 2020-2020 Jun 126.5-128.3 27.0-29.3 0-50 12
SHU2004 2020-2020 Jul-Aug 142.0-147.8 35.1-37.7 0-50 46
SHU2103 2021-2021 Jun 126.5-128.0 27.0-29.3 10-50 11
SHU2105 2021-2021 Jul-Aug 142.0-148.0 35.7-38.0 10-50 24

correct the baselines. The §'°N and §'3C values were reported
in §-notation against the atmospheric N standard and Vienna
Pee Dee Belemnite reference standard, respectively. The ana-
lytical precisions were + 0.2%o for 89N and + 0.2%o for §'3C.

The spatial distributions of POM 6N and §'3C, that
is, isoscapes, were calculated using Data-Interpolating Vari-
ational Analysis (DIVA) as in Troupin et al. (2010), based on
Ocean Data View 5.6.2 (Schlitzer, 2018) with scaling parame-
ters of 40%o for both longitude and latitude, and visualized
using the matplotlib 3.4.3 library (Hunter, 2007) based on
Python 3.9.7. The DIVA is one of the few fast-processing in-
terpolation method that can take the effects of coastlines and
bathymetry into account (St. John Glew et al., 2019) and has
often been used to create isoscapes of plankton (e.g. Brault et
al., 2018; Matsubayashi et al., 2020).

Absolute dynamic topography at collection sites

Satellite-based sea surface level data was used to summarize
the spatial variations of the "N and §'3C baselines and un-
derstand the surface flow fields. The 0.25° x 0.25° sea sur-
face level dataset “Global Ocean Gridded L4 Sea Surface
Heights and Derived Variables Reprocessed” (https://doi.org/
10.48670/moi-00148) for 1993-2020 and “Global Ocean
Gridded L4 Sea Surface Heights and Derived Variables Repro-
cessed NRT” (https://doi.org/10.48670/moi-00149) for 2021,
both distributed by the Copernicus Marine Environment
Monitoring Service, were downloaded from its website (https:
/Iresources.marine.copernicus.eu/products). The absolute dy-
namic topography (ADT) at the sampling points of POM or
squid is represented by the monthly mean dynamic topogra-
phy at the nearest grid point during the year and month of the
sampling. Based on the dynamic topography at sampling, the

data were classified as inside (>1.1m) or outside (<1.1m)
of the subtropical gyre because the Kuroshio separates the
gyre flow at the 1.0-1.1 m contour in the dynamic topography
(Figure 1b, Nakano et al., 2018). As the §'*N values of POM
showed lower values inside the subtropical gyre likely due to
active N fixation (Horii et al., 2018), they were compared to
the ADT. Meanwhile, §'3C values inside and outside the sub-
tropical gyre were separately compared to latitude, as values
in open oceans generally show longitudinal trends (Goericke
and Fry, 1994), while inshore-offshore gradients are impor-
tant on shelves (e.g. Ho et al., 2021).

Isotope ratio differences between POM and
diamond squid mantle

The stable isotope ratios of marine organisms are affected
by baseline isotope ratios and organism trophic position and
are often related to size (Jennings et al., 2001). Thus, if
a trophic effect can be represented as a function of body
length, chronologies of baseline isotope ratios can be esti-
mated from eye lens isotope profiles by removing the size-
dependent trophic effect. To understand the relationship be-
tween trophic effect and squid size, we examined the rela-
tionship between differences in §'°N and §'3C between squid
mantles and POM sampled nearby (averaged within + 3° in
both longitude and latitude from the squid collection site) and
mantle lengths (MLs). Here, the 3° was set considering the
potential movement range of diamond squid during isotopic
turnover, which was assumed to be a few weeks, as in the case
of the jumbo squid, D. gigas (Arguelles et al., 2012). The 3°
difference corresponded to ~300 km at 30°N, which is about
the maximum distance that diamond squids moved in sev-
eral weeks during a tagging experiment in the Sea of Japan
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(Miyahara et al., 2008). The §'°N and 8'3C values of man-
tles published in Ohshimo et al. (2019, 2023) for the squids
collected in our study area (15-45°N and 115-155°E) were
used (Figure 1a). As the differences in isotope ratios and MLs
showed a curved relationship for §'9N, the logarithmic func-
tion was fitted to describe the relationships for both 89N and
s13C.

Relationship between eye lens diameter and
mantle length

The relationship between eye lens diameter and ML was es-
tablished to allow estimation of body sizes at lens laminae
formation. The diameters of the left and right distal lenses
were measured to the nearest 0.01 mm using a digital calliper.
The larger diameter was used to determine the relationship be-
tween eye lens diameter and ML. The relationship between eye
lens diameters and MLs using linear regression analysis based
on the least squares method (Eye lens diameter ~ ML). The
samples from the Ogasawara Islands for which ML data were
not available were excluded. In addition, some eye lenses that
were frozen for transports and thawed in the laboratory had
their outer layers scraped from more than half of the eye lens
surface, which were referred to as the “damaged” lenses. Basi-
cally, the damaged lenses were also excluded from the analysis,
although those from squids smaller than 400 mm ML were in-
cluded to cover wider ML range, assuming that the absolute
thickness of the scraped layers was small. We tested the inter-
action between lens condition (damaged or undamaged) and
ML (Eye lens diameter ~ MLxCondition) to check whether
the damaged lenses have a significantly different slope or in-
tercept.

Delamination and isotope analysis of eye lenses

The eye lenses of diamond squid have a structure consisting
of a hemisphere-shaped proximal lens and a more flattened
distal lens. The two lenses can be easily divided using for-
ceps when frozen. In a preliminary experiment, §'°N of the
two lenses showed similar trends with consistent differences
of about + 0.5%c from the core to the edge (Supplementary
Figure S1). The distal lens was always used in this study be-
cause it was harder and tended to retain its entire shape. From
each collection site except the KE area, three or four individ-
uals of larger size were selected to reveal life-long isotopic
chronologies. Eye lens laminae averaging about 1 mm thick
were peeled (delaminated) successively from the outermost
edge of the lens using forceps. To deal with the stickiness of
the laminae, the eye lenses were delaminated in a semi-frozen
state on a dry plastic plate within 30 min from taking the eye
lens out from the freezer. Before each peeling, the diameter of
the remaining eye lens was measured again, and the forceps
were cleaned with tap water and paper towels to avoid cross-
contamination. Nine to thirteen laminae were removed from
one lens in these individuals. To test the difference in isotopic
signals between regions, an additional six to ten individuals
were selected to analyse only the three laminae of the eye lens
corresponding to 0-50, 250-300, and 450-500 mm ML, cal-
culated based on the relationship between the diameter of the
eye lens and ML. In addition, the outermost laminae <1 mm
thick were occasionally sampled from eye lenses to compare
their isotope ratios with those of the mantle from the same
individual. For the specimens collected in the KE area, only

2317

one to three laminae were taken from the six individuals due
to their small size (Table 1).

The delaminated eye lens laminae were freeze-dried and
crushed into powder. Generally, 0.4-1.0 mg of the subsample,
but only about 0.1 mg for the laminae closest to the core, was
extracted for isotope analysis. The 89N and §'3C of the sam-
ples were determined at the GeoScience Laboratory (Nagoya,
Japan), based on a continuous-flow stable isotope ratio mass
spectrometer (Delta Plus Advantage, Thermo Fisher Scien-
tific) coupled to an elemental analyser FLASH2000, Thermo
Fisher Scientific). The 8N and §'3C values were reported in
§-notation against the atmospheric N, standard and Vienna
Pee Dee Belemnite reference standard, respectively, and given
as a %o value. The analytical precisions were & 0.2%o for 1N
and + 0.1%o for §'3C.

Statistical analysis for eye lens isotope ratios

The difference of eye lens isotope ratios among collection ar-
eas was tested using linear mixed-effects models to account
for the effect of size and repeated measures from individu-
als using the lmerTest package (Kuznetsova et al., 2017) in
R 4.1.3 (R Core Team, 2022) with the formulae lmer[Eye
lens 8N or 83C ~ In(ML) + Area + (1 | Individual)),
where individuals is set as a random factor. Post-hoc pair-
wise comparisons between the areas were conducted by cal-
culating marginal means using the emmeans package (Length,
2022).

Estimation of §’°N and §'3C baseline chronologies

To infer the movements of squid, chronologies of baseline
isotope ratios were estimated from eye lens isotope profiles
by removing the size-dependent trophic effect and the tissue-
specific offset. MLs at the time of eye lens laminae formation
were estimated using the linear relationship between eye lens
and ML. Here, the mean values of the eye lens diameters mea-
sured before and after peeling were used, except for the seg-
ments closest to the core. For these, three-quarters of the outer
diameter was used because the outer layers of the hemisphere
will take up a large proportion of the mass. Based on the esti-
mated MLs, the isotopic differences between the baseline and
squid mantle were estimated for each eye lens lamina using
the regressed logarithmic function. Baseline chronologies were
calculated from eye lens isotope ratios by adding the mean
isotopic differences between the mantle and eye lens and sub-
tracting the size-dependent differences between the baseline
and squid mantle as follows:

Baseline "> N or §'3C

= Eye lens (SlSN or 813C + Smantle—eye lens — ‘Smantle—POM(ML)

where 8,.4le-eye lens 1 the mean isotopic differences between
the mantle and eye lens (1.7%c for 8°N and 1.8%o for §'3C,
see Results) and 8,,,,,1..pom (ML) is the isotopic differences be-
tween baseline and squid mantle depending on ML (Equations
1 and 2, see Results), which was calculated from eye lens di-
ameter (Equation 3).

The estimated baselines were compared to the spatial vari-
abilities of the stable isotope ratios of POM to infer the ori-
gin and movements of the squids. The POM §'°N values out-
side the subtropical gyre (ADT <1.1 m) were mostly higher
than 2.55%o¢ (see Figure 2 in the Results), while they were
lower inside the gyre (ADT >1.1m). The estimated base-
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Figure 2. Spatial variabilities of 8'°N and §'C in POM (a, b). Solid lines are the contour of 1.1 m of mean dynamic topography during 1993 to 2021 that
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subtropical gyre, respectively (d). Boxplots show the §'°C distribution at each 3° latitude.

line 8N of squid habitat was therefore used as a proxy for
location inside or outside the subtropical gyre. In addition,
POM §'3C inside the subtropical gyre changed significantly
with latitude. When the squid was inside the gyre (estimated
baseline "N <2.55%0), therefore, baseline §'°C was con-
sidered as an indicator of latitude. If the squid was outside
the gyre (8'°N >2.55%0), we avoided using the baseline §'3C
as an indicator of latitude because POM §'3C in each lati-
tude had greater variation due to the inshore-offshore gradi-
ent (see Figure 2 in the section “Results”), making it difficult
to reliably distinguish between latitudes.

Results

Baseline 8'°N and 6'3C isoscapes

We used §'°N and §'3C data of POM from 556 and 529
sites, respectively, to illustrate the baseline isoscapes (Figure
2a and b). Note that we may have failed to capture varia-
tions smaller than several degrees in latitude and longitude
inside the subtropical gyre due to lower data density there.
The POM 8N was higher on the East China Sea conti-
nental shelf and in the Sea of Japan and lower south of the
Kuroshio (dynamic topography about 1.1 m), especially in the
subtropical waters of 20-25°N (Figure 2a). The POM §°N
values showed significant relationships with the dynamic to-
pography monitored by satellite. The median of POM §"°N
in each 0.1 m bin was calculated, and the average of the me-
dian §"°N of the bins of topography 1.0-1.1m and 1.1-1.2m
was 2.55%c. The median §"°N in each 0.1 m bin was below
2.55%o in a topography >1.1m (inside the subtropical gyre)
and above 2.55%0 in a topography below 1.1 m (outside the

gyre), and the value decreased with the increase of topography
from 1.1 to 1.5 m (Figure 2c¢). On the other hand, the POM
813C in the Fast China Sea continental shelf showed a clear
inshore-offshore gradient, and inside the subtropical gyre a
latitudinal gradient (Figure 2b). The median §'*C values of
each 3°N bin inside the gyre were calculated, and the aver-
age of the median §'3C of the bins of 21-24°N and 24-27°N
was —22.97%c. The median 8'3C for bins south and north of
24°N were all higher and lower than -22.97%, respectively
(Figure 2d).

Isotopic differences between diamond squid
mantle and baseline

Ontogenetic changes in the isotopic difference between di-
amond squid and baseline were examined. The difference
in 8N between the squid mantle and POM around the
squid collection site tended to increase with squid ML, rang-
ing from +6 to +9%0 under 200 mm ML and from +7
to +12%o0 over 600 mm ML (Figure 3a). After logarithmic
conversion of the ML, the following linear relationship was
obtained:

8 Noantie — 8 P Npom = 1.24 % [n(ML) + 1.77 (1)

(R?=0.56, n = 28, p = 2.5%107°, Residual standard er-
ror = 1.02).

Three out of four samples from inside the subtropical gyre
(dynamic topography at sampling >1.1 m) were below the re-
gression line, which could indicate possible geographical dif-
ferences in trophic positions, although a larger number of
samples is needed to confirm this. Assuming that similar ef-
fects should occur in 8'3C in smaller magnitude, a logarithmic
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function was fitted to the difference in §'3C between the squid
mantle and POM:

SB3Camtie — 83 Cpoy = 0.28  In(ML) + 4.34 (2)

(R?= 0.14, n = 28, p = 0.082, Residual standard er-
ror = 0.58),

which was marginally not significant, hence treated with
caution.

Relationships of size and isotope ratios between
mantle and eye lens

The eye lens diameter and ML were positively correlated
(Pearson’s » = 0.98, n = 37, p <2.0x10 ~'°), which was de-
scribed with the following linear relationship:

Eye lens diameter = 0.0401(£0.001) * ML — 0.1(£0.8) (3)

where estimates of slope and intercept are shown with 1
standard error. Here, some damaged eye lenses from small-
sized specimens, of which the outer layers were scraped to
unknown extent, are included (Figure 4a). However, the in-
teraction between eye lens condition (damaged or not) and
ML (Eye lens diameter ~ MLxCondition) was not significant
(p = 0.38, Supplementary Table S1). In addition, the data
points of the small eye lenses did not show substantial devia-
tions from the linear regression line running almost through
(0, 0) (Figure 4a). We therefore assumed that the damages on

small lenses did not significantly affect the relationship. The
stable isotope ratios of the mantle and the outermost layer
of the eye lens (<1 mm thick) were strongly correlated (8'°N:
Pearson’s 7 = 0.97, n = 27, p = 2.1x1071¢, §13C: Pearson’s
r=0.92,n =27, p = 9.8%107'2), but the values of the eye
lenses were on average 1.7 [£ 0.5 (1 SD)] %o lower in §'*N and
1.8 (& 0.2) %o lower in §13C (Figure 4b and c). The variabili-
ties of the difference between the mantle and outermost layer
of eye lenses were larger in the small, damaged lenses (8'9N:
+ 0.9 (1SD), 6'3C: 0.3) than in undamaged lenses (8"°N: +
0.2,85C: 0.2).

The 8N and §'3C in eye lenses

Next, ontogenetic and geographic variations in stable iso-
tope ratios in the eye lens were investigated. The eye lens
815N showed significant increases from the core to the edge
(Figure Sa and b). The eye lens §'*C similarly increased
with size for eye lens diameters larger than 5mm, while
values around the core in individuals from Ogasawara Is-
lands were often higher than values in later-formed layers
(Figure 5c and d). Eye lens diameters were converted to MLs
using Equation (3) (Figure 5a—d). Linear mixed-effects mod-
els were used to describe geographic variation, with the log-
arithm of ML and collections areas as fixed effects and in-
dividuals as a random effect to account for the repeated
measurements (Tables 3 and 4). The diagnoses for the mod-
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els showed straight Q-Q plots and normalities and homo-
geneities of the residuals (Supplementary Figures S2 and S3),
suggesting that the models were reasonably fit. The slope
of the 8N increase with the logarithm of ML was 1.14
(Table 3), which was similar to the ontogenetic increase in
the difference between squid mantle and POM [1.24, Equa-
tion (1)]. The intercepts were significantly higher in the East
China Sea and the Sea of Japan than in Okinawa, the Oga-
sawara Islands, and the KE area (Table 3). The §'3C increased
with the logarithm of ML, with a slope smaller than that for
85N (0.20, Table 4), which was again similar to the increase
in the difference between squid mantle and POM [0.28, Equa-
tion (2)]. Significant differences in the intercept were only de-
tected between the Sea of Japan and the Ogasawara Islands

(Table 4).

Chronologies of "N and §'3C baseline of diamond
squid habitat

Chronologies of 8N and §'*C baselines of squid habi-
tats were estimated from eye lens isotope values by adding
the mean difference between eye lens and mantle (1.7%o for
81N, 1.8%o for §13C) and subtracting the size-dependent dif-
ference between baseline POM and squid (Equation 1 for
8N and Equation 2 for §'3C) (Figure 6a and b). The es-

timated baseline §'°N showed a bimodal distribution that
was clearly separated at around 2.5%. (Figure 6a), which fit
well with the different POM 8N values observed inside
and outside the subtropical gyre bordered by the Kuroshio
(Figure 2a). The estimated baselines generally displayed sig-
nificant differences between sampling areas, higher in indi-
viduals collected in the marginal seas (the East China Sea
and the Sea of Japan) and lower in those from subtropical
waters (Okinawa and the Ogasawara Islands). Ontogenetic
variation at MLs larger than 300 mm was little but variable
at <200 mm. The individuals from the KE area distributed
among the separated distribution. The estimated §'3C base-
lines ranged between -25 and -21%., which fell within the
range of POM §'3C often observed inside and outside the
gyre (Figure 2b). The baseline §'3C in squids from the Oga-
sawara Islands was lower than those from the other areas
and decreased substantially with growth in some individuals
(Figure 6b).

Inferred movements of diamond squids
To infer the origins and movements of the squids, we ex-
amined the migrations in the estimated baseline §'*N-§'3C

diagram and compared them with the observed POM iso-
tope ratios (Figure 7a—d). Recall that the POM 8N val-
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Table 3. Summary of a linear mixed-effects model [Imer(Eye lens §’°N ~ In(ML) + Area + (1| Individual ID))] and pairwise comparisons among regions.

Random effects:

Groups Name Variance Std. Dev.
Individual ID (Intercept) 0.17 0.41
Residual 0.31 0.56
Number of obs: 246, groups: Individual ID, 49
Fixed effects:

Estimate Standard error df t value Pr (>t
(Intercept) 3.93 0.23 163.66 17.19 <2.0E-16
In(ML) 1.14 0.03 210.38 33.29 <2.0E-16
Area KE -1.53 0.29 60.80 -5.34 1.5.E-06
Area OGS -2.03 0.21 38.17 -9.82 5.3.E-12
Area OKW -2.07 0.21 32.90 -9.62 4.4.E-11
Area §J 0.19 0.21 32.67 0.91 0.37
Pairwise comparison
contrast Estimate Standard error df t value Pr (>t
ECS—KE 1.53 0.29 66.20 5.34 <1.0E-4
ECS—OGS 2.03 0.21 42.00 9.79 <1.0E-4
ECS—OKW 2.07 0.22 36.30 9.61 <1.0E-4
ECS—S] -0.19 0.21 36.10 -0.91 0.89
KE—OGS 0.51 0.29 69.50 1.75 0.41
KE—OKW 0.54 0.30 63.10 1.81 0.38
KE—S]J -1.72 0.30 63.60 -5.77 <1.0E-4
OGS—OKW 0.03 0.22 41.40 0.14 1.00
OGS—S] -2.23 0.22 41.30 -9.99 <1.0E-4
OKW—SJ -2.26 0.23 36.30 -9.85 <1.0E-4

Table 4. Summary of a linear mixed-effects model [Imer(Eye lens §'°C ~ In(ML) + Area + (1| Individual ID))] and pairwise comparisons among regions.

Random effects:

Groups Name Variance Std. Dev.
Individual ID (Intercept) 0.09 0.31
Residual 0.13 0.36
Number of obs: 246, groups: Individual ID, 49
Fixed effects:

Estimate Standard error df t value Pr (>t|)
(Intercept) -20.17 0.15 122.62 -131.48 <2.0E-16
In(ML) 0.20 0.02 196.88 9.26 <2.0E-16
Area KE -0.45 0.20 42.58 -2.27 0.03
Area OGS -0.39 0.15 28.92 -2.68 0.01
Area OKW -0.14 0.15 24.96 -0.92 0.37
Area §J 0.11 0.15 24.79 0.74 0.47
Pairwise comparison
contrast Estimate Standard error df t value Pr (>t
ECS—KE 0.45 0.20 61.30 2.27 0.17
ECS—OGS 0.39 0.15 42.90 2.67 0.08
ECS—OKW 0.14 0.15 37.40 0.92 0.89
ECS—S] -0.11 0.15 37.20 -0.74 0.95
KE—OGS -0.06 0.20 64.50 -0.29 1.00
KE—OKW -0.31 0.21 58.90 -1.50 0.57
KE—S]J -0.57 0.21 59.20 -2.72 0.06
OGS—OKW -0.25 0.16 42.30 -1.59 0.51
OGS—S] -0.51 0.16 42.20 -3.20 0.02
OKW—S]J -0.25 0.17 37.30 -1.55 0.54

ues outside the subtropical gyre (ADT <1.1 m) were mostly
higher than 2.55%o, while lower inside the gyre (ADT >1.1m)
(Figure 7c). Thus, the estimated baseline 8'°N of squid habi-
tat was regarded as a proxy for being inside (<2.55%0¢) or
outside (>2.55%o) the subtropical gyre. In addition, POM

813C changed significantly with latitude inside the subtropical
gyre, mostly being higher than =22.97%¢ in the south of 24°N
and lower in the north (Figure 7d). When the squid was in-
side the gyre (§"N <2.55%0), therefore, baseline §'3C was re-
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