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Abstract

The migration route of oceanic squid provides critical information for us to understand their spatial and temporal
variations. Mark-recapture and electronic tags tend to be problematic during processing. Cephalopod hard
structures such as the beak, containing abundant ecological information with stable morphology and statolith-
like sequences of growth increments, may provide information for studying spatio-temporal distribution. In this
study, we developed a method, which is based on elemental concentration of beaks at different ontogenetic stages
and sampling locations, to reconstruct the squid migration route. We applied this method to Ommastrephes
bartramii in the North Pacific Ocean. Nine trace elements were detected in the rostrum sagittal sections (RSS) of
the beak using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). For those elements,
significant differences were found between the different ontogenetic stages for phosphorus (P), copper (Cu) and
zinc (Zn). Sodium (Na), P and Zn were chosen as indicators of sea surface temperature (SST) and a regression
model was estimated. The high probability of occurrence in a particular area represented the possible optimal
squid location based on a Bayesian model. A reconstructed migration route in this study, combining all the
locations at different ontogenetic stages, was consistent with that hypothesized in previous studies. This study

demonstrates that the beak can provide useful information for identifying the migration routes of oceanic squid.
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1 Introduction

The cephalopod, an important oceanic invertebrate species,
plays an important role at the median trophic level in the marine
ecosystem (Navarro et al., 2013). Oceanic species, especially Om-
mastrephids, support a high proportion of the world’s cephalo-
pod fisheries, with catches from 2.0 million metric tons in the
1990s to a peak of 3.5 million metric tons in 2014 (http://www.fao.
org/fishery/statistics).

In the North Pacific Ocean, a larger Ommastrephid species,
Ommastrephes bartramii, is widely distributed and commer-
cially exploited by the East Asian countries (Bower and Ichii,
2005; Chen et al., 2008; Jereb and Roper, 2010). Similar to other
oceanic species, O. bartramii migrates a considerable distance
over its ontogenetic stages (Ichii et al., 2009). The most popular

methods to investigate cephalopod migration are external tag
mark-recapture and electronic tags (Wearmouth et al., 2013;
Mereu et al., 2015). However, jigging fishing activity cannot cover
the entire spatial range of the squid feeding grounds, and the
high rate of arm/tentacle breakage during jigging leads to a low
recapture rate, making the external tag an unsuitable approach
for squid study. Electronic tags in the squid’s mantle or fin are
not easy to monitor as the tagged individuals are usually out of
the range of recording devices (Semmens et al., 2007).
Cephalopods always seek a suitable habitat to maintain their
daily activity to achieve an optimum oceanographic environ-
ment at all life stages, and consume prey to grow as fast as pos-
sible (Boyle and Rodhouse, 2005). Thus their surrounding envir-
onment and food availability are the two main drivers for squid
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movement and migration (Ichii et al., 2004; Watanabe et al.,
2008). There is no doubt that oceanic squid are exposed to differ-
ent environments at different life stages (Murata and Nakamura,
1998; Ichii et al., 2004). Female O. bartramii prefer to spawn in
areas with an SST range from 21°C to 25°C, which is the optimum
temperature for egg production (Vijai et al., 2015). After hatching,
the paralarvae remain near the spawning ground with the cur-
rent for the first 90 d at a preferred temperature of 20°C to 22°C
(Nishikawa et al., 2014). The squid begin to prey on food when
they have the ability of independent movement. It has also been
reported that juvenile squid always inhabit food-rich areas with
SST>21°C (Kato et al., 2014). Adult squid grow fast with a vora-
cious feeding behavior, so they tend to gather in high productiv-
ity areas, which are those feeding grounds with SST 16-19°C, as
has been suggested by most researchers in previous studies (Tian
etal., 2009; Alabia et al., 2015). Temperature is an indicator that
directly influences squid growth and their food distribution, and
also indirectly influences squid migration.

Understanding the relationship between squid movement be-
havior and their key environment is thus a priority to study the
possible migration routes. The statolith is often referred to as a
“black box” because it records the ecological information of the
whole life stages of the squid (Arkhipkin, 2005). The age and
growth pattern can be analyzed through the increments in the
statolith microstructure (Arkhipkin and Shcherbich, 2012), and
the distinctive chemical composition also reveals the ambient ex-
perienced by the squid at different life stages (Liu et al., 2015a;
Arbuckle and Wormuth, 2014). The Sr/Ca ratio is an important
sea surface temperature (SST) indicator for investigating the mi-
gration strategies of different ommastrephid squid (Ikeda et al.,
1997, 2002, 2003).

As an important hard structure in squid, the beak, which has
a larger size than the statolith and a unique morphology, has be-
come an alternative tool for investigating squid biology in recent
years (Chen et al., 2012; Franco-Santos and Vidal, 2014; Liu et al.,
2015b; Fang et al., 2016a). A sequence of growth increments were
also observed in the microstructure in the rostrum sagittal sec-
tions of the beak, which suggests that the beak can be used in the
study of age and growth for squid (Liu et al., 2015c; Fang et al.,
2016b). Stable isotopes (6'3C and §'5N) in the squid beak also re-
flect the variation of trophic position and foraging areas at intra-
and inter-species levels (Jennings and Cogan, 2015; Fang et al.,
2016b). The beak is a compound that consists of protein and
polysaccharide (chitin), and the pigmented part, which contains
high-density catecholic-histidine cross linking, has also attracted
the attention of researchers who have tried to apply it in new bio-
materials (Miserez et al., 2007, 2008, 2010). Some studies have
tried to explore the inorganic elements in the cephalopod beak,
although this is not a common material for biochemical analysis.
Rodriguez-Navarro et al. (2006) suggested that the trace element
profiles (P and Se) in the beak could indicate a gradual descent to
deeper waters during the life of the giant squid (Architeuthis sp.).
Thus, analyzing the trace elements in the beak is a potential
method to investigate the pattern of squid movements.

In this study, we quantitatively measured the main trace ele-
ments to estimate the category and concentration of the O.
bartramii beak and compared the possible elemental difference
at different life stages and hatching seasons. The migration route
of O. bartramii was also reconstructed based on the relationship
between sea surface temperature and selected beak elemental
signatures. This study shows the potential of using microchem-
istry to improve our understanding of the migration pattern of O.
bartramii in the Northwest Pacific Ocean.

2 Materials and methods

2.1 Sample collection and measurements

A total of 62 squid samples were randomly obtained from the
commercial oceanic jigging vessel F/V Jinhai 827 which oper-
ated in the Northwest Pacific Ocean (39°-44°N, 152°-157°E) from
July to November in 2010 and 2011. Samples were immediately
frozen at -18°C for future laboratory work.

Dorsal mantle length (ML) was measured to the nearest 1 mm
after thawing in the laboratory. The upper and lower beaks were
dissected from the buccal mass, washed with fresh water and
stored in 75% ethyl alcohol. As the upper beak is larger than the
lower beak, and age estimation has been tested on the rostrum of
the upper beak in previous studies (Liu et al., 2015c; Fang et al.,
2016b), we used the upper beak for the next step.

2.2 Age estimation and back-calculation

The statolith is often used for cephalopod age estimation
(Arkhipkin and Shcherbich, 2012), but the tiny size of a statolith
and the cumbersome process protocol complicates the interpret-
ation of the ageing results (Arkhipkin, 2012). Thus the utilization
of other hard structures has been proposed (Moltschaniwskyj
and Cappo, 2009). Liu et al. (2015c) suggested that the incre-
ments in the beak rostrum had a deposition pattern similar to a
statolith increment, and Fang et al. (2016b) suggested that the
beak could be a useful material for age estimation for O.
bartramii. We used 40 upper beak rostrum sagittal sections (RSS)
for ageing and back-calculating the hatching dates based on es-
timated age and date of capture. All the increments in the stato-
lith sample were read by two researchers, and the result is the av-
erage age with standard deviation.

2.3 Sea surface temperature (SST) data

Sea surface temperature (SST) is considered to be an import-
ant factor affecting the incremental deposition in the statolith, as
the squid take up trace elements at night on the sea surface
(Bettencourt and Guerra, 2000). Perales-Raya et al. (2014a) re-
ported that a high variation of SST coincided with the locations of
the marks on the beak of Octopus vulgaris, and that beak growth
was closely related to the environment, including SST (Perales-
Raya et al., 2014b). Thus the SST has a high correlation with beak
growth. Real-time SST data were recorded with a highly accurate
conductivity and temperature recorder (SBE 37-SMMicroCAT;
Sea-Bird Electronics, Bellvue, WA) at each sampling station. In
order to get precise temperatures, the weekly SST in the Northw-
est Pacific Ocean during 2009 to 2011 was downloaded from the
National Oceanic and Atmospheric Administration website
(http://oceanwatch.pifsc.noaa.gov/) with spatial resolution of
0.1°x0.1°. The SST of the week to the nearest time when a back-
calculated ontogenetic stage occurred was used as the SST for the
life history stage.

2.4 Trace element analysis

All the 40 beak samples were selected for trace element ana-
lysis (Table 1). After reading the increments from the RSS of the
beak, the polished RSS was washed in ultra-pure water for 5 min,
and then rinsed at least twice before being air dried. Laser abla-
tion was used to sample in different areas of the beak, the loca-
tion representing each different ontogenetic stage as referred to
by Young and Harman (1988) and Liu et al (2015c). The growth of
the beak starts from the tip (Hernédndez-Ldpez et al., 2001;
Perales-Raya et al., 2010), so the tip (0-5 increments) of the RSS
represents the embryonic stage, the second spot, located in ap-
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Table 1. Sample information

Capture time Ea.lst Nf)rth B‘pdy Mantle Sex Sexual maturity Age/d HaFching
(year/month/day) longitude latitude weight/g length/mm stage time

1881 2010/07/13 153°36' 39°24' 322.9 234 Q II 162 2010/01/31
1917 2010/07/13 153°36' 39°24' 305 221 Q I 142 2010/02/20
1922 2010/07/13 153°36' 39°24' 425.2 243 3 I 176 2010/01/18
1931 2010/07/13 153°36' 39°24' 244.3 213 3 I 129 2010/03/06
532 2010/08/16 152°14' 40°11' 275.3 220 3 I 171 2010/02/26
544 2010/08/16 152°14' 40°11' 311 216 Q I 158 2010/03/11
419 2010/08/29 152°49’ 42°21' 298.7 227 3 I 152 2010/03/30
425 2010/08/29 152°49' 42°21' 374.7 238 Q II 169 2010/03/13
442 2010/08/29 152°49’ 42°21' 364.1 242 3 II 174 2010/03/07
444 2010/08/29 152°49’ 42°21' 370.5 243 ) I 176~ 2010/03/06
776 2010/09/18 154°23' 41°32' 356.3 233 Q II 165  2010/04/06
781 2010/09/18 154°23' 41°32' 320.5 215 Q I 154 2010/04/17
1693 2010/10/12 156°47' 42°35' 608 282 3 II 229  2010/02/25
1872 2010/11/05 154°07" 41°57' 448.1 249 3 I 185  2010/05/04
26 2010/07/19 157°52' 40°44' 608 214 3 I 200 2009/12/31
32 2010/07/19 157°52' 40°44' 448.1 225 3 I 185  2010/01/15
39 2010/07/19 157°52' 40°44' 608 224 3 I 229 2009/12/02
137 2011/08/07 154°28' 42°25' 1024.8 326 Q II 281 2010/10/30
190 2011/08/09 153°58’ 42°27' 226.1 203 3 I 112 2011/04/19
203 2011/08/20 152°58' 42°05' 805.2 289 Q I 265 2010/11/28
211 2011/08/20 152°58' 42°05' 302.2 239 3 I 154  2011/03/19
212 2011/08/20 152°58' 42°05' 759.6 275 Q I 254  2010/12/09

66 2011/09/03 150°59’ 42°58' 1030.5 327 Q II 282 2010/11/25
268 2011/09/11 154°32' 42°50' 916.8 302 Q v 254  2010/12/31
272 2011/09/11 154°32' 42°50' 393 247 Q II 182 2011/03/13
279 2011/09/11 154°32' 42°50' 453.8 251 Q II 188  2011/03/07
296 2011/09/11 154°32' 42°50' 488 269 3 I 212 2011/02/10
334 2011/09/13 152°30’ 43°21' 357.9 238 3 I 169 2011/03/28
348 2011/09/13 152°30’ 43°21' 363.3 243 3 I 176 2011/03/21
352 2011/09/13 152°30’ 43°21' 397.4 251 3 II 188  2011/03/09
306 2011/09/28 154°42' 42°59' 539 271 3 III 215 2011/02/25
307 2011/09/28 154°42' 42°59' 790.5 301 3 111 252 2011/01/18
313 2011/09/28 154°42' 42°59' 391.2 245 Q II 179 2011/04/02
228 2011/10/09 156°08’ 43°13' 340.2 222 Q I 144  2011/05/18
237 2011/10/09 156°08’ 43°13' 390 238 Q I 169  2011/04/23
665 2011/10/16 151°45' 42°14' 879.5 298 Q III 234 2011/02/24
672 2011/10/16 151°45' 42°14' 896.1 297 Q II 227  2011/03/03
106 2011/10/23 150°21' 41°21' 934.8 310 Q II 263 2011/02/02
115 2011/11/08 150°49’ 40°58' 2027 406 Q v 359  2010/11/13
116 2011/11/08 150°49’ 40°58' 1037 320 Q III 274 2011/02/06

proximately the 30th increment represents the paralarval stage,
the third spotlocated around the 60th increment represents the
juvenile stage, the fourth spot located at about the 120th incre-
ment represents the sub-adult stage, and the intersection point
between the hood and crest represents the sub-adult stage, and
also indicates the capture time (Fig. 1).

Compared to the statolith, the main elements in a cephalo-
pod beak are 43Ca, 23Na, 2*Mg, 3!P, 39K, 5°Mn, 83Cu, 56Zn, 8Se, and
88Sr. Therefore, an analysis of the above ten elemental signatures
was performed using a 193-nm frequency-quadrupled ArF ex-
citer laser (GeoLas, 2005; Lambda Physik, Gétingen, Germany)
with pulse of 8 Hz, energy of 6.0 J/cm?, and sampling spot dia-
meter of 44 um. This laser ablation station was connected to an
Agilent 7500a inductively coupled plasma mass spectrometer
(ICP-MS) with sample gas Helium of 0.9 L/min and flow gas of
Argon 0.92 L/min (Agilent Technologies, Santa Clara, CA). Each

analysis incorporates 20 s of background acquisition followed by
60 s of sample ablation to the corrected sample concentrations

paralarval @

[ ]
embryonic

juvenile ®

sub-adult
[ )

adult

Fig. 1. Detected spots of beak microstructure representing dif-
ferent ontogenetic stages by LA-ICP-MS.
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(Elsdon and Gillanders, 2005; Liu et al., 2016). An ANOVA test
and a ¢-test were conducted to evaluate the possible difference
between the different ontogenetic stages and seasonal hatching
groups, respectively.

2.5 Hypothesis and assumptions

Each of the ten elements (43Ca, 22Na, 24Mg, 3!P, 39K, 55Mn,
63Cu, 66Zn, 7Se, 8Sr) on the tip of the RSS (spot 5) was analyzed,
and stepwise multiple linear regression analyses were used to
predict the optimal SST. The best fit model was selected by the
stepwise removal of the elements based on Akaike information
criterion (AIC) (Akaike, 1974). It is possible to estimate the op-
timal SST for the earlier ontogenetic stage on the basis of the rela-
tionship between SST and the relevant element. The possible
spatial locations corresponding to the suitable SST can be de-
termined according to the elemental concentration (Liu et al.,
2016). As we know the elements concentration of squid beak in
different life time, it is easily to find the suitable SST according to
the established relationship between SST and relevant element.
Considering the squid swimming ability, the possible location
(longitude and latitude) of SST will also revealed in the SST data-
base mentioned in above content using Bayesian model.

All the samples were taken in a similar area and shared the
same habitat. We identified that they belonged to the same co-
hort according to previous studies (Fang et al., 2016b). Therefore
the squid are likely to experience a similar environment during
their life history, even if they were not born at same time. Finally,
the deduced migration routes were connected by combining the

Fang Zhou et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 10, P. 43-52

optimal locations (highest occurrence area in each stage) at all
five ontogenetic stages.

The timing of each ontogenetic stage was estimated following
Liu et al. (2016). The squid were assumed to swim in a range of
defined suitable SST values, and the maximum swimming speed
of O. bartramii, 20 km per day (Tanaka, 2001), was used for cal-
culating the possible migration range. The possibility of a squid
occurrence area was also calculated following Liu et al. (2016).
The best model selections and migration reconstructions were all
carried out with R 3.1.3 (R Core Team, 2015) using the package
“MASS” (Venables and Ripley, 2002) and “geoR” (Ribeiro and
Diggle, 2001), respectively.

3 Results

3.1 Element concentration in the beak

The highest concentration of the analyzed elements was Ca,
with an average+standard deviation (1 497.05£628.8)x10-6 (Table 2).
Magnesium (Mg) had the second highest concentration with
(597.21+279.34)x1076 (Table 2). The other elements with concen-
trations higher than 100x10-% were phosphorus (P), sodium (Na)
and potassium (K) (Table 2). Strontium (Sr), of which there are
high concentrations in the statolith, had the lowest concentra-
tion in the beak (Table 2). Concentrations of all the elements
were unstable with a relatively high standard deviation in the res-
ults (Table 2). The concentration of Se in the RSS was too low to
be measured.

Table 2. Element concentration and element/Ca ratios of O. bartramii beak measured by LA-ICP-MS

Concentration/10-6

Element/Ca ratios/pmol-mol-!

Element Range Mean+SD Range Mean+SD
Ca 436.92-3 134.21 1 497.05+628.80 - -
Mg 180.52-2 967.55 597.21+279.34 138.95-2 767.17 461.74+203.91
P 200.07-1 885.68 519.41+260.56 70.41-1824.11 596.00+326.69
Na 151.04-1617.58 309.39+162.59 161.61-1193.10 264.02+82.42
K 160.86-775.56 244.39+164.62 120.19-616.88 217.84+83.40
Cu 30.40-312.65 81.21+41.68 10.09-365.00 61.15+35.10
Zn 10.29-106.92 42.40+26.09 10.37-134.70 36.48+17.86
Sr 1.10-32.01 10.12+6.70 1.28-25.79 7.00+4.41

3.2 Elemental signature difference among ontogenetic stages and
hatching times

The elemental signatures at the embryonic and paralarval
stage were lower than at the other ontogenetic stages, as the ele-
ments accumulated with squid growth. Mg/Ca mostly remained
at the same level until the adult stage (Fig. 2a). The concentra-
tions of Na/Ca and K/Ca increased during the juvenile and sub-
adult stage, but decreased at the adult stage (Fig. 2a). Concentra-
tions of P/Ca and Zn/Ca increased drastically from the paralar-
val to the juvenile stage, and then fluctuated between the juven-
ile and adult stage (Figs 2a and b). The concentration of Cu/Ca
was highest in the juvenile stage, and then decreased (Fig. 2b).
The ANOVA test showed that P/Ca, Cu/Ca and Zn/Ca had a sig-
nificant difference at different ontogenetic stages (P<0.05), and
the embryonic and paralarval stage had a significant difference
when tested post-hoc.

All of the squid sampled in this study were hatched between
May and October of the previous year. Thus we separated the
samples into two seasonal groups, the winter hatching group
(hatching time during October to February) and spring hatching
group (hatching time during March to May). Statistical analysis

showed that none of the elements differed between the two sea-
sonal groups at every ontogenetic stage (P>0.05), although the
concentration of P/Ca fluctuated in different patterns during the
paralarval and adult stages (Fig. 3a), and the Cu/Ca showed a re-
verse pattern during the sub-adult and adult stages (Fig. 3b).

3.3 Migration route reconstruction

As the stepwise regression analysis describes (Table 3), sodi-
um, phosphorus and zinc are suitable indicators of SST. The de-
rived regression model can be described as follows: SST = 20.367 -
0.0076[Na] - 0.0009[P] + 0.0201[Zn] (R2=0.552, P<0.01).

The ages selected from the five analyzed locations on the RSS
of the beak represented the five ontogenetic stages, with an age of
0 days for an embryo, 27 (18-35) d for paralarvae, 58 (45-70) d for
juveniles, 124 (90 -139) d for sub-adults, and 162 (118 -180) d for
adults (Table 4). The value range of Na/Ca, P/Ca and Zn/Ca is
shown in Table 5. In the embryonic and paralarval stages, the
value of Na/Ca is nearly unchanged although P/Ca and Zn/Ca in-
creased steadily. The value of the three selected elements per-
formed a “U-shape” tendency during the juvenile to adult stages.
(Table 5).
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The occurrence probability of squid at different ontogenetic
stages was calculated and the results are shown in Fig. 4. The mi-

gration route can be described by connecting the highest occur-
rence probability during the consecutive ontogenetic stages (Fig. 5).
A south-north migration trace for O. bartramii is shown in Fig. 5.

4 Discussion

The squid movement pattern is closely related to the ambient
environment (Sim et al., 2001). The eggs and paralarvae pass-
ively drift with the current, and then the squid actively migrate in
arelatively long journey in line with body growth (O’Dor and
Balch, 1985). Feeding and spawning are the two reasons that
cause the squid to migrate (Semmens et al., 2007). Thus a good
understanding of migration routes can enhance our knowledge
of squid population dynamics and spatial distribution leading to
improved assessment and management of this important fisher-
ies resource.

The composition of trace elements in the beak was quite dif-
ferent from those in the statolith (Table 2). Most of the metal ele-
ments, including magnesium, sodium, potassium, copper and
zinc, had already been detected in the statolith, and some of the
elements were taken up from the water mass and then deposited
in the statolith (Liu et al., 2013; Arbuckle and Wormuth, 2014).
Strontium is the second highest element in the statolith, but in
this study the value of strontium in the beak was low (only about
10x10-%) (Table 2). Phosphorus is a remarkable trace element in
the beak, which is rarely seen in the statolith (Table 2). Unlike the
calcareous tissues of the statolith, the beak is a fully organic hard
structure in which any mineral phases and metals are mostly ab-
sent (Miserez et al., 2007). Thus the beak would experience a
series of protein syntheses to prompt cell proliferation and
growth, and phosphorus plays an important role connecting dif-
ferent kinds of amino acid and promotes protein synthesis (Van-
Bogelen et al., 1996). It is, therefore, easy to understand the reas-
on for the high concentration of phosphorus in a squid beak. Sel-
enium was not measured in this study. As the species and the en-
vironment become more varied, more element concentrations in
the beak should be tested in the future.

Phosphorus, copper and zinc obviously fluctuated highly at
the different ontogenetic stages, although only copper showed
significant differences (Fig. 2b). These three elements increased
greatly from the paralarval to the juvenile stage (Fig. 2). With
squid growth, the transformation of feeding behavior of paralar-
vae to juveniles moves from a passive uptake of zooplankton to
gradually active preying on small crustaceans and fish (Watanabe
et al., 2008), and phosphorus increases to promote protein syn-
thesis, allowing beak cells to grow faster to adapt to this behavior
change. The hard and colored part of the beak enables the squid
to eat large prey with hard skins. This beak pigmentation process
is a kind of melanogenesis, and copper and zinc are two import-
ant trace elements for the speed of melanin biosynthesis (Swan,
1974; Slominski et al., 2004). The squid would then migrate from
the hatching area to the feeding ground during the juvenile to
sub-adult stage. In this phase, the food composition does not
change too much but most of the nutrition is supplied for migra-
tion movement, so the concentration of the above three ele-
ments decreases, but is still higher than that at the paralarval
stage (Fig. 2). Squid need enough food for gametogenesis during
the sub-adult to adult stage. Therefore, the beak experiences a
second round of growth and becomes stiffer to allow the squid to
prey on larger fish and other squid (Watanabe et al., 2004; Fang et
al., 2016c), so phosphorus and zinc increase again to a high level
(Fig. 2). This may explain the “U-shape” tendency of P/Ca and
Zn/Ca during the juvenile to adult stages. A decrease in copper
may be caused by an antagonistic effect with zinc in an organism
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Table 3. Results of stepwise regression analysis of different elements

Step Removed d.f. Std Residual d.f. Residual std AIC
1 - - - 22 105.227 53.648
2 Cu 1 0.140 434 23 105.369 51.688
3 K 1 3.075477 24 108.444 50.551
4 Mg 1 2.717 551 25 111.162 49.294
5 Sr 1 6.416 297 26 117.578 48.977
. .. 95% confident interval
Variable Coefficient St error Tvalue Pvalue Upper Lower
Intercept 20.367 0.655 31.095 <0.001 19.021 21.714
Na slope -0.007 6 0.002 1 -3.493 0.0017 -0.012 -0.003
P slope -0.0009 0.000 5 -1.784 0.086 1 -0.002 0.000 1
Zn slope 0.0201 0.006 1 3.282 0.002 9 0.007 0.032 8
Table 4. Age and date at each ontogenetic stage in squid sample
Age Date (year/month/day)
b Embryo Paralarvae Juvenile Sub-adult Adult Embryo Paralarvae Juvenile Sub-adult Adult
1922 0 23 48 110 144 2010/01/18 2010/02/10 2010/03/07 2010/05/08 2010/06/11
1881 0 24 54 114 161 2010/01/31 2010/02/24 2010/03/26 2010/05/25 2010/07/11
1917 0 21 52 116 157 2010/02/20 2010/03/13 2010/04/13 2010/06/16 2010/07/27
1693 0 27 56 127 171 2010/02/24 2010/03/23 2010/04/21 2010/07/01 2010/08/14
137 0 25 57 112 162 2010/10/30 2010/11/24 2010/12/26 2011/02/19 2011/04/10
203 0 35 69 138 180 2010/11/28 2011/01/02 2011/02/05 2011/04/15 2011/05/27
211 0 26 55 120 154 2011/03/19 2011/04/14 2011/05/13 2011/07/17 2011/08/20
212 0 31 62 135 176 2010/12/09 2011/01/09 2011/02/09 2011/04/23 2011/06/03
66 0 32 65 121 168 2010/11/25 2010/12/27 2011/01/29 2011/03/26 2011/05/12
115 0 27 60 139 180 2010/12/20 2011/01/16 2011/02/18 2011/05/08 2011/06/18
268 0 29 53 125 162 2010/12/31 2011/01/29 2011/02/22 2011/05/05 2011/06/11
307 0 28 69 126 172 2011/01/18 2011/02/15 2011/03/28 2011/05/24 2011/07/09
532 0 26 56 122 171 2010/02/26 2010/03/24 2010/04/23 2010/06/28 2010/08/16
544 0 33 52 128 158 2010/03/11 2010/04/13 2010/05/02 2010/07/17 2010/08/16
106 0 31 59 135 159 2011/02/02 2011/03/05 2011/04/02 2011/06/17 2011/07/11
116 0 32 70 132 160 2011/02/06 2011/03/10 2011/04/17 2011/06/18 2011/07/16
296 0 26 64 129 170 2011/02/10 2011/03/08 2011/04/15 2011/06/19 2011/07/30
26 0 29 62 128 168 2009/12/31 2010/01/29 2010/03/03 2010/05/08 2010/06/17
32 0 21 54 120 178 2010/01/15 2010/02/05 2010/03/10 2010/05/15 2010/07/12
39 0 26 64 126 162 2009/12/02 2009/12/28 2010/02/04 2010/04/07 2010/05/13
306 0 30 66 135 168 2011/02/25 2011/03/27 2011/05/02 2011/07/10 2011/08/12
1931 0 19 45 90 118 2010/03/06 2010/03/25 2010/04/20 2010/06/04 2010/07/02
444 0 24 62 126 156 2010/03/06 2010/03/30 2010/05/07 2010/07/10 2010/08/09
776 0 32 57 123 165 2010/04/06 2010/05/08 2010/06/02 2010/08/07 2010/09/18
781 0 18 49 115 154 2010/04/17 2010/05/05 2010/06/05 2010/08/10 2010/09/18
442 0 28 52 130 158 2010/03/07 2010/04/04 2010/04/28 2010/07/15 2010/08/12
419 0 27 45 112 142 2010/03/30 2010/04/26 2010/05/14 2010/07/20 2010/08/19
352 0 32 60 126 167 2011/03/09 2011/04/10 2011/05/08 2011/07/13 2011/08/23
279 0 31 61 129 171 2011/03/07 2011/04/07 2011/05/07 2011/07/14 2011/08/25
665 0 25 49 134 169 2011/02/24 2011/03/21 2011/04/14 2011/07/08 2011/08/12
672 0 28 54 111 149 2011/03/03 2011/03/31 2011/04/26 2011/06/22 2011/07/30
334 0 32 65 125 153 2011/03/28 2011/04/29 2011/06/01 2011/07/31 2011/08/28
313 0 19 58 132 164 2011/04/02 2011/04/21 2011/05/30 2011/08/12 2011/09/13
237 0 29 57 128 158 2011/04/23 2011/05/22 2011/06/19 2011/08/29 2011/09/28
(Fig. 2). (Table 6). Some suitable elemental signatures were selected as

It is possible to predict squid migration routes and timing
with the development of new methodologies and devices. SST is
an important environmental factor that limits the distribution of
O. bartramii. Optimum SST controls the movement of squid,
which is why specific locations and temperature for O. bartramii
at different life stages have been investigated in previous studies

temperature indicators to predict areas of high probability of oc-
currence for different ontogenetic stages of O. bartramii in the
North Pacific Ocean. The range of highest probability occurrence
between embryonic and paralarval stages was similar (Fig. 4). It
is well-known that squid at the early life stage (e.g., egg, paralar-
vae, even juvenile) lack the ability to actively swim and only pass-
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Table 5. Concentration ratio of Na/Ca,P/Ca and Zn/Ca at different life stages of each sample
Embryo Paralarvae Juvenile Sub-adult Adult

b Na/Ca P/Ca Zn/Ca Na/Ca P/Ca Zn/Ca Na/Ca P/Ca Zn/Ca Na/Ca P/Ca Zn/Ca Na/Ca P/Ca Zn/Ca
1922 204.61 302.95 19.22 150.05 621.57 17.33 245.57 809.09 25.51 111.82 623.94 13.52 27748 697.04 11.19
1881 129.97 361.23 20.63 212.93 411.54 2280 375.16 572.23 18.65 353.80 383.07 7.11 86.92 491.61 44.60
1917 106.37 60.48 4.32 94.76 27893 5534 24449 366.96 99.63 254.99 58597 118.26 62.58 400.71 2.92
1693 170.51 266.08 8.62 169.10 322.97 12.25 139.53 674.95 8.44 24242 420.02 29.23 116.53 444.84 47.64
137 12399 11.85 0.55 100.95 18.15 0.40 381.62 33.02 0.81 462.10 47.24 0.81 179.58  32.89 0.62
203 156.88 201.52 6.75 178.56 286.75 23.56 201.96 465.87 7.56 22545 576.55 15.87 187.89 486.12 37.51
211 72.69 178.65 3.56 98.57 278.93 4.86 150.68 358.63 8.94  200.78 340.25 7.12 178.25 256.12 10.84
212 127.52 280.66 2.75 143.18 370.68 3.05 178.22 410.82 7.45 254.99 387.66 6.75 187.44 310.75 5.73
115 373.51 68.68 3.29 21872 71.24 4.41  378.69 101.50 7.14 787.46 284.10 19.05 381.84 63.60 5.79
66 69.74 30.14 3.84 37.71 33.14 294 119.34 124.85 9.56 171.72 105.09 7.63 210.74 409.00 9.28
268 25255 404.13 3591 150.71 781.94 28.32 206.40 857.16 27.12 76.12 791.58 9.26 81.10 548.00 7.35
307 97.46  88.78 5.13 24523 58.96 4.48 615.17 197.03 25.84 694.89 281.16 22.68 295.64 81.11 7.65
532 156.42 176.21 5.22 178.77 146.78 5.97 267.83 278.63 24.32 365.88 254.12 9.78 174.84 189.87 14.70
544 189.42 210.20 7.24 165.43 320.54 6.89 301.24 579.30 19.85 477.53 379.57 10.58 298.65 502.78 17.65
106 203.22 332.63 25.64 239.44 650.34 16.68 180.71 760.96 9.16  327.57 694.29 22.37 742.66 521.26 133.18
116 55.58 16.70 1.53 47.40  27.97 1.95 57.66 76.70 7.23 109.86 124.15 14.14 124.50 143.90 13.43
296 203.29 233.83 11.72 146.58 113.40 8.35 387.13 533.66 13.64 246.64 204.14 8.26 153.64 357.40 146.41
26 156.53 215.49 4.23 185.93 325.62 5.38  275.62 587.64 9.53 385.51 604.88 18.26 24532 514.20 15.23
32 98.78 148.32 1.85 120.45 254.63 2.87 279.22 436.51 6.52 405.78 587.12 7.25 211.12 542.69 5.36
39 168.99 267.33 4.05 186.77 314.25 6.24  324.69 508.23 8.52  444.67 742.36 7.98 305.78 695.81 8.53
306 178.22 138.60 6.97 63.90 104.88 6.55 436.19 269.57 30.36 492.34 236.02 10.21 512.56 198.68 18.90
1931 146.92 231.29 4.71 136.13 336.89 5,55 358.50 768.00 16.03 48.74 407.03 3.31 188.55 583.77 39.70
444 3546 58.16 2.25 49.31 25.56 4.66 55.56  68.30 4.90 52.24  59.32 2.29 93.15 104.06 8.61
776 189.21 289.78 14.23 199.71 315.69 15.41 283.18 54499 26.42 387.46 785.44 18.77 242.32 682.41 16.97
781 214.87 304.88 6.78  275.67 415.68 9.66 401.56 654.33 10.52 415.64 807.46 10.11 342.87 795.23 8.46
442 256.96 100.29 3.29 172.35 155.50 1.95 336.90 291.07 396 43223 155.43 4.47 189.69 179.92 1.99
419 72.29 108.37 3.52 69.92 175.57 2.93 183.48 792.44 10.19 189.81 571.17 6.06 142.46 161.89 1.21
352 8730 267.01 13.10 37.11 351.87 6.21 108.09 701.90 60.18 44.73 316.50 7.70 96.55 544.18 6.35
279 404.35 134.04 9.08 527.15 21299 15.95 850.41 763.14 99.14 543.68 435.08 44.74 225.31 934.35 36.60
665 81.32 107.53 3.75 123.81 195.87 212 277.65 652.82 7.56  365.43 472.51 5.23 213.44 187.12 2.75
672 132.65 212.33 10.59 93.27 387.54 7.98 176.49 654.87 14.23 234.14 38746 25.12 256.98 299.54 12.37
334 233.62 93.03 14.22 157.12 91.46 10.83 125.09 137.54 16.96 406.21 363.87 28.51 230.70 394.26 9.81
313 283.76 268.18 27.64 131.46 263.56 9.57 319.09 630.41 46.90 265.19 472.87 7.77 284.93 514.78 12.46
237 39534 62.49 9.10 155.97 59.94 7.20  609.42 180.70 6.79  763.27 119.07 4.18 630.61 360.89 11.32

ively move with the currents (Ichii et al., 2009; Nishikawa et al.,
2014, 2015). So the locations in the two early life stages were in
exactly the same area and a little northeastward at the paralarval
stage, due to the direction of the Kuroshio Current (Fig. 4). At the
juvenile stage, all the probability ranges were extended, espe-
cially to northward of 30°N (Fig. 4). Watanabe et al. (2008) de-
scribed that for the winter-spring cohort of O. bartramii to act-
ively prey on its food in summer, this migration orientation
would be influenced by the Kuroshio and Kuroshio Extension
that transports some individuals to an offshore area (eastward to
150°E) (Nishikawa et al., 2014), which is consistent with the res-
ults shown in this study (Fig. 4). The highest probability occur-
rence reached 40°N in the sub-adult stage, which is the nursery
grounds for O. bartramii (Ichii et al., 2009). Finally, the adult
squid were captured by fishing vessel at 40°N to 45°N (Fig. 4). The
path of the migration route in this study is approximately consist-
ent with the previously described study in that the winter-spring
cohort of O. bartramii make a northward migration from a lower
to a higher latitude in the northern hemisphere from the em-
bryonic to the adult stage (Ichii et al., 2009).

Compared to the location of the spawning ground in the pre-

vious study (20°-25°N) (Ichii et al., 2009; Nishikawa et al., 2014;
Igarashi et al., 2017), the location of the spawning ground in this
study was located at a higher latitude (25°-30°N, Fig. 4). The hab-
itat of squid is largely influenced by environmental variability at
different spatial-temporal scales (Tian et al., 2013). Therefore the
variations of optimal habitat were observed both in the spawning
and the feeding ground (Alabia et al., 2015, 2016). This may be
one of the reasons causing the above difference. Squid hatching
in different months may also lead to latitudinal variation based
on a particle tracking experiment (Nishikawa et al., 2014).

Biotic factor should be considered in the early life stage mi-
gration route, although some environmental factors may impact
on the paralarvae/juvenile distribution (Nishikawa et al., 2014,
2015). Temperature is indeed the main factor influencing the sur-
vival of a squid embryo (Vijai et al., 2015). Some studies have also
suggested that juvenile squid cannot choose their own habitat
and only float with the current, having no swimming capability
(O’Dor and Balch, 1985; Staaf et al., 2008). So a current that re-
lated to squid habitat should be added as an important factor for
modelling. The elemental signature at the embryonic stage is less
reliable than the velocity of current, which is considered to be a
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Fig. 5. Scheme of reconstructed migration route for winter-
spring cohort of O. bartramii.

factor, due to egg hatching relying mainly on the nutrition in the
yolk, which in turn depends on the predecessor (Zumholz, 2005).
An individual-based biophysical-coupled model and a coupled
physical-ecosystem model, which represented a more realistic
methodology, were both used to simulate the possible distribu-

Table 6. Optimum sea surface temperature (SST) and latitude
range for O. bartramii habitat at different life stages

Life stage SST  Distribution (north Reference
range/°C latitude)

Embryo 21-25 23°-28° Vijai et al. (2015)

(egg)

Paralar- 20-22 25°-30° Nishikawa et al. (2014)

vae

Juvenile >21 28°-32° Kato et al. (2014)

Sub-adult 16-19 35°-45° Tian et al. (2009); Alabia et
al. (2015c)

Adult 16-19 35°-45° Tian et al. (2009); Alabia et
al. (2015c)

tion and movement of the larvae of O. bartramii (Kato et al.,
2014; Nishikawa et al., 2015).

5 Conclusions

We analyzed the category and concentration of elements in
beaks of O. bartramii, and reconstructed the migration route
based on the relationship between sea surface temperature (SST)
and elemental signature. The beak mainly consists of the ele-
ments calcium, magnesium, phosphorus, sodium, potassium,
copper and strontium, with the various concentrations ranking
from high to low. Ontogenetic and hatching time variations were
significant in the elements of phosphorus, copper and zinc.
Three elements (sodium, phosphorus and zinc) were selected to
fit the regression model with the corresponding SST, and the high
probability occurrence range was simulated based on a Bayesian
model. The reconstructed migration route was roughly consist-
ent with previous studies, which presented a northward migra-
tion along the Kuroshio Current from the embryonic stage to the
adult stage. Future study should analyze the beaks of different
species of squid to compare the variation of element composi-
tion, and use more realistic methods (e.g., particle tracking simu-
lation) to estimate the movement pattern of squid at early life
stages.
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