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Ommastrephes bartramii is one of the important commercial fishery species in the North Pacific Ocean. It always migrates for a long distance in order to spawning and feeding. Understanding its migration route can be the basis for the sustainable development of the fisheries and scientific management of this species. Cephalopod statoliths contain a wealth of ecological information, which can provide useful information for studying spatio-temporal distribution. In this study, the statolith elements of winter-spring and autumn cohorts of O. bartramii in the North Pacific Ocean were measured by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). The differences in both composition and concentrations of elements between winter-spring and autumn cohorts were analyzed and the migration route were reconstructed. The analysis showed that the highest concentrations of elements in different cohorts was calcium (Ca). The concentrations of Ca, strontium (Sr), sodium (Na), iron (Fe), barium (Ba), and lithium (Li) showed significant differences between two cohorts (P < 0.01). Mg, Ba, Sr, and Na were selected as the key elements in the two cohorts based on random forest method. Five clusters were obtained through chronological clustering, representing the five ontogenetic stages. Different cohorts selected different elements to fit the regression model with the corresponding water temperature. The high probability of occurrence in a particular area represented the possible optimal squid location based on a Bayesian model, and the potential migration routes of the different cohorts were reconstructed. This study shows that statoliths microchemistry can provide useful information for identifying the distribution and migration of oceanic squid.
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INTRODUCTION

Cephalopods are important marine economic species and occupy an important position in fisheries resources (Arkhipkin, 2013; Arkhipkin et al., 2021; Lishchenko et al., 2021). As both prey and active predator, cephalopods play an irreplaceable role within marine ecosystems (Santos et al., 2001; Lischka et al., 2020). Some of them have unusual life history characteristics: short life cycle, complex population structure, and long-distance migration (Jones et al., 2019). Understanding migration route, connectivity and structure of a population is of great help to the protection and management of resources (Gillanders, 2005). Traditional techniques such as tagging are the most common methods used to study the migration of cephalopods (Wearmouth et al., 2013; Mereu et al., 2015). However, these techniques are difficult to implement on small species, because they are too fragile to be externally tagged. And cannibalism in squid and presence of predators, often resulting in loss of tags (Arkhipkin, 2005; Semmens et al., 2007; Jones et al., 2019). In recent years, geochemical analysis of hard tissue has been widely used in the study of cephalopod migration with the development of device and technology (Liu et al., 2016; Fang et al., 2019).

The statoliths of cephalopods are a pair of hard tissues within statocysts that grow continually throughout whole life (Radtke, 1983). Analogous to fish otoliths, cephalopod statoliths are mainly composed of inorganic substances (aragonite formed by calcium carbonate salt crystals) and organic substances (proteins) (Dilly, 1977). When cephalopods exchange substances with the external environment, the chemical elements in the environment enter the cephalopods body through respiration and ingestion, and then enter the endolymph through cell, finally deposit in the statoliths (Liu et al., 2011b). Each element concentration in the statoliths is related to the element affinity and chemical reactions during the deposition process (Xiong et al., 2015; Li et al., 2021). Once deposited, the components in the statoliths will not be changed (Campana and Neilson, 1985). Therefore, the elements absorbed into the statoliths can be permanently preserved (Liu et al., 2016; Li et al., 2021). Through the analysis of these elements, the environmental information in the life history of cephalopods can be effectively revealed (Liu et al., 2011a; Sun et al., 2015; Li et al., 2021). Yamaguchi et al. (2018) used the ratio of Sr/Ca in statolith to estimate the living water temperature of Uroteuthis edulis, and then combined with the inhabiting water layer, speculated that the spawning grounds of U. edulis caught in the Sea of Japan were in the southern of the East China Sea and the feeding grounds were in the southern of the Sea of Japan. Zumholz et al. (2007) found that Gonatus fabricii lived in sea surface during juvenile period and migrated into deeper waters during progressive maturation based on the changes of Ba/Ca ratio. In this same study, according to the increased ratio of Sr/Ca and U/Ca from the nucleus to the edge of the statolith, G. fabricii was found to move to colder water as their growth (Zumholz et al., 2007). In addition, Liu et al. (2016) used the ratio of Sr/Ca and Ba/Ca of statoliths and combined with sea surface temperature (SST) to successfully establish the migration route of Dosidicus gigas from juvenile to adult stage. Therefore, the ratios of trace elements in statoliths to Ca can be used as an important indicator for studying population migration and habitat.

Neon flying squid, Ommastrephes bartramii, is an oceanic cephalopod, which is widely distributed in temperate and subtropical waters (Murata, 1990; Yu et al., 2015; Fang et al., 2021). Its commercial exploitability and utilization are mainly concentrated in the North Pacific Ocean (Yu et al., 2016). China mainland started commercial fishing in 1994 and is currently one of the main countries for catching this species, with an annual yield of 60,000–100,000 tons in recent two decades (Chen et al., 2008). As a key fisheries species, O. bartramii is involved in the transfer of inorganic and organic substance across various parts of the ecosystem and plays an important role in the food web (Watanabe et al., 2004). It is an important food source for large predators, and it also preys on crustaceans, small pelagic fish, and other cephalopods (Bower and Ichii, 2005; Alabia et al., 2020). Thus, understanding the life history process of O. bartramii is also a prerequisite to ensure the health of ecosystem.

The population structure of O. bartramii has been discussed in some studies (Murata, 1990; Bower and Margolis, 1991; Chen and Chiu, 2003). At present, there are evidences that we could accept that exists two segregated cohorts; the winter-spring cohort that is mainly distributed west of 170°E (Western stock) with peak hatching periods from January to April and the autumn cohort located east of 170°E (Eastern stock) with peak hatching periods from September to November, both of which have an annual lifespan (Yatsu et al., 1997; Bower and Ichii, 2005; Fang et al., 2016a,b). O. bartramii migrates for a long distance from south to northern waters to feed and spawn (Fang et al., 2019). However, the two cohorts have different migration routes, which cause them to experience different ocean conditions, then resulting in asynchronous growth patterns and varied abundances (Chen and Chiu, 2003; Chen, 2010; Fang et al., 2016a). Therefore, in order to understand the life history and biological characteristics of different cohorts of O. bartramii, it is necessary to study their migration routes.

In this study, we determined the main trace elements in the statoliths of different cohorts of O. bartramii based on laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Then we analyzed the differences in the composition and concentration of trace elements in statoliths, and explored the changes and differences of the ratios of key trace elements to Ca in the time series. Finally, according to the relationship between water temperature and trace elements in statoliths, the migration routes of different cohorts of O. bartramii were reconstructed. This study can provide scientific reference for revealing the life history of different cohorts of O. bartramii in the North Pacific Ocean.



MATERIALS AND METHODS


Sampling and Measurement

A total of 80 squid samples were randomly collected from the Chinese commercial jigging vessel on two main fishing grounds (149°E–168°W, 39–45°N) in the North Pacific Ocean from May to November in 2020 (Figure 1). Samples were immediately frozen at −20°C on the vessel and transported to laboratory for subsequent biological analysis.


[image: image]

FIGURE 1. Sampling stations of Ommastrephes bartramii in the North Pacific.


Samples were measured after thawing in the laboratory, including dorsal mantle length (ML, ±1 mm) and body weight (BW, ±1 g), and visually assessed for sex and maturity stage according to Lipinski and Underhill (1995).



Age Estimation and Back-Calculation

The statoliths were extracted from statocysts of all O. bartramii, then numbered and put into 1.5-mL centrifuge tube filled with 75% ethanol to clean (Liu et al., 2011a,b). Embedding, grinding, polishing and photographing of statoliths were carried out according to Liu et al. (2011a,b). Daily increments were based on the validated age of ommastrephid squids (Hu et al., 2015; Wang et al., 2021). The age was estimated by counting daily growth increments along the sagittal section from the first increment outside the core to the last increment near the margin of the statolith along the same axis (Figure 2) (Wang et al., 2021). Increments of each statolith were counted twice by different readers and counts were not accepted until the difference between the counts of two readers was less than 5% (Liu et al., 2011a,b).
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FIGURE 2. Image of statolith. Line indicates the direction of age estimation and ablation (from the central nucleus to the rostrum edge). Circles indicate regions where material has been ablated.


The hatching date of O. bartramii was back-calculated by estimated age and the date of capture. Based on hatching date, samples from different areas were assigned to their spawning cohort. The eastern stock and western stock belong to autumn cohort and winter-spring cohort, respectively (Table 1).


TABLE 1. Data of statolith samples tested by the microchemical analysis of Ommastrephes bartrammi.
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Trace Element Analysis in Statoliths

All statoliths were analyzed using LA-ICP-MS in Key Laboratory of Sustainable Development of Fishery Resources of the Ministry of Education, Shanghai Ocean University. The laser ablation system is UP-213, and the ICP-MS is Agilent 7700x. In the laser ablation process, Helium is used as the carrier gas, and Argon is used as the compensation gas to adjust the sensitivity (Hu et al., 2008). In order to reduce the interference caused by contaminants to the element test, the polished statolith slices were washed in deionized water (resistivity > 18 MΩ) for 5 min and dried in a Class-100 laminar flow column. Four glass standard materials BHVO-2G, BCR-2G, BIR-1G, and SRM610 were used for standard calibration. The time period of each data analysis included approximately 20 s blank signal and 50 s sample signal (Fang et al., 2019, Table 2).


TABLE 2. Analytical parameters of laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
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The method of equidistant ablations was adopted. From the core to the edge of statolith, ablation spots of 30 μm diameter were located at 50 μm intervals (Figure 2). The number of ablation spots ranged from 12 to 17 per statolith. Eight elements (7Li, 23Na, 43Ca, 55Mn, 57Fe, 63Mg, 88Sr, and 137Ba) were quantified at each ablation spot. The processing of the elements was carried out using ICPMSDataCal software (Liu et al., 2008).



Environmental Data

This study selected SST and Temp_100 water temperature to analyze the migration of two cohorts. Many studies had shown that the ratio of elements to Ca in statolith has a certain relationship with temperature (Zumholz et al., 2007; Liu et al., 2016; Yamaguchi et al., 2018). In addition, the vertical distribution of water temperature also affects the water layer where squid inhabit and migration of individual, thus influences the deposition of statolith elements (Liu et al., 2015; Li et al., 2021). Previous studies have shown that O. bartramii inhabited the sea surface in the early life history, and the SST determined the most suitable spawning ground (Yu et al., 2013; Fang et al., 2019). After maturing, the growth of O. bartramii has a good correlation with the water temperature of 100 m (Temp_100) (Han et al., 2022; Wang et al., 2022).

The weekly SST and Temp_100 data were obtained from NOAA High-resolution Blended Analysis1 with spatial resolution of 0.5° × 0.5°. The time range of all download environmental data was April 2019–December 2020, and the space range was 20–50°N and 120°E–140°W. The water temperature that were closest to the ontogeny stage within a week were considered as the water temperature of the life history stage.



Statistical Analysis

One-way analysis of variance (ANOVA, significant level α = 0.05) was used to test the differences in the concentrations of eight trace elements in the winter-spring and autumn cohorts (Li et al., 2021). The random forest method was used to select the key elements of the winter-spring and autumn cohorts for the ratio of Ca (Pan et al., 2020). Two-way analysis of variance was used to test the differences in the ratio of key elements to Ca in different cohorts and different distances from core of statolith. Based on the ratio of key elements to Ca, the multivariate regression tree (MRT) model was established (Pan et al., 2020). According to the results of MRT, the different cohorts of O. bartramii were divided into five ontogenetic stages, which are embryonic stage, paralarval stage, juvenile stage, sub-adult stage, and adult stage.

By merging the ablation spots of ontogenetic stages, the age of each ontogenetic stage could be obtained. The timing of each ontogenetic stage can be estimated by adding the date of hatching and the corresponding age.

All statistical analyses were performed with R 3.3 (R Development Core Team, 2019).



Hypothesis and Assumptions

The stepwise multiple linear regression method was used to analyze and establish the relationship between key trace elements and Temp_100 in different cohorts. And the optimal model was selected according to the Akaike information criterion (AIC) (Akaike, 1974, Supplementary Table 1). Based on the hypothetical relationship between Temp_100 and related elements, we were able to find the optimal Temp_100 for the later ontogenetic stage (sub-adult stage and adult stage) according to the elements concentration of squid statolith in later life stage. The possible spatial locations corresponding to the optimal Temp_100 can be determined according to the identified elemental concentration (Liu et al., 2016; Fang et al., 2019). Taking into account the squid swimming ability, the Bayesian model was used to find the possible location (longitude and latitude) of Temp_100 from the Temp_100 database mentioned previously.

According to the predicted location of the sub-adult stage (the highest probability of occurrence), combined with the corresponding date and elements concentration, the stepwise multiple linear regression method was used to analyze and establish the relationship between key trace elements and SST in different cohorts. And the optimal model was selected according to the AIC (Akaike, 1974, Supplementary Table 2). Based on the hypothetical relationship between SST and related elements, we were able to find the optimal SST for the earlier ontogenetic stage (embryonic stage, paralarval stage, and juvenile stage) according to the elements concentration of squid statolith in different life stage (Liu et al., 2016; Fang et al., 2019).

Squid in the same cohorts are likely to inhabit the same habitat and experience a similar environment during each ontogenetic stage, even though their hatching dates were different (Liu et al., 2016; Fang et al., 2019). Ultimately, the possible migration routes of different cohorts of O. bartramii were connected by combining the predicted optimal locations at all five ontogenetic stages. 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 calculating the possible migration range (Fang et al., 2019). The possibility of a squid occurrence area was also calculated following Liu et al. (2016).




RESULTS


Element Concentration and Screening of Key Elements of Different Cohorts in Statolith

Among the element concentrations of different cohorts in statolith, the highest concentration was calcium (Ca) which reached 408114.58 ± 476.70 ppm in winter-spring cohort and 408295.27 ± 402.33 ppm in autumn cohort (Table 3). Strontium (Sr) had the second highest concentration with 6130.17 ± 463.16 ppm in winter-spring cohort and 6280.01 ± 446.12 ppm in autumn cohort. The order of the concentration of other elements of different cohorts was consistent from high to low, all are: sodium (Na) > iron (Fe) > magnesium (Mg) > barium (Ba) > manganese (Mn) > lithium (Li). ANOVA results showed that the concentrations of Ca, Sr, Na, Fe, Ba, and Li were significantly different between winter-spring and autumn cohorts (P < 0.01), while there are no significant differences between the two cohorts of the concentrations of Mg and Mn (P > 0.05).


TABLE 3. Element concentration in statolith of winter-spring and summer cohorts of Ommastrephes bartramii.
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According to the random forest results, four elements (Mg, Sr, Ba, and Na) were selected as the key elements affecting the trace element composition in statoliths of two cohorts (Figure 3), which were then used for subsequent analysis. In contrast, Mn, Fe, and Li were relatively unimportant (increase in MES less than 20%, Figure 3), which were not used for subsequent analysis.
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FIGURE 3. Relative importance of elements of statolith for autumn and winter-spring cohorts. Percentage increases in the mean squared error (MSE) of variables were used to estimate the importance of these predictors, and higher MSE% values imply more important predictors.




The Ratio of Key Elements to Calcium

The results showed that the ratio of Mg/Ca in the two groups showed a decreasing trend. From the core to 150 μm, the ratio of Mg/Ca decreased sharply, and then decreased slowly. The Mg/Ca ratio of the autumn cohort was higher than that of the winter-spring cohort from the core to 450 μm. After 450 μm, the Mg/Ca ratio of the two cohorts was close (Figure 4). Accordingly with ANOVA results, the ratio of Mg/Ca had significant differences between winter-spring and autumn cohort (P < 0.05), and also had significant differences in Mg/Ca at different stages (P < 0.01).
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FIGURE 4. Ratios (μmol/mol) of trace elements to Ca in statolith of winter-spring and autumn cohorts of Ommastrephes bartramii from core to rostrum edge.


The Ba/Ca ratio of the two cohorts firstly decreased slowly, then increased. Before 600 μm, the Ba/Ca ratio of the two cohorts was similar. While between 650 and 750 μm, the Ba/Ca ratio of the winter-spring cohort was slightly higher than the autumn cohort (Figure 4). Accordingly with ANOVA results, the ratio of Ba/Ca had no significant differences between winter-spring and autumn cohort (P > 0.05), and had significant differences in Ba/Ca at different stages (P < 0.01).

The Sr/Ca ratio of the two cohorts both showed a “U” trend. It showed a downward trend from the core to 400 μm, and then gradually increased after 400 μm. From the core to 100 μm, the Sr/Ca ratio of the winter-spring cohort was similar to that of the autumn cohort. While after 200 μm, the Sr/Ca ratio of the autumn cohort was greater than that of the winter-spring cohort (Figure 4). Accordingly with ANOVA results, the ratio of Sr/Ca had significant differences between winter-spring and autumn cohort (P < 0.01), and also had significant differences in Sr/Ca at different stages (P < 0.01).

The curve of Na/Ca ratio of two cohorts was similar, showing a “M-shape.” At all stages, the Na/Ca ratio of the autumn cohort was lower than that of the winter-spring cohort (Figure 4). Accordingly with ANOVA results, the ratio of Sr/Ca had significant differences between winter-spring and autumn cohort (P < 0.01), and also had significant differences in Sr/Ca at different stages (P < 0.01).



Multivariate Chronological Clustering

The results show that there were four critical points separated from the core to the edge of statolith which divided the whole life history into five clusters, and since the distance between each cluster is different, the number of ablation spots in each cluster was also different (Figures 5, 6).
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FIGURE 5. Multiple regression tree analysis results for autumn cohort (A) and winter-spring cohort (B) of Ommastrephes bartramii. D represents the length from the core and N represents the number of ablation spots measures.



[image: image]

FIGURE 6. Changing of statolith trace elements to Ca for autumn cohort (A) and winter-spring cohort (B) of Ommastrephes bartramii at different stages.


In the Cluster 1, the two cohorts both contained one ablation spot, and the corresponding age was 0 day. In the Cluster 2, the two cohorts both contained three ablation spots, and the corresponding average ages were 30 days (autumn cohort) and 26 days (winter-spring cohort). In the Cluster 3, the autumn cohort contained four ablation spots and the winter-spring cohort contained three ablation spots, and the corresponding average ages were 74 and 60 days, respectively. In the Cluster 4, the two cohorts both contained four ablation spots, and the corresponding average ages were 134 days (autumn cohort) and 109 days (winter-spring cohort). In the Cluster 5, the autumn cohort contained 2∼5 ablation spots and the winter-spring cohort contained 1∼4 ablation spots, and the corresponding minimum ages were 181 and 145 days, respectively.

Based on the age, growth, and life history of O. bartramii (Chen and Chiu, 2003; Fang et al., 2019), the five cluster in this study were defined as five ontogenetic stages. Cluster 1 represented embryonic stage, Cluster 2 represented paralarval stage, Cluster 3 represented juvenile stage, Cluster 4 represented sub-adult stage, and Cluster 5 represented adult stage (Table 4).


TABLE 4. The summary of distance from the core, ontogenetic stage, and elemental ratios (μmol/mol) for each cluster of different cohorts.
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Migration Route Reconstruction

According to the result of stepwise regression analysis, the optimal regression relations were expressed as follows:

[image: image]

The occurrence probability of different cohorts of O. bartramii at different ontogenetic stages was calculated and the results are shown in Figures 7, 8.
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FIGURE 7. Occurrence probability area of autumn cohort (A) and winter-spring cohort (B) of Ommastrephes bartramii at different ontogenetic stages.
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FIGURE 8. Scheme of reconstructed migration route for autumn cohort and winter-spring cohort of Ommastrephes bartramii based on longitude and latitude center of gravity.





DISCUSSION


Cohorts Variation of Elements

More than 50 elements have been detected in squid statoliths so far (Lu et al., 2013, 2014, 2015, 2019). In this study, eight main elements were studied and analyzed. Statoliths are calcareous tissues, and the main component is calcium carbonate, which accounts for more than 95% of the entire statoliths (Liu et al., 2011b). Therefore, the concentration of Ca in spring-winter and autumn cohorts was the highest. In addition, the concentration of Sr was the second place in two cohorts, and this phenomenon also occurs in some other ommastrephid squid, like D. gigas (Liu et al., 2011a; Lu et al., 2013), Illex argentinus (Lu et al., 2015), and Sthenoeuthis oualaniensis (Lu et al., 2019), which may be related to the element affinity in statoliths (Gillanders et al., 2013). During the formation of statoliths, hard acid ions are easy to enter the statoliths, especially for elements of the homologous element of Ca. The ionic radius of Sr is close to that of Ca. During the deposition of calcium carbonate, Sr ions replace Ca ions into the statoliths, therefore which leading to a higher concentration of Sr element in statoliths (Arkhipkin, 2005). Among these eight elements, except for Mg and Fe, other elements concentration had significant differences in the spring-winter and autumn cohorts. Studies have shown that differences in sea temperature, food sources, and salinity affect the deposition of trace elements in statoliths (Xiong et al., 2015; Li et al., 2021). The migration routes of the spring-winter and autumn cohorts are different, and the habitat environment at each ontogenetic stage is also different, which may cause the difference in element concentration (Fang et al., 2016a; Han et al., 2022).

Our results show that Mg, Ba, Sr, and Na are key elements to discriminate the statoliths microchemistry between the two cohorts. Mg element is a co-factor of adenosine triphosphate (ATP) and contributes to the phosphorylation of enzymes, and plays an important role in the biomineralization of statoliths (Hüssy et al., 2020). Ba element is one of the important “labels” indicating changes in the marine environment, which is usually regarded as an indicator element of upwelling and vertical movement of cephalopods (Zumholz et al., 2007). Sr element is an indispensable element in the deposition process of statoliths, which indicates the changes in salinity and temperature of the squid habitat, and also controls the swimming behavior of individual (Gillanders et al., 2013; Li et al., 2021). Na element indicates the physiological characteristics of the individual (Lu et al., 2014; Xiong et al., 2015). Therefore, the concentration of these elements can not only mirror the life course of the individual, but also reflect the changes in the habitat water environment.



Key Elements to Calcium Ratios in Different Cohorts

The ratios of different elements to Ca in statoliths can objectively reflect the changes in the habitat environment during the growth of cephalopods, and these ratios are an effective tool for reversing their life history and reconstructing migration route (Liu et al., 2016; Li et al., 2021). This study found that the Mg/Ca ratio of the winter-spring and autumn cohorts both showed a downward trend throughout the whole life cycle. Mg element is believed to play an important role in the biomineralization of statoliths (Morris, 1991). Its concentration is related to the deposition of organic substance in statoliths (Bettencourt and Guerra, 2000). As the individual grows, the proportion of organic substance in statoliths decreases (Bettencourt and Guerra, 2000), and the concentration of Mg in statoliths also gradually decreases. Arkhipkin et al. (2004) found that the Mg/Ca ratio of statoliths of Doryteuthis gahi also had a similar trend, the statoliths of immature individuals contained higher Mg/Ca ratio, while the statoliths of mature individuals contained lower Mg/Ca ratio. Zumholz et al. (2007) indicated the Mg/Ca ratio of G. fabricii gradually decreased from the core to the edge of statoliths, and believed that this result was related to the growth rate of the statoliths. Therefore, the distribution pattern of Mg/Ca ratio may reflect the growth process of the individual. Studies by Liu et al. (2011a) and Xu et al. (2021) had shown that Mg/Ca ratio could discriminate between different geographic populations of D. gigas. Similarly, in this study, it was found that there are differences in Mg/Ca ratio between winter-spring and autumn cohorts, especially in the core area (embryonic stage). Therefore, this difference can also provide a basis for the population division of O. bartramii. The Ba/Ca ratio increases with the increase of water depth, and is considered to be an important indicator of the vertical movement of squid (Chan et al., 1997; Liu et al., 2013). The Ba/Ca ratio of the two cohorts first decreased slowly and then increased rapidly with the growth of the individual, which is consistent with the distribution of Ba/Ca ratio of D. gigas (Liu et al., 2011a). In nature, ommastrephids lay gelatinous egg mass (with thousands of eggs) which generally remain at certain depths according to their density (O’Dor and Balch, 1985; Ichii et al., 2009; Vijai et al., 2015). Hatched paralarvae from the floating egg mass gradually ascend to the surface waters, and individuals move to deeper waters layer during the progressive maturation (Liu et al., 2011a; Vijai et al., 2015). Therefore, the change of Ba/Ca ratio of O. bartramii and D. gigas may be caused by the change of habitat water layer at different stages.

The change of Sr/Ca ratio in the two cohorts showed a “U” trend, which was consistent with the results of previous studies (Yatsu et al., 1998). Many studies have shown that the Sr/Ca ratio has a negative correlation with water temperature (Zumholz et al., 2007; Liu et al., 2016; Yamaguchi et al., 2018). However, in the North Pacific, O. bartramii undergo extensive seasonal migration between spawning grounds in subtropical waters and feeding grounds in subpolar waters (Yatsu et al., 1998). They spawn in subtropical waters with relatively higher water temperature. Hatched paralarvae start to migrate northward for food, and finally reach the subpolar waters with lower water temperature (Wang et al., 2021). Thus, the U-trend of Sr/Ca cannot be explained by the temperature alone (Yatsu et al., 1998). In addition to temperature, feeding potentially affect Sr/Ca ratios (Zumholz et al., 2006). From juveniles to adults, they change their diet from crustaceans to fishes and squids (Murata, 1990). Their ratios vary with diet types, thus potentially masking the influences of environmental factors (Zumholz et al., 2006). In addition, the ratio of Sr/Ca had significant differences between winter-spring and autumn cohorts (P < 0.01). When the individuals are in the same ontogenetic stage, different cohorts live in different seasons, and seasonal differences may result in relatively higher water temperatures in the habitat of winter-spring cohorts, which affect the Sr/Ca ratio of different cohorts. Different food types also impacts the Sr/Ca ratio of two cohorts (Zumholz et al., 2006; Liu et al., 2016). During the northward migration, winter-spring cohort mainly prey small pelagic fishes (Cololabis saira) and micronektonic squid (Watasenia scintillans), while autumn cohort mainly fed on squid (Gonatus berryi and Berryteuthis anonychus) and subtropical water myctophids (Ceratoscopelus warming, Symbolophorus californiensis, and Electrona risso) (Watanabe et al., 2004; Ichii et al., 2009; Fang et al., 2016a). Therefore, based on the above conclusions, it could be inferred that the difference in Sr/Ca ratio of two cohorts might be related to the seasonal change of water temperature and different diet types.

The Na/Ca ratio of the two cohorts fluctuated greatly at different stages, and the Na/Ca ratio had significant differences between two cohorts, which might be related to the water environment, food composition, element deposition mechanism and organ development degree of different cohorts in different stages, and the strength of individual respiration and metabolism also affect the absorption of elements (Zumholz et al., 2006; Liu et al., 2011a,b). The food composition, water temperature, and physiological conditions of the two cohorts will change from juveniles to adults (Bower and Ichii, 2005; Ichii et al., 2009), which may result the Na/Ca ratio of the two cohorts fluctuated greatly. Due to the different habitats of different cohorts, the changes of these factors are also different (Bower and Ichii, 2005), which may lead to the difference of Na/Ca ratio between the two cohorts. However, we are not quite clear about how these factors affected the Na/Ca ratio, so we should strengthen the research in this aspect in the later research.



Differentiation of Migration Routes

The movement pattern of squid is closely related to the surrounding environment (Liu et al., 2016). Juveniles of squid has weak swimming capabilities and mainly drifts passively with the movement of the ocean current (Liu et al., 2016; Fang et al., 2019). When they grow to a certain stage, they will actively migrate for a long distance in order to feed and spawn (Fang et al., 2019; Li et al., 2021). Current is the main factor that determines the passive movement of squid, while feeding and spawning are important factors that determine the active movement (Liu et al., 2016; Fang et al., 2019; Li et al., 2021). Therefore, the reconstruction of migration routes of squid can improve our understanding of population dynamics and growth characteristics, and provide a reference for resource assessment and management of this species.

Based on the MRT model, five clusters were identified through chronological clustering. Combined with the age study of O. bartramii (Chen and Chiu, 2003; Fang et al., 2019), the time period of the five clusters could be defined as the five life stages in the process of ontogeny: embryonic stage, paralarval stage, juvenile stage, sub-adult stage, and adult stage. By analyzing the element of different ontogenetic stages and combining environmental factors, the migration routes of different cohorts of O. bartramii can be reconstructed. Studies have shown that water temperature was an important environmental factor affecting the growth and distribution of squid (Gillanders et al., 2013; Li et al., 2021). In previous studies, only SST was selected to study migration route (Liu et al., 2016; Fang et al., 2019). However, squid perform vertical migrations, and the temperature of different water layers also affects its distribution. Therefore, this study selected the temperature of different water layers (Temp_100 and SST) to explore the migration routes of O. bartramii.

Studies have shown that both the winter-spring and autumn cohorts migrated from spawning grounds in subtropical waters to feeding grounds in subarctic waters (Ichii et al., 2009), which is consistent with the results shown in this study. However, there were differences in the habitats of different cohorts at different stages. This study showed that the range of highest probability occurrence of embryonic stage between autumn and winter-spring cohorts was different, and the range of the autumn cohort was 28–33°N, 163–175°E, the range of the winter-spring cohort was 22–30°N, 132–160°E. Ichii et al. (2009) described that the optimum spawning SST range for O. bartramii underwent seasonal movements to the south during winter and to the north in summer. As a result, the latitude of the spawning ground of the autumn cohort is higher than that of the winter-spring cohort. It is known that squid at the early life stage (e.g., egg, paralarvae, and even juvenile) lack the ability to actively swim and only passively move with the currents (Ichii et al., 2009; Nishikawa et al., 2014, 2015). In autumn, Kuroshio extension current (KEF) has higher average eastward velocity at 33–37°N (Ichii et al., 2009). As the current moves, the eggs, paralarvae, and juveniles of the autumn cohort passively move eastward. During the sub-adult and adult stage, the squid continued to move to the northeast to feed and migrated to the subarctic border waters in May (Fang et al., 2019). Finally, fishing vessel caught squid at 39–42°N from May to July. The migration of the winter-spring cohort is also affected by the Kuroshio Current (Fang et al., 2019). Watanabe et al. (2008) indicated that for the winter-spring cohort of O. bartramii to actively 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 results shown in this study. The highest probability occurrence of sub-adult stage reached 40°N, which is the Kuroshio–Oyashio transition and Kuroshio regions and has a prey-rich environment (Watanabe et al., 2008). Therefore, it is the highest probability of nursery grounds for O. bartramii (Ichii et al., 2009). The squid continued to move to the north and reached 40–45°N at adult stage. After October and November, O. bartramii reached the peak of sexual maturity and began to migrate to the south (Ichii et al., 2009; Fang et al., 2019), which is confirmed by squid caught at 39°N in November.




CONCLUSION

We analyzed the composition and concentration of elements in O. bartramii statolith of different cohorts, and reconstructed their migration route based on the relationship between water temperature and the ratios of key trace elements to Ca. The reconstructed migration route was roughly consistent with previous studies, which presented a northward migration from spawning grounds in subtropical waters to feeding grounds in subarctic waters. The growth of the squid is not only affected by water temperature, but also by currents, food, salinity, etc. Climate events (El Niño and La Niña events, etc.) also affect the distribution of its habitat. Therefore, we can try to add other environmental factors to explore the migration routes of squid or explore the difference in the migration routes of different years in the future research. In addition, in future research, we can also combine stable isotopes (δ13C and δ15N) to trace the source and feeding route of individual to determine the habitat distribution. Based on the above methods, a more comprehensive and complete migration routes of O. bartramii will be further reconstructed to provide more effective new information for the resource management.

In addition, our fishing location is located in the feeding ground for O. bartramii, we can only get the migration route of O. bartramii from the spawning ground to the feeding ground. However, the route of migration from feeding grounds to spawning grounds is not clear. In future research, we hope to overcome this difficulty by changing the fishing location, so as to achieve the reconstruction of the complete route of O. bartramii.
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10.46 + 1.54
12.567 £ 1.68
17.690 £ 2.21
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Parameters of laser UP-213 Parameters of Agilent 7700x ICP-MS

Wave length 193 nm Frequency of RF 1,350 W
Energy density 8.0 J/lom—2 Speed of plasma Ar (15 L/min—1)
Sample gas He(0.65 L/min~—1) Speed of added gas Ar (1.0 L/min—1)
Spot diameter 30 pm Complement gas Ar (0.7 L/min—1)
Frequency 5Hz Depth of spot 5mm

Spot method Spot Mode of detector Dual
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Significance

Cohort Element Concentration (ppm) Cohort Element Concentration (ppm)
Min Max Mean + SD Min Max Mean + SD

Autumn cohort Ca 407198.36 409385.05 408295.27 + 402.33 Winter-spring cohort Ca 402789.02 409209.83 408114.58 +476.70 P < 0.00
Sr 5407.12  7733.18  6280.01 £ 446.12 Sr 527413  7891.49  6130.17 £+ 463.16 P < 0.00
Na 3717.46  5478.50  4744.89 £ 328.05 Na 387414  6309.13  4976.37 + 351.22 P < 0.00
Fe 45.94 503.65 105.00 £ 74.51 Fe 63.63 527.86 167.48 £ 87.72 P < 0.00
Mg 19.65 287.66 58.52 + 48.72 Mg 22.44 290.68 58.20 + 44.44 P> 0.05
Ba 1.31 12.25 5.66 +1.97 Ba 1.89 10.98 5.26 +1.63 P < 0.00
Mn 0.05 70.49 4.28 +£7.66 Mn 0.05 91.32 4.71 £9.60 P> 0.05
Li 0.02 1.83 0.77 £0.39 Li 0.02 2.58 0.84 +£0.42 P < 0.00
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Area Month Locations

Eastern May 2020 169°59'W-175°36'W; 39°09'N-40°09'N
June 2020 173°52'W-175°25'W; 40°25'N-40°55'N
July 2020 174°14'W-174°29'W; 40°16'N-41°23'N

Western August 2020 166°40'E; 42°25'N
September 2020 161°04'E-160°11'E; 44°06'N-44°47'N
October 2020 156°20'E-166°50'E; 44°10'N-44°23'N
November 2020  149°22'E-149°30'E; 39°34'N-39°44'N

N, number of samples collected.

N Mantle length/mm Age range (days) Sex ratios (Male : Female) Hatching month

10
15
5

8

14
14
14

300-407
345-463
367-501
257-347
276-322
270-394
342-397

201-294
241-308
2556-346
167-248
189-226
191-281
237-297

0:1

1:2

August-October
August-September
August-October
January-February
February-March
January-March
February-March
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Temp_100,uumn cohort = 13.773 + 1.205 x 107% x Mg/
Ca—1.688 x 10 x Sr/Ca(R® = 0.78,P < 0.05)
SSTqutumn cohort = 22.56 — 0.709 x Ba/Ca + 2.940

x 107 x Mg/Ca (R* = 0.76,P < 0.01)
Temp_100yiner—spring cohort = 108.671 — 6.827 x 107>

x Sr/Ca+ 0.167 x Ba/Ca(R* = 0.84,P < 0.01)

SSTwinter—spring cohort = 15.845 — 1.292 x 10~ x Sr/Ca

—0.133 x Ba/Ca + 2.120 x 1072 x Mg/Ca + 3.652
x 1074 x Na/Ca (R?> = 0.79,P < 0.01)
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