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Uroteuthis edulis (Hoyle, 1885) is an Indo-Pacific squid species widely distributing in the western Pacific, and commercially important especially in Japan and Taiwan. It has been suggested that some individuals are possibly transported from the spawning ground in north Taiwan to the coasts of Japan, however, the strength of population connectivity between those areas and its influence on U. edulis population dynamics were unveiled. To understand the U. edulis population connectivity in this area, the correlations between statolith trace elements and abiotic/biotic factors were examined first, and then squid experienced environments were postulated throughout their entire life cycle. Sr/Ca ratio showed a strongly negative correlation with ambient water temperature but no correlation with individual growth rate, suggesting that Sr/Ca ratio can be used to reflect squid experienced temperatures. Most squid caught in the Sea of Japan hatched in the areas having similar water temperature with where Taiwanese squid hatched, that would be off the north Taiwan or even warmer area. Statolith trace elements successfully distinguished the catch locations but not the hatching grounds, implying that hatching grounds of Japan and Taiwan squid were largely overlapped. Thus, we suggest that there is strong population connectivity of U. edulis population between southern Japan and northern Taiwan. As there was no clear evidence for existence of local population hatched in the Sea of Japan in this study, U. edulis population might display a source-sink population dynamics, that is, population in Taiwanese waters and/or further south as the source, and the one in the Sea of Japan as a sink population. As U. edulis should be considered as a metapopulation, collaboration among countries in the northwestern Pacific is required for sustainable fishery management of this species.
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1 Introduction

Population connectivity, which is defined as the exchange of individuals among geographically separated subpopulations, has been regarded as one of the crucial processes for species evolution, population dynamics, and community persistence to climate change (Lowe and Allendorf, 2010; Kool et al., 2013). Population connectivity over large geographical areas has been commonly found in many squid species (Loligo reynaudii and Doryteuthis pealeii, Shaw et al., 2010; Sepioteuthis australis, Smith et al., 2015), that local populations are connected by not only the highly mobile adult stage but also long-distance transport of planktonic paralarval stage (Boyle and Rodhouse, 2005). For instance, adult individuals of large-size squid species migrate long distance between feeding and spawning grounds to expand their distributions (Illex argentines, Arkhipkin, 1993; Dosidicus gigas, Nigmatullin et al., 2001; Todarodes pacificus, Sakurai et al., 2002). On the other hand, currents dispersal during squid early life stages and the survival of the transported individuals is strongly associated with squid distribution (Illex illecebrosus, Dawe et al., 2007; Ommastrephes bartramii, Chen et al., 2012). Previous squid population studies mostly focus on genetic connectivity, indicating a high level of gene flow commonly found among squid subpopulations over large geographical areas (Shaw et al., 2010; Smith et al., 2015; McKeown et al., 2019). Many squid populations should be considered as metapopulations (Lipiński et al., 2016), however, demographic connectivity and its impacts on population dynamics have rarely been addressed due to the time-, labor- and cost-intensive nature of collecting demographic data at spatial and temporal scale (Drake et al., 2022). As ignoring demographic connectivity among different regions could easily lead to biases of impacts of connectivity on population dynamics and overexploitation (Fogarty and Botsford, 2007; Ying et al., 2011; Kerr et al., 2017), it is parament to incorporate demographic data (e.g. occupancy, abundance) into connectivity analysis to better understand the spatiotemporal dynamics of spatially structured populations for effective squid fishery management (Carson et al., 2011; Drake et al., 2022).

Squid statoliths are composed of aragonitic calcium carbonate similar to that in corals, shells of gastropod and bivalve, and fish otoliths (Smith et al., 1979; Campana and Neilson, 1985; Zacherl et al., 2003; calcium carbonate matrix of statolith: Arkhipkin, 2005). Trace elements in the statolith have been widely used as a proxy to distinguish different geographical groups and to identify natal origins (Loligo gahi, Arkhipkin et al., 2004; Dosidicus gigas, Liu et al., 2015; Sepioteuthis lessoniana, Ching et al., 2019; Illex argentinus, Avigliano et al., 2020a). For example, elemental signatures in the statolith of Loligo gahi varied significantly among geographical and seasonal cohorts (Arkhipkin et al., 2004). Even though no genetic difference was detected among the cohorts (Shaw et al., 2004), these cohorts were assumed as distinct subpopulations with sufficient gene flow (Arkhipkin et al., 2004). Warner et al. (2009) showed that concentrations of trace elements in statolith cores of the adult California market squid Doryteuthis opalescens closely resembled the elemental signatures in statolith of paralarvae caught on the spawning ground, which opened the possibility to identify the source populations for geographical and seasonal stocks. Thus, statolith trace elements can be used as natural markers for connectivity studies. Specifically, the Sr/Ca ratio showed potential as an indicator of ambient water temperature according to the negative correlation between water temperature at capture and the Sr/Ca ratio at the edge of statoliths in Doryteuthis gahi from the Southwest Atlantic (Arkhipkin et al., 2004). Ultimately, statolith trace elements and their relationships with environmental conditions enable to distinguish cohorts that hatched in different spawning grounds and further reconstruct squid experienced environments (Ikeda et al., 2003; Jones et al., 2018).

The swordtip squid Uroteuthis edulis (Hoyle, 1885) is a medium- to large-sized neritic squid (maximum mantle length ~ 410 mm) distributed widely from southern Japan, across the South China Sea to the Philippine Islands and perhaps even to the continental shelf of northern Australia (Jereb and Roper, 2010). It is a commercially important fishery species of the Northwest Pacific area (FAO, 2016), particularly in coastal waters off southern Japan and northern Taiwan (Kawano, 2006; Wang et al., 2008). Life-history traits of U. edulis show great geographical and seasonal variations (Pang et al., 2020, Pang et al., 2022). The main spawning season is summer for U. edulis population in Japan, and winter spawning squids of U. edulis in southern Japan showed higher growth rate than spring and summer spawning squids (Pang et al., 2020). U. edulis in northern Taiwan spawn all year around with two spawning peaks in spring and autumn (Wang et al., 2008), with spring-spawning squid mature at a younger age than autumn-spawning ones (Pang et al., 2020). The hatching ground of U. edulis in Taiwan was suggested to be in and around the coastal water of northern coast of Taiwan (Wang et al., 2008), yet the hatching ground of U. edulis caught in Japan was still unclear. Furthermore, population fluctuations of U. edulis in the localities around Japan and Taiwan display contrasting patterns: the catch in Taiwanese waters has greatly increased since 1990, while that in Japanese waters has decreased steadily since 1988. An analysis of the relationship between squid catch and environmental parameters revealed that high water temperature was correlated with both the positive effect on the Taiwanese catch and the negative effect on the Japanese catch (Pang et al., 2018). Yet, the underlying mechanisms of local U. edulis population fluctuations remained elusive.

Previous studies focused on the U. edulis migratory routes in northwest Pacific, which is strongly driven by complex current systems (Figure 1A). Previous studies suggested that U. edulis hatched in the southern East China Sea and migrates to Japan (Yamaguchi et al., 2015, Yamaguchi et al., 2018, Yamaguchi et al., 2020), specifically, individuals collected in Tsushima Straits in June and August might be transported from the south with Kuroshio Currents (Yamaguchi et al., 2015), while those collected in October with Taiwan Warm Current (Yamaguchi et al., 2018). However, the information from those studies were limited with discontinuous sampling months and a small number of individuals. Our previous work on U. edulis life cycle also implied that Taiwan population might recruit to the Japan summer spawning group as there were few mature individuals found in Japan during its hatching season (Pang et al., 2020). For better understanding of the U. edulis population dynamics, not only the migratory routes but also the strength of its population connectivity across spatiotemporal scales would be necessary.




Figure 1 | (A) Sampling localities (stars) off the Tsushima Islands (Japan) and off Keelung (Taiwan) and major current systems around the sampling locations. a, Kuroshio current; b, Tsushima warm current; c, East China Sea mainland coastal current; d, Taiwan Strait warm current. (B) Mean monthly sea surface temperature of waters off the Tsushima Islands and off Keelung during 2017-2020. The bars represent standard deviations.



Therefore, in this study, statolith elemental analysis was conducted on the U. edulis squid population collected in Japan and Taiwan simultaneously for continuous three years. Firstly, variation in statolith trace elements were examined considering biotic and abiotic factors. Secondly, life trajectories of Sr/Ca ratio were applied to postulate the experienced environment. Finally, we discuss the population connectivity between southern Japan and northern Taiwan and its potential impacts on squid survival and maturation, and the underlying mechanism of U. edulis populations fluctuation to provide useful guidance as to appropriate fisheries management of this species.




2 Methods



2.1 Sampling

Uroteuthis edulis Hoyle were collected in Japanese and Taiwanese waters (Figure 1A). Sea surface temperature (SST) in the waters off northern Taiwan was warmer and less variable throughout the year (19.7°C – 29.7°C, mean 25.2°C) compared to that in the waters off southern Japan, which was cooler and more variable among months (14.4°C – 29.2°C, mean 20.7°C; Japan Meteorological Agency, 2022, Figure 1B). Information of the samples were summarized in Table 1. Samples from Japanese waters were collected each month from May 2017 to August 2020, using inshore set-nets located off northern Tsushima Island (depth 30–36 m, 34.33–34.39°N, 129.17–129.30°E, Figure 1A). Fishermen separated the squid into six size classes, with about 4 kg of squid sampled from each size class (about 15 individuals for the largest class and 120 for the smallest). Measurement data were scaled by the total catch weight of each size class on any given sampling date to avoid size selection biases. Squid from Taiwanese waters were obtained by bottom-trawl during two main spawning seasons in May-July and September-November from 2017 to 2019, at 110 m depth in the southern East China Sea (25.50–26.00°N, 121.50–122.50°E, Figure 1A). Both samples from Japan and Taiwan were collected between sunset and sunrise. As the catches in Taiwan were small and unsorted, all collected squid were taken to the lab as samples for further analysis. Due to the long-distance transportation, all the samples delivered to the lab were frozen, and thawed on the day of dissection. For each squid, mantle length (ML) was measured to 1mm, and the stage of sexual maturity was determined based on stages reported for Doryteuthis plei (Perez et al., 2002; Pang et al., 2020, Pang et al., 2022). In this study, for each sampling month, the proportion of mature individual (the sum of mature females and males to all individuals) was calculated. Catch information of the squid samples is summarized in Table 1.


Table 1 | Summary of catch data for Uroteuthis edulis sampled from the waters off (A) Tsushima and (B) Keelung.



Due to the large monthly variation in catches and the proportion of mature individuals in the Japanese population every year (Table 1), samples from the continuous three years were used to eliminate the sampling bias and understand the population structure accurately. For Japanese squid, we categorize catch into the four boreal seasons of spring (March-May), summer (June-August), autumn (October-December) and winter (December-February). We attribute mature individuals to spawning seasons based on the month of capture, for example, mature individuals caught during March-May in waters off southern Japan are considered to be spring spawning group (J spring). Taiwan population was divided into two major spawning groups: spring spawning group (T spring, May-July) and autumn spawning group (T autumn, September-November).




2.2 Age determination

Statoliths is formed in the statocysts, cavities in the cranial cartilage, before hatching and continue growing after hatching by the deposition of an organic-rich (translucent) zone and an organic-poor (opaque) zone every day (Barker et al., 1997). This deposition process provides an accurate daily increment, which is commonly accepted for age determination in many loliginid squid species (Jackson, 2004). Thus, growth increments on the statoliths of U. edulis are assumed to be deposited daily (Natsukari et al., 1988), as in other loliginid squids (Patterson, 1988; Villanueva, 2000; Arkhipkin, 2005). Representative sub-samples were selected from both female and male squids across the size distribution of squids for statolith microstructure analysis and age determination. The left statolith was used for age determination, and the right one was kept for further trace elemental analysis. Statoliths were attached to a microscope slide using Crystalbond 509, ground on both sides along a transverse plane using fine waterproof sandpapers (1000–4000 grit), and polished with cloth before observation. Statolith microstructure was examined by light microscope under transmitted light at ×400 magnification. The hatching ring was defined as the first thick black ring around the nucleus (Arkhipkin, 2005). Growth increments of each statolith were manually read from the hatching ring to the edge of the rostrum using a light microscope connected to a video monitor and an otolith reading system (Otolith 8 software, Ratoc System Engineering Co., Ltd.). The statolith growth increments were counted twice, with an interval of at least 3 months between readings. Only when the counts differed by less than 10%, the mean of the two counts was used as the estimated squid age in days. When increment definition was poor, or the statolith was over-ground, the sample was discarded. Age of 1268 Japanese, and 371 Taiwanese squids were successfully determined.




2.3 Trace element analysis

From these individuals whose age were successfully read, representative sub-samples were selected for statolith microstructure analysis. The right statoliths were cleaned using distilled water and fixed in the resin with the anterior side on the surface for grounding. Statoliths were grounded using fine waterproof sandpapers (2000-4000 grit) until the nucleus and statolith increments could be clearly observed. Each resin sample with grounded statolith was cut into 5mm cylinder cube and contaminants were removed from the ground surfaces using ethanol prior to analysis. The elemental analysis was performed successfully for, using sector field inductively coupled plasma mass spectrometry (ICP-MS, Element XR, Thermo Fischer Scientific), coupled to the 193 nm ArF excimer laser ablation system (RESOlution M-50, Resonetics) installed at the Atmosphere and Ocean Research Institute (Amekawa et al., 2016). Total 426 individuals, including female and male squids across a wide size distribution from both Taiwan and Japan, were successfully analyzed. The following trace elements were quantified at each ablation spot: 88Sr, 24Mg, 37Ba, 11B, 131P, 55Mn, 238U, with 42Ca used as an internal standard to account for variation in ablation yield. The concentrations of elements Mn and U were occasionally below zero, therefore those were removed from further statistics analysis.

For each statolith, ablation spots were made along the axis of growth from the nucleus to the marginal edge of the rostrum at even intervals (Figure 2). The diameter of each ablation spot was 60 μm, which contains approximately 15-20 days of statolith increments. The interval between two ablation spots was 120 μm. The number of ablation spots ranged from 8 to 12 per statolith, depending on the total length of statolith. To minimize the risk of cross-calibration and establish appropriate and reliable calibration standards, two ablation spots of a glass standard (NIST-SRM614) and two ablation spots of a pressed powder carbonate standard material (JCp-1) with the same size (60 μm) were added to both before and after analysis of each statolith. Each ablation spot was measured with an energy density of ~7 J/cm2, a pulse rate of 5 Hz, a signal integration time of 60 s and a continuous He gas stream to the ICP-MS (Supplementary Table S1).




Figure 2 | Image of ground statolith with ablation spots from the central nucleus to the rostrum edge.






2.4 Statistics analysis

Elemental ratios were calculated in comparison to certified values of JCp-1 (Okai et al., 2002; Amekawa et al., 2016). Each element was standardized to calcium as trace element/Ca ratios. As the squid conduct diel vertical migration at a water layer of 50-75m, monthly data on 50m depth water temperatures (50m WT) and SST at both sampling locations were collected from the database of Japan Meteorological Agency.

The correlation between all the statolith trace element concentrations at the ablation spot on rostrum edge, which is the part precipitated the most recently, and 50 m WT or SST at capture were examined using Pearson correlation analysis (Berman, 2016). To examine if individual instantaneous growth rate would affect elemental uptake rate, the correlations between average statolith increment width (SIW) and statolith trace element concentrations at the corresponding ablation spot were examined. Seven-days moving average of SIW was calculated for each individual. Two ablation spots were selected: the one located at the highest average SIW, and the another at the edge of rostrum. Then the average SIW (around 20 increments per spot) at these two spots were calculated for each individual to conduct further correlation analysis with statolith trace element concentrations.

Since Sr/Ca ratio showed the strongest correlation with ambient water temperature (Table 2), Sr/Ca ratio at the statolith nucleus/rostrum edge from the same hatch/catch month were averaged and compared between Japan-caught and Taiwan-caught individuals using one-way ANOVA and pairwise post hoc test (Tukey method). As the assumption of ANOVA test is the normal distribution of the data, Levene’s test was applied to check the homogeneity of variances across groups. If the assumption was not met, the alternative Kruskal-Walls rank sum test was applied.


Table 2 | Correlations between trace element concentrations of the ablation spot at the statolith rostrum edge and (A) 50-m water temperature (WT) or SST at capture (n = 419); (B) maximum statolith increment width (SIW) or SIW at the rostrum edge (n = 417).



Furthermore, data of Sr/Ca ratios from the nucleus to the rostrum edge were applied to reflect the experienced environment of each mature individual throughout all life stages. The sample size, hatching period, age range, and ML range of mature individuals applied in establishing Sr/Ca ratio life trajectory for each spawning group were listed in the Table 3. Since age determination and trace elemental analysis were conducted on each of the two statoliths for each individual, the age interval of each individual was calculated by dividing the age of the individual by the number of its statolith ablation spots minus one. For each spawning group, a life trajectory of Sr/Ca ratios was established: estimated age at each ablation spot of mature individuals was used as independent variable, and the corresponding Sr/Ca ratio in the transect from nucleus to the rostrum edge as dependent variable. Polynomial models with different degrees from two to six were tested and compared using AIC (Akaike information criterion) to find the fit model for Sr/Ca ratio trajectories. A biquadratic polynomial function with a degree of four was selected because the AIC values polynomial models with a degree between four and five showed small differences, and we found it sufficient to describe the relationship between Sr/Ca ratio and its corresponding age while not overfitting.


Table 3 | Sample size (N), hatching period, age range, and ML range of mature individuals applied in Sr/Ca ratio life trajectories for each spawning group.



Principal component analysis (PCA) is a classical linear classification analysis, which has been widely applied for high dimensional data to facilitate visualization and interpretation (Chen et al., 2018; Feng et al., 2019). To better identify statolith trace elements for distinguishing geographical groups, a PCA was conducted to distinguish the difference between catch locations (Japan or Taiwan) using the concentration ratios of five trace elements in the ablation point at the rostrum edge. Similarly, the concentrations of five trace elements at the statolith nucleus were applied in the PCA to examine the difference of hatching grounds between Japan- and Taiwan-caught squid. All the statistical analysis were conducted using R-4.1.2.





3 Results



3.1 Correlations of statolith trace elements with water temperature and instantaneous growth rate

Both 50 m WT and SST showed significant negative correlations with Sr/Ca and positive correlations with Mg/Ca ratios (Table 2A; Figure 3). These correlations were stronger for 50 m WT than SST. Negative correlations were also found with the Ba/Ca ratio and 50 m WT as well as the B/Ca ratio and SST. The negative correlation between Sr/Ca ratio and 50m WT was the strongest among all trace elements. No significant correlations were observed between P/Ca ratio and water temperature.




Figure 3 | Correlations between (A) SST and Sr/Ca ratio at the rostrum edge; (B) 50-meter water temperature and Sr/Ca ratio at the rostrum edge; (C) SST and Mg/Ca ratio at the rostrum edge; (D) 50-meter water temperature and Sr/Ca ratio at the rostrum edge.



Correlations between statolith trace elements with individual instantaneous growth rate were examined further (Table 2B). Only Mg/Ca ratio had a strong positive correlation with instantaneous growth rate represented by either maximum SIW or SIW at the rostrum edge. Therefore, excluding from the influence of individual growth, the Sr/Ca ratio was considered to be the most suitable elemental signature to represent the water temperature experienced by each individual.




3.2 Comparison of Sr/Ca ratio at the statolith nucleus and rostrum edge among the months of catch and hatching

Since the monthly difference in 50 m WT was negligible throughout the year (approximately 0.5°CC difference for each month among years), means were calculated for the entire three years of data of 50 m WT and Sr/Ca ratios at the corresponding ablation spots for each catch and hatching month. Sr/Ca ratios at the statolith rostrum edge caught in each month are compared for Japanese and Taiwanese individuals in Figure 4A. Sr/Ca ratios at the rostrum edge were higher in Japanese individuals than those in Taiwanese individuals from the same catch month (May: F = 52.96, P < 0.001; June: F = 11.015, P = 0.0016; July: F = 10.638, P = 0.0016; November: F = 8.517, P = 0.010) except October (F = 1.432, P = 0.247).




Figure 4 | (A) Mean ± SD for Sr/Ca ratios at the ablation spot at the statolith rostrum edge for each month for squids sampled monthly from Japan (Tsushima) and Taiwan (Keelung). Superimposed is the mean monthly 50 m water temperature (WT) at these locations. (B) Mean Sr/Ca ratios at the ablation spot of the statolith nucleus for each month from Japan and Taiwan. The number of squid sampled each month is shown above each bar. Significant differences between Japan and Taiwan were present for the months indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001.



Similarly, mean Sr/Ca ratios at the nucleus (hatching) were calculated for each month and compared between Japanese and Taiwanese individuals (Figure 4B). The Sr/Ca ratios at the nucleus were higher in Taiwanese than in Japanese individuals in September (F = 4.126, P = 0.046), October (F = 5.969, P = 0.017), November (F = 12.267, P = 0.002) and February (F = 5.719, P = 0.025).

In addition, the Sr/Ca ratio at the nucleus of Japanese individuals was similar or even lower than that at the rostrum edge of individuals caught in Taiwan in the same month (Figure 5, September: F = 15.904, P < 0.001), suggesting that Japanese individuals hatched in the waters at a similar temperature with that off northern Taiwan, or an even warmer area.




Figure 5 | Mean Sr/Ca ratios at the ablation spot at the statolith nucleus for each month from Japanese squid, and that at the statolith rostrum edge for each month from Taiwanese squid. Sample numbers are indicated above the bar for each data set. Significant differences between Japan and Taiwan are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001.






3.3 Polynomial model describing individual Sr/Ca ratio life trajectory

To illustrate the changes in water temperature experienced throughout the entire squid life cycle, a polynomial model was applied to each seasonal spawning group of Japan and Taiwan to reflect squid experienced temperatures change (Supplementary Table S2).

As for Sr/Ca ratio life trajectories of Japanese mature individuals, great seasonal variation was observed among the spawning groups (Figure 6). Even though Jwinter spawning group hatched in a warmer environment than Jspring spawning group, Jwinter and Jspring spawning groups experienced a similar stable temperature change during May-January, and then moved to a colder environment when approaching the spawning grounds off southern Japan from January to May (Figures 6A, B). On the opposite, the water temperature that Jsummer spawning group experienced slightly decreased during the transport in September-May, and increased during the spawning season (Figure 6C). Overall, Jsummer spawning group experienced relatively overall higher temperature profile throughout its life cycle.




Figure 6 | Sr/Ca ratio life trajectories on a real time scale for squid sampled off Japan. (A) the winter (December to February) spawning group (n=59), (B) the spring (March to May) spawning group (n=64), (C) the summer (June to August) spawning group (n=90) (see text for sampling details). Lines represent polynomial functions fitted to individuals that hatched at different times.



On the other hand, Tspring and Tautumn spawning groups also showed distinct Sr/Ca ratio life trajectories (Figure 7). Tspring spawning group lived in a relatively steady temperature throughout the life cycle (Figure 7A), while Tautumn spawning group hatched in a warmer environment, moving to a colder area in May and then came back to a warmer spawning group in autumn (Figure 7B).




Figure 7 | Sr/Ca ratio life trajectories for squid captured off Taiwan on a real time scale for (A) the spring spawning group (n=62), and (B) the autumn spawning group (n=36) (see text for sampling details). Lines represent fitted polynomial functions.






3.4 Distinguishing populations using trace elements at the statolith rostrum edge and nucleus

To examine the capacity of statolith trace elements to distinguish populations, the variation in elemental concentrations in the ablation spot at the rostrum edge were analyzed using PCA. PC1 explained 29.49% and PC2 22.65% of the total variance (Figure 8A). All trace elements were negatively correlated with PC1, except Mg/Ca ratio. Sr/Ca ratio contributed the most to the PC1. The score plot shows that most of the individuals caught in Taiwan showed higher values of PC1 than many individuals caught in Japan.




Figure 8 | Principal component analysis biplot of five trace elements (Sr/Ca, Mg/Ca, Ba/Ca, P/Ca and B/Ca) in the ablation spot at the statolith rostrum edge (A) and statolith nucleus (B). The score plot points indicate the value for each individual squid at the location of capture (black symbols: Japan; grey symbols: Taiwan).



To distinguish the hatching environment between individuals caught in Japan and Taiwan, another PCA was applied to the variation of elemental concentrations in the ablation spot at the statolith nucleus. The first two factors, PC1 and PC2, explained 31.59% and 22.02% of the total variance, respectively (Figure 8B). Both the Mg/Ca and Sr/Ca ratios were positively correlated with PC1. The P/Ca ratio was negatively correlated with PC1. However, for both PC1 and PC2, the score plots of elemental concentrations in the ablation spot at the statolith nucleus overlapped broadly between squid individuals from Japan and Taiwan. This implies that the hatching environments of Japan individuals were also highly overlapped with Taiwan individuals, which could be in and around northern coast of Taiwan.





4 Discussion



4.1 Variation in statolith trace elements of U. edulis and its associated factors

Various abiotic and biotic factors influence Sr/Ca ratio in the otoliths/statoliths, such as water temperature, ambient water elemental concentration, diet and metabolic effects (Walther and Thorrold, 2006; Doubleday et al., 2013). Strontium has been found to be significantly correlated with water temperature (Smith et al., 1979; Rodhouse et al., 1994; Ikeda et al., 2003). Previous studies have used the mean trace element concentration of the whole statolith and the mean temperature experienced throughout the individual life cycle to examine the correlations between trace elements and ambient water temperature, which cannot be precise (Arkhipkin et al., 2004; Liu et al., 2015). In the present study, multiple data of the Sr/Ca ratio at the rostrum edge were obtained to examine its relationship with ambient water temperature at capture, and provided more convincing evidence of the influence of water temperature on the individual uptake rate of strontium. Our result suggested that Sr/Ca ratio in the ablation spot at the statolith rostrum edge was negatively correlated with 50 m WT in U. edulis, which is in consistent with negative correlation between Sr/Ca ratio and water temperature obtained from experiments on captive U. edulis by Yamaguchi et al. (2015). However, as observed in this study, variance was large. Therefore, a direct estimation of the water temperature experienced by squid from the correlation with Sr/Ca ratio would not be robust. Hence, this study was not aimed to estimate the absolute value of water temperature through Sr/Ca ratio, but to contribute to a better understanding of water temperature conditions throughout squid life cycle.

Strontium concentration in the oceanic water can be affected by inshore factors and show great geographical difference (Lebrato et al., 2020). However, in this study, the hatching/fishing grounds of squid are far enough from inshore, which can be considered the similar environment as open ocean. In addition, winter Sr/Ca ratio of coral skeleton around Kyushu area, southern Japan is 9.8 mmol/mol (Hirabayashi et al., 2013), which is about 9.2 mmol/mol at Ishigaki Island near northern Taiwan (Mishima et al., 2010). Hence, though the ocean environments are different between southern Japan and northern Taiwan, strontium concentration reflected from coral skeletons suggested that the difference of Sr/Ca ratio in squid statolith owing to geographical differences appears to be not great in this area.

Although elemental composition was assumed to be primarily influenced by the physiochemical properties of the water, biological process such as diet, metabolism, ontogeny and diel vertical migration, would also influence the elemental composition in the statoliths. For example, some laboratory rearing experiments with the cuttlefish Sepia officinalis found a lack of temperature effects on its statolith Sr/Ca ratio, but did show the effect of diet on it (Zumholz et al., 2006, Zumholz et al., 2007). Most of the U. edulis specimens examined in the present study had empty stomachs. Even if a few individuals had something remaining in their stomach, it would provide only a snapshot of the diet and cannot provide a meaningful measure of the influence of diet on statolith elemental signatures. Therefore, dietary impact was excluded in the present study.

Sr/Ca ratio showed no correlation with the instantaneous growth rate as estimated from either maximum SIW or SIW at the rostrum edge in this study. No difference of Sr/Ca ratio in the statoliths of jumbo flying squid Dosidicus gigas was detected between those sampled in El Niño years and normal years, though there was a 2.5°CC difference in water temperature between these two years (Ikeda et al., 2002a). Such results are possibly due to the occurrence of vertical migration (Yatsu et al., 1998; Ikeda et al., 2002b) and daily periodicity in the Sr/Ca ratio (Ikeda et al., 2002b), which mask its relationship with ambient water temperature. On the other hand, experiments on captured squid maintained at a constant temperature showed great individual variability of statolith Sr/Ca ratio in Heterololigo bleekeri (Hosono et al., 2022). Therefore, the observed strong variability in the relationship between the Sr/Ca ratio and water temperature would be an intrinsic individual difference in the squid species.

Magnesium is another element of interest in the statolith chemistry (Arkhipkin et al., 2004; Warner et al., 2009; Liu et al., 2011). Although magnesium is distributed uniformly in the ocean, the precipitation of magnesium has been found to be physiologically regulated in cephalopods (Kristensen, 1980; Arkhipkin and Bjørke, 2000). The Mg/Ca ratio in the statolith of U. edulis was positively correlated with ambient water temperature, consistent with the relationship observed in coral skeletons (Mitsuguchi et al., 1996). Similar to coral skeletons (Smith et al., 1979), the statolith Mg/Ca ratio was positively correlated with growth rate in the embryos of cuttlefish Sepia apama, adults of Doryteuthis gahi and Dosidicus gigas (Arkhipkin et al., 2004; Gillanders et al., 2013; Liu et al., 2011). The present study found a similar positive relationship between the Mg/Ca ratio and the instantaneous growth rate as estimated from either maximum SIW or SIW at the rostrum edge, which suggested that Mg/Ca ratio is influenced by squid metabolism and not suitable to indicate the environmental conditions.

Barium enters coastal seas from river water, runoff and upwelling from deep water (Chan et al., 1977). The concentration of barium increases with depth, and has a nutrient-type distribution in the ocean (Lea et al., 1989). Ba/Ca ratio is negative to temperature and showed no relation with salinity in the statolith of the S. officinalis (Zumholz et al., 2007). In this study, barium showed a relatively significant negative correlation with 50 m WT, though the correlation was not that strong that with strontium.

Boron is another key element to discriminate the difference between Japanese and Taiwanese squids, however, very little is known about boron in marine biogenic carbonate and the factors leading to observed differences of boron concentrations in squid statoliths. Recent studies suggest that boron has little information content both in fish otoliths and cephalopod statoliths (Andrus and Crowe, 2002; Lu et al., 2014, Lu et al., 2019), except for one study on octopus statoliths which found that boron can be used to discriminate among different geographical groups (Daryanani et al., 2021). However, the mechanism of boron uptake in squid and octopus remains elusive.

As phosphorus incorporation is poorly understood for fish otoliths or cephalopod statoliths, it is largely thought to be physiologically-regulated, related to metabolic pathways (Hüssy et al., 2021; Martino et al., 2021). In the present study, no contribution of phosphorus was found to distinguish U. edulis from Japan and Taiwan.




4.2 Experienced environments estimated from Sr/Ca life trajectory and its potential impacts on squid survival and maturity

Sr/Ca ratio has been successfully applied to reconstruct the life-long experienced environment of many fish species based on its strong correlation with ambient water temperature (Chang et al., 2004; Avigliano et al., 2017, Avigliano et al., 2020b). Previous studies using Sr/Ca ratio to reconstruct experienced environment is limited in squid species due to the considerable individual variation (Ikeda et al., 2003; Jones et al., 2018), which was also reflected in this study. Since remarkable squid sample size was applied to each seasonal/geographical spawning group, we believe that Sr/Ca ratio was robust enough to display the tendency of changes in the experienced water temperature of each group.

As most Japanese squid were considered to hatch around the waters off north Taiwan or further south, they would be transported to Japanese waters by currents. Passive tracer experiments showed that half of tracers in the Tsushima Strait originated in the Taiwan Strait while the other half came from the Kuroshio in summer, and the contribution from Taiwan Strait decreased to 20% while those from the Kuroshio increased up to 80% in winter (Guo et al., 2006). Moreover, the survival rate would differ dramatically due to the difference of environmental conditions that individuals experienced through transportation (Hirano and Fujimoto, 1970; Sassa et al., 2007; Kasai et al., 2008; Chen et al., 2012). For example, eggs and larvae of jack mackerel Trachurus japonicus spawned off the northern Taiwan are transported more to the Pacific Ocean than northern East China Sea, but more survive in the northern East China Sea than in the Pacific Ocean (Kasai et al., 2008). In this study, high catch along with high proportion of mature individuals were found in Jsummer spawning group (Table 1A). In accordance with the experienced temperature reflected by Sr/Ca ratio life trajectory, Jsummer spawning group might be transported by the warm and slow-drifting water in Taiwan-Tsushima Warm Current (Park et al., 2013). In addition to the nutrients-rich coastal area in the East China Sea (Gong et al., 2003; Wang et al., 2003; Huang et al., 2020), the transport of Taiwan-Tsushima Warm Current would be greatly associated with high survivorship and recruitment in Japanese waters. On the other side, low catch, short fishing season and low proportion of mature individuals occurred in winter and spring season (Table 1A). As suggested by the Sr/Ca ratio life trajectories, Jwinter and Jspring spawning groups experienced a steady temperature during the current transport, these individuals would be rapidly transported northeastward through the Kuroshio Current and restricted from the coastal areas of China (Li et al., 2014). Therefore, the low catch and short fishing season of U. edulis during winter season in Sea of Japan might be attributed to the low survival rate of eggs and larvae under the relatively unfavorable water condition in Kuroshio Current. As maturation of U. edulis was suggested to be associated with empirical water temperature and duration of the transport (Yamaguchi et al., 2019, Yamaguchi et al., 2022), low proportion of mature individuals in winter might be caused by limited growth resulted from the fast transport by Kuroshio Current, while warm and slow-drifting Taiwan-Tsushima Warm Current explained high maturation rate in summer spawning group.

Distribution of fish larva and plankton assemblages in the Taiwan Strait are influenced by seasonal monsoons (Hsieh et al., 2005, Hsieh et al., 2010, Hsieh et al., 2011, Hsieh et al., 2013). In summer (May-August), the Kuroshio Current remains offshore in east Taiwan, and the north of Taiwan is characterized by waters from Taiwan Strait driven by southwestern monsoons (Jan et al., 2002, Jan et al., 2006). In winter (October-March), strong northeastern monsoons oppose the Kuroshio Current, and a portion of it then flows onto the shelf, overlying a productive cold dome off northeastern Taiwan (Jan et al., 2010). As shown by the Sr/Ca ratio life trajectories in this study, Tspring spawning group experienced a stable temperature change through squid life cycle. Thus, Tspring spawning group hatched around autumn, might be contained in the cold productive dome off northeastern Taiwan to grow and mature, until spawning in the spring season (Cheng et al., 2022). On the other hand, Tautumn spawning group hatched around winter, might migrate to the East China Sea by Taiwan Warm Current driven by southwestern monsoons, and move back to north Taiwan when the strong northeastern monsoons begin (Wang et al., 2008). This is in accordance with our results of Sr/Ca ratio trajectory that Tautumn spawning group moving to a colder area and then coming back to a warmer spawning ground. A rather stable and nutritious environment experienced by Tspring spawning group might also explain its early maturation than Tautumn spawning group.

Even though the present study applied a great number of statolith samples to measure changes in trace element concentrations from statolith nucleus to rostrum, future research could improve the accuracy through performing age determination after trace element analysis using the same statolith, and increase the resolution by applying smaller ablation spots representing shorter time period.




4.3 Population connectivity and its association with U. edulis local population dynamics

Present results support studies suggesting that loliginid squids typically display connected populations over large geographical areas unless specific oceanographic features restrict gene flow (Shaw et al., 2010; McKeown et al., 2019). Our study not only agreed with previous findings that squid caught in Tsushima were most likely transported from areas waters off northern Taiwan (Yamaguchi et al., 2019, Yamaguchi et al., 2020), but also indicated the potential hatching grounds further south, where could be northern South China Sea or the Philippine Islands (Jin et al., 2018). Even though the exact hatching ground of U. edulis sampled in this study was not clearly identified, the population should be considered as a metapopulation across northwest Pacific, where several U. edulis subpopulations (Taiwan, Japan and etc.) are spatially structured and heavily mixed (Kritzer and Sale, 2004). In addition to the population genetic study using mitochondrial DNA analysis among several regions from Japan to Taiwan suggested U. edulis are genetically connected in this area (Tomano et al., in prep), this study also showed that the sub-population size in Tsushima, southern Japan is largely determined by strength of transport from sub-population in northern Taiwan and larval survivorship during the transport.

Egg mass of U. edulis was recorded on the sandy bottom of Tsushima Strait (Natsukari, 1976), however, there was no strong evidence on the existence of local U. edulis population in Japan in this study. If local U. edulis population in Japan was small, the next generation of squid transported to Japan remains elusive. Natsukari et al (1988) found rather high natural mortality rate and low larvae survival rate in the northwestern Kyushu area, and fishing has probably little effects on the stocks. Thus, one plausible explanation is that squid would be constantly transported from Taiwanese waters or further south to spawn, however, great larvae loss might occur due to the unfavorable environmental conditions in the spawning ground off the coast of southern Japan, which leads to the low recruitment in Japanese waters. As limited sampling site in the Sea of Japan was included in this study, investigation in the northern area than Tsushima Strait and the Pacific coast of Japan is required to further examine the existence of local population in Japan.

Uroteuthis edulis local population fluctuations might be driven by different mechanisms. Life-history traits in warmer environments, such as fast growth and early maturation, high fecundity, and high frequency of sneaker occurrence as a flexible male reproductive tactic, might contribute greatly to maintaining the Taiwanese population at high abundance and therefore a relatively stable resource (Pang et al., 2020, Pang et al., 2022). In contrast, U. edulis individuals are constantly transported from Taiwanese waters (or further south) to Japanese waters. However, high paralarval mortality is likely to occur due to unfavorable environmental conditions with elevated temperatures, which may lead to a small local population in Japanese waters. Thus, the pattern of population connectivity of U. edulis in the northwestern Pacific results in the source-sink dynamics of a metapopulation, where the southern population is the source and the Japanese population is a sink population, with the Japanese population size presumably driven by current transport.

Uroteuthis edulis became the dominant cephalopod species fished in the East China Sea after the population of Sepiella japonica collapsed in the 1980s (Pang et al., 2018). The catch and CPUE of U. edulis have been very high off Mainland China and the East China Sea since the 1990s (Li et al., 2020). Thus, the intensive catch of U. edulis in the south might be the main factor driving the catch of Japanese squid to decrease since the 1990s, especially in the East China Sea. Since the U. edulis population in the Northwest Pacific Ocean should be considered as a metapopulation with multiple straddling stocks that are simultaneously exploited in different regions (Arkhipkin et al., 2023), all the countries involved in exploitation should collaborate to ensure that it is managed sustainably.
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(A)

Male Female
= Seatinent: total catch sample size maturation total catch sample size matiration
B rate (%) P rate (%)
May 732 160 (27)* 16.88 229 50 (19) 38,00
Jun 1564 126 (17) 1349 1231 95 (25) 2632
Jul 503 88 (75) 8523 1100 112 (103) 91.96
Aug
2017
Sept 38 38 52 52
Oct
Nov
Dec 115 60 (39) 65.00 118 58 (7) 12.07
Jan 127 83 (58) 69.88 161 100 (24) 24.00
Feb 258 129 (65) 50.39 189 106 (9) 8.49
Mar
Apr 342 138 (17) 1232 211 71 (1) 141
May 383 71 (44) 61.97 326 47 (37) 78.72
Jun 440 73 (22) 30.14 399 52 (44) 84.62
2018
Jul 122 91 (49) 53.85 190 119 (49) 4118
Aug 235 54 (45) 8333 435 73 (62) 84.93
Sept
Oct 92 28 (6) 2143 140 40 (8) 20.00
Nov
Dec 155 47 (32) 68.09 199 48 (2) 4.17
Jan 552 73 (29) 39.73 486 59 (7) 11.86
Feb 269 84 (69) 82.14 145 63 (40) 63.49
Mar 262 96 (85) 88.54 172 75 (45) 60.00
Apr 71 31 (25) 80.65 100 54 (29) 53.70
May 319 44 (28) 63.64 658 79 (32) 4051
Jun 1184 95 (34) 3579 1100 100 (19) 19.00
2019
Jul 38 38 (35) 92.11 37 37 (37) 100.00
Aug 418 47 (47) 100.00 1171 79 (78) 98.73
Sept
Oct
Nov 16 16 (13) 81.25 40 40 (4) 10.00
Dec
Jan
Feb 85 83 (67) 80.72 46 37 (13) 35.14
2020
Mar 81 81 (71) 87.65 35 35 (8) 2286
Apr 18 18 (16) 88.89 27 27 (26) 9630
May 1175 56 (24) 42.86 2078 86 (55) 63.95
Jun 745 49 (37) 7551 1207 76 (49) 6447
Jul 584 78 (24) 3077 841 88 (47) 5341
Aug 205 41 (40) 97.56 525 80 (60) 75.00
(B)
Male Female
Year Catch season
total catch ‘ maturation rate (%) total catch ‘ maturation rate (%)
spring 28 (14) 50.00 42 (24) 57.14
2017
autumn 71 (70) 98.59 105 (91) 86.67
spring 106 (32) 30.19 107 (71) 66.36
2018
autumn 156 (131) 83.97 132 (51) 38.64
2019 spring 333 (236) 70.87 156 (61) 39.10

*Numbers in parentheses indicate the number of mature individuals in the samples.
All the squid caught off Keelung were sampled, so the number of samples equals the total catch.





