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Abstract 45 

1. Understanding the sources of recruits is essential for stock assessments of marine fish 46 

populations. In 2014 and 2019, schools of Japanese sardine in the Sea of Japan and 47 

the East China Sea (SJ-ECS), which arrive in Japanese coastal areas for spawning 48 

each spring were shockingly sparse. Abundances of eggs and juveniles also showed 49 

abrupt declines, suggesting that sardine reproduction in the SJ-ECS was severely 50 

limited during these years. However, in spring of 2015 and 2020 age-1 fish appeared 51 

as usual in the coastal areas, along with fish of other ages, challenging the current 52 

assumption that sardine in the system is a self-recruiting subpopulation. 53 

 54 

2. To test the self-recruiting hypothesis, we analysed the stable oxygen and carbon 55 

isotopes (δ18O, δ13C) for otolith areas formed during the first spring and summer in 56 

otoliths of age-0 and age-1 sardines in 2010 and 2013–2015 year-classes captured in 57 

the SJ-ECS, as indices of temperature and metabolic trajectories.  58 

 59 

3. Age-0 sardines generally showed a significant decrease in otolith δ18O from spring to 60 

summer, reasonably reflecting seasonal warming in the SJ-ECS. However, the 61 

majority of age-1 captured in spring 2011, 2015 and 2016 showed non-decreasing 62 

profiles of otolith δ18O, suggesting that the age-0 off the Japanese coast were not the 63 

main source of recruitment. The δ18O for summer thus indicates different migration 64 

groups: the “locals" growing up off the Japanese coast and the migrating “nonlocals".  65 

 66 

4. The isotope ratios of the “nonlocals” overlapped with those of age-0 captured in the 67 

subarctic western North Pacific, suggesting that the “nonlocals” may be migrants 68 

from the Pacific, or perhaps an unsampled potential northward migration group in the 69 

SJ-ECS. Only in 2014 did the majority of age-1 consist of the “locals”, suggesting 70 

that the abrupt decline in catches was caused by the absence of the “nonlocals” and 71 

accompanying adults.  72 

 73 

5. Synthesis and applications 74 

Our results highlight the significant uncertainty in the population structure assumed 75 

for the current stock assessment models for Japanese sardine. Concentrated 76 

investigations on recruitment processes to test and quantify the potential migration 77 

groups are recommended to improve the assessment model.  78 

 79 

Keywords  80 



 4 

Population structure; Sardine; Otolith; Stable isotopes; Migration; Recruitment; Source-81 

sink dynamics 82 

 83 

Introduction 84 

Understanding the seasonal movements and origins of exploited marine fish is crucial for 85 

assessing population linkages and defining management unit (i.e. stock) boundaries.  86 

Biomass estimations often rely on the assumption that the unit consists of fish with 87 

uniform vital rates (e.g., growth, mortality), and that the available data (e.g., observed 88 

catch, abundance indices, size or age composition) reflect recruitment within the stock 89 

rather than immigration from neighbouring units (Cardin et al., 2019). Disregarding the 90 

mixing of recruits from different origins and life-history traits may therefore compromise 91 

the accuracy of population productivity estimates (Kerr et al., 2014; de Moor & 92 

Butterworth, 2015) and hinder downstream studies, e.g. on the causes of biomass 93 

fluctuations, which are needed for future projections.  94 

 95 

Sardines (Sardinops and Sardina spp.), globally distributed in temperate regions 96 

(Checkley et al., 2017), play a key role in energy transfer from planktons to higher trophic 97 

levels in productive marine ecosystems (Cury et al., 2011) and are of great economic 98 

importance (Alder et al., 2008). The western North Pacific and its marginal seas support 99 

one of the largest sardine populations on earth (Japanese sardine Sardinops sagax 100 

melanostictus) (Checkley et al., 2017), with annual catch exceeding 5 million tonnes in 101 

the late 1980s (FAO, 2021). The population structure of Japanese sardine has been 102 

debated since at least the 1930s (Nakai, 1962). Some biological approaches have been 103 

applied to infer origins and movements of sardine, such as differences in the number of 104 

vertebrae (Amemiya & Abe, 1933) or mitochondrial DNA (Okazaki et al., 1996), which 105 

have generally failed to detect clear population structures. However, given the distribution 106 

of spawning grounds and the narrow straits separating the Sea of Japan and the North 107 

Pacific (Fig. 1a), current fisheries management assumes the existence of two semi-108 

discrete subpopulations, the Tsushima Warm Current subpopulation distributed in the Sea 109 

of Japan and the adjacent East China Sea (hereafter the SJ-ECS) and the Pacific 110 

subpopulation in the western North Pacific (Fig. 1a), and treats them as management units. 111 

 112 

These two sardine subpopulations are assumed to have their own main source of 113 

recruitment. Spawning grounds are formed from winter to spring in the inshore of the 114 

Kuroshio and Tsushima Warm Currents (Oozeki et al., 2007; Furuichi et al., 2020; Fig. 115 

1a). During summer, larvae and juveniles are widely distributed off the Japanese coastal 116 
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areas and southern Sea of Japan near the spawning grounds (Nakai, 1962; Yasuda et al., 117 

2021; Aono et al., 2024), and also in the offshore Kuroshio-Oyashio transition zone (Fig. 118 

1a, Niino et al., 2020). Those that grew in coastal areas in the SJ-ECS are considered to 119 

be the main recruits of the Tsushima Warm Current subpopulation. Eggs and age-0 120 

juveniles were hardly found off the North Korean or Russian coasts in the Sea of Japan 121 

during surveys and fisheries in the 1920s–30s and 1970s–80s (Nakai, 1962; Dudarev & 122 

Kenya, 1988). For the Pacific subpopulation, juveniles distributed in the Kuroshio-123 

Oyashio transition zone in summer and migrating northwards to the subarctic region 124 

(Sakamoto et al., 2019) are considered to be the main source of recruitment in recent years 125 

(Niino et al., 2020). These recruits mature sexually at age 1 or 2 (Morimoto, 2010), and 126 

migrate to coastal areas for reproduction during winter to spring. 127 
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 128 

 129 

However, some observations in the SJ-ECS cannot be explained by the current hypothesis 130 

of population structure. Time series of fisheries catches in the SJ-ECS and the Pacific, 131 

which are assumed to be from semi-independent subpopulations, show similar decadal 132 

trends: both peak in the late 1980s, collapse in the 1990s and show signs of recovery in 133 
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the 2010s (Fig. 1b). Recent increases in sardine catch in the SJ-ECS began with the 134 

sudden appearance of age-1 fish in 2011, although few age-0 fish were caught in the 135 

system in 2010 (Fig. 1c). Coincidentally or not, an extremely strong year-class was 136 

produced in the Pacific in 2010 (Furuichi et al., 2022). Furthermore, sardine schools were 137 

hardly observed in the coastal areas of the SJ-ECS in spring 2014 and 2019. Sardine 138 

catches in the areas by Japanese vessels abruptly decreased to 10–30% in 2014 and 2019 139 

compared to the prior years (Fig. 1c), as did catches by South Korean vessels (FAO, 2021), 140 

suggesting that sardines were sparse in the SJ-ECS (Fig. 1a). Numbers of eggs and larvae 141 

in spawning surveys and catches of age-0 juveniles in Japanese coastal areas during 142 

summer to autumn were also low in these years (Fig. 1c, Supplementary Fig. S1). 143 

Fortunately, sardine schools returned to Japanese coasts in spring in the following years 144 

(2015 and 2020). Nevertheless, despite the likely limited reproduction in 2014 and 2019 145 

in the SJ-ECS, age-1 fish hatched in 2014 and 2019 were present in the 2015 and 2020 146 

catches in proportions comparable to other common years (Fig. 1c). These observations 147 

raise the question of the origin of the recruits: are eggs, larvae and juveniles in the SJ-148 

ECS the only source of recruits for the Tsushima Warm Current subpopulation? 149 

 150 

The origin and nursery grounds of fish can be inferred from isotopic signatures in otoliths, 151 

the calcium carbonate formed in the inner ear (e.g. Rooker et al., 2008). The stable oxygen 152 

isotope value (δ18O) of fish otoliths is influenced negatively by temperature (for Japanese 153 

sardine, Sakamoto et al., 2017) and positively by seawater δ18O, and seawater δ18O is 154 

strongly correlated with salinity (LeGrande & Schmidt, 2006). The stable carbon isotope 155 

(δ13C) of the otolith reflects the metabolic rate and the δ13C of prey and dissolved 156 

inorganic carbon (Chung et al., 2019). These values may therefore differ among fish from 157 

different regions, allowing discrimination of nursery areas (Rooker et al., 2008; Sakamoto 158 

et al., 2020) and migration routes (Darnaude & Hunter, 2018; Sakamoto et al., 2019). 159 

Recently, Aono et al. (2024) found that otolith δ18O profiles of age-0 sardines captured in 160 

the SJ-ECS in late summer consistently show marked decreasing trends, reflecting the 161 

significant seasonal warming of the region (Supplementary Fig. S2). Significant 162 

deviations from such trends may thus indicate different distributions in the first year of 163 

life. 164 

 165 

We aimed to identify the recruitment sources of sardine in the SJ-ECS. To this end, otolith 166 

isotope ratios were analysed from age-0 and age-1 of 2010 and 2013–2015 year-classes 167 

of sardine caught in the SJ-ECS and western North Pacific during summer to autumn and 168 

the following spring, respectively (Fig. 1a). The periods include the key 2010 and 2014 169 
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year-classes of which age-1 fish were abundant despite the low catch of age-0 in the SJ-170 

ECS (Fig. 1c). If juveniles that grew near the Japanese coast in the SJ-ECS are the main 171 

source of recruitment, as conventionally assumed, the otolith signatures of age-0 and age-172 

1 fish should be similar, but this was not the case. 173 

 174 

Materials and Methods 175 

Otolith sample collection 176 

To represent the entire nursery grounds of sardine in the SJ-ECS, otolith samples were 177 

collected from sardines captured in 2010–2011 and 2013–2016 in three major fishing 178 

areas, namely the regions around West Kyushu, the Oki Islands and the Noto Peninsula 179 

(Fig. 1a). The fish were captured in purse or set net fisheries or in midwater trawls during 180 

cruise surveys. Fish < 15 cm standard length (SL) captured during July to December were 181 

considered age-0 fish, and those < 16 cm SL captured during January to June were age-1 182 

fish. To represent age-0 and 1 fish of the 2010 and 2013–2015 year-classes in each region, 183 

2–8 individuals per sampling batch were selected from 1–3 sampling batches, except for 184 

age-0 of the 2010 and 2014 year-classes around the Noto Peninsula, as catch there was 185 

very low (Table 1). The 2015 year-class around the Oki Islands was sampled more 186 

frequently from September 2015 to May 2016 to observe seasonal variations in the 187 

proportions of different recruitment sources. 188 

 189 

Table1. Metadata of collected samples from each region (*includes high-resolution data 190 

from Aono et al., 2024, **all data from Sakamoto et al., 2022). 191 
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 192 

 193 

Otolith processing, microstructure and isotope analyses 194 

Microstructure analysis was performed on the otoliths to record the position and width of 195 

the daily increments during early life stages. For both age-0 and age-1 samples, the otolith 196 

portions formed during 0–60 days post hatch (dph), representing the spring season, and 197 

106–120 dph for more than half of the samples, representing summer, were extracted as 198 

powder using a high-precision micro-milling system Geomill 326 (Izumo-web, Japan). 199 

The δ18O and δ13C of these powders were measured with isotope ratio mass spectrometers 200 

with an analytical precision better than ± 0.13 and 0.11‰, respectively, based on the 201 

methods described by Shirai et al. (2018) and Ishimura et al. (2004). Previously published 202 

Region Year-class Age Collection Dates SL  (mm) N spring N summer

2010 0 30 Aug, 31 Aug 2010 125.4±6.5 10 10

2013 0 13 Sep, 4 Oct 2013 139.8±5.6 12 12

2014 0 25 Aug, 2014 132.8±7.3 6 6

2015 0 2 Sep, 12 Sep 2015 118.8±5.5 6* 6*

2010 1 11 Jan, 2011 147.8±1.9 6 6

2013 1 19 Jan, 25 Feb, 13 Mar 2014 149.1±2.6 19 12

2014 1 29 Jan, 13 Feb, 17 Mar 2015 152.2±2.3 17 5

2015 1 17 Jan, 2016 138.2±5.9 12 3

2010 0 14 Jul, 2010 97.9±4.0 6 6

2013 0 3 Sep, 22 Nov, 12 Dec 2013 134.1±8.5 22 19

2014 0 26 Aug, 8 Oct 2014 124.2±9.7 15 11

2015 0 1 Sep, 5 Nov, 1 Dec 2015 127±13.0 21 10

2010 1 22 Apr, 13 May 2011 135.9±10.2 14 14

2013 1 7 Apr, 20 May 2014 149.2±6.0 16 8

2014 1 24 Feb, 25 Feb 2015 143.9±6.2 17 6

2015 1
18 Feb, 8, 9,14 Mar, 12 Apr, 19, 20,

24, 30 May 2016
146.5±5.0 35 33

2010 0 - - 0 0

2013 0 11 Jul, 2 Sep, 12 Sep 2013 85.8±13.5 25 12

2014 0 - - 0 0

2015 0 23 Aug, 27 Aug, 8 Sep 2015 93.2±15.3 20* 13*

2010 1 17 Mar, 11 May 2011 132.5±3.9 16 16

2013 1 21 Apr, 25 Apr, 29 May 2014 140.9±3.8 22 11

2014 1 16 Apr, 23 Apr, 8 May 2015 142.3±4.9 30 15

2015 1 10 Mar, 11 Apr 2016 144.4±12 11 4

2010 0 28 Sep, 1, 2, 4, 7 Oct 2010 115.5±5.7 25** 25**

2013 0 - - 0 0

2014 0 23 Sep, 24 Sep 2014 130.1±4.1 29** 29**

2015 0 18 Sep, 19 Sep, 20 Sep, 21 Sep 2015 131.1±5.7 30** 30**

(Total) 442 322

West

Kyushu

Oki

Islands

Noto

Peninsula

Pacific

Offshore
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data from age-0 sardines collected in the Pacific offshore region in 2010, 2014 and 2015 203 

(Sakamoto et al., 2022) and in the SJ-ECS in 2015 (Aono et al., 2024) were also included 204 

in the following analyses to allow more comprehensive comparisons (Table 1). See 205 

Supplementary Materials and Methods for more details. 206 

 207 

Definitions of the “locals”, “nonlocals” and “Pacific-offshores” 208 

The otolith δ18O of the age-0 sardine in the SJ-ECS and age-1 around West Kyushu 209 

generally showed a marked decline from spring to summer and lower values in summer 210 

(See Results, Fig. 2a). However, some age-1 fish caught from around the Oki Islands and 211 

the Noto Peninsula showed higher summer otolith δ18O than those observed in the age-0 212 

fish (Fig. 2b), indicative of a different nursery area. Thus, individuals captured in the SJ-213 

ECS can be split into two groups, the “locals” which likely grew up in the SJ-ECS and 214 

the “nonlocals” which potentially did not, based on the otolith δ18O for summer. For each 215 

year-class, the highest otolith δ18O value of the age-0 sardine in the SJ-ECS and age-1 216 

around the West Kyushu were defined as the threshold, and the individuals with lower or 217 

equal summer otolith δ18O than the threshold were designated as “locals” and those with 218 

higher as “nonlocals”. The age-0 in the SJ-ECS without the measurement of summer 219 

otolith δ18O was also assigned to the “locals” as they likely grew up in the SJ-ECS. Age-220 

1 around the Oki Islands and the Noto Peninsula lacking otolith δ18O for summer were 221 

later categorized as either “locals” or “nonlocals” using a linear discriminant analysis 222 

based on the values for spring (see below). Age-0 sardines collected in the subarctic 223 

offshore region in the North Pacific were defined as “Pacific-offshores”. 224 

 225 

Discrimination of locals and nonlocals 226 

To understand the differences in early life-history traits among locals, nonlocals and 227 

Pacific-offshores, differences in otolith δ18O and δ13C for spring and otolith radius at 60 228 

dph were tested using a multivariate analysis of variance (MANOVA). Data of locals and 229 

nonlocals of all 4 year-classes were pooled for MANOVA. Data from lower outliers in 230 

δ18O of locals detected by the boxplot method (< –1.56 ‰), likely from individuals raised 231 

in coastal and low-salinity waters, were removed to avoid violation of normality. Tests 232 

for multivariate normality, multicollinearity, linearity, homogeneity of covariances and 233 

variance were performed before MANOVA (see Supplementary Materials and Methods 234 

for details and their results). The non-parametric Kruskal–Wallis test and Games–Howell 235 

test were used for post-hoc tests and pairwise comparisons.  236 

 237 

Given the significant differences in otolith δ18O and δ13C for spring and otolith radius at 238 
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60 dph, and the roughly linear relationships between the variables, a linear discriminant 239 

function analysis was performed to classify age-1 fish whose otolith δ18O in summer was 240 

not analysed. A linear discriminant function was developed using the three variables of 241 

locals and nonlocals of all year-classes as learning data, and applied to unknown age-1 242 

data to predict the most likely classification. The accuracies of the prediction models were 243 

estimated by leave-one-out cross-validation. These analyses were performed using 244 

Python 3.8.8 with Scikit-learn 0.24.1 library (Pedregosa et al., 2011). 245 

 246 

Prediction of potential nursery areas of the nonlocals  247 

To understand the origin of nonlocals, possible distributions during their first spring and 248 

summer were inferred from comparison between the predicted isoscape and observed 249 

otolith δ18O (Supplementary Methods). As the distributions may be either within the SJ-250 

ECS or in the western North Pacific, we made inferences for both possibilities. Briefly, 251 

the isoscapes of otolith δ18O for spring and summer were estimated based on mean 252 

temperature and salinity distributions at 10 m depth during 0–60 and 106–120 days from 253 

the assumed hatch dates (mid-April to mid-May, Supplementary Fig. S1) and empirical 254 

relationships between otolith δ18O and temperature and δ18O of seawater and seawater 255 

δ18O and salinity. The temperature and salinity distributions were obtained from data-256 

assimilated hydrodynamic models for each region. The model grid points whose predicted 257 

otolith δ18O was within the range of the mean ± 1 standard deviation (SD) of the otolith 258 

δ18O of nonlocals of each year-class were considered as potential distributions. See 259 

Supplementary Materials and Methods and Supplementary Fig. S3 for further details and 260 

accuracy assessments of the hydrodynamic models.  261 

 262 

Results 263 

Seasonal profiles of otolith δ18O  264 

Otolith δ18O of the age-0 fish captured in the SJ-ECS (around West Kyushu, the Oki 265 

Islands and the Noto Peninsula) during 2010 and 2013–2015 seasonally decreased from 266 

–0.7 ± 0.4 ‰ (mean ± 1 SD) in spring (0–60 dph) to –1.5 ± 0.4 ‰ in summer (106–120 267 

dph) (the locals, Fig. 2a). However, while some of the age-1 fish in the SJ-ECS showed 268 

similarly low δ18O for summer (the locals), a number of age-1 fish in the SJ-ECS did not 269 

(the nonlocals, Fig. 2b). Otolith δ18O of age-0 from the offshore subarctic North Pacific 270 

(the Pacific-offshores) showed slight seasonal increases (spring: –0.1 ± 0.3 ‰, summer: 271 

0.1 ± 0.3 ‰, Fig. 2c). The summer otolith δ18O values were significantly lower in age-0 272 

fish in SJ-ECS than in Pacific-offshores, and the values of age- 1 fish in SJ-ECS were 273 

distributed among both groups (Fig. 2d). For each year-class and sampling region 274 
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analysed, almost all age-1 fish from West Kyushu showed a seasonal decrease in otolith 275 

δ18O (spring: –0.6 ± 0.3 ‰, summer: –1.7 ± 0.4 ‰, also categorized as locals, Fig. 3), 276 

and some age-1 fish from the Oki Islands and Noto Peninsula showed non-decreasing 277 

trends (the nonlocals, spring: –0.3 ± 0.2 ‰, summer: –0.2 ± 0.3 ‰, Fig. 3). Exceptionally 278 

low δ18O values in spring between –2.5 and –1.6 ‰ were observed in some age-0 and 279 

age-1 captured in 2014, which were consistent with the reported values of larvae captured 280 

in the less-saline bay near Noto Peninsula (–2.4 to –1.0‰, Nishida et al., 2020). 281 

 282 
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 284 
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Otolith δ18O and δ13C and otolith radius in spring 285 

Spring otolith δ18O and δ13C values and otolith radius at 60 dph of the locals, nonlocals 286 

and Pacific-offshores were significantly different between groups (Fig. 4a, b, MANOVA, 287 

F(6, 724) = 57.943, p < 2.2*10-16). Post-hoc Kruskal–Wallis test showed that δ18O and 288 

otolith radius had significant differences among groups (δ18O: Chi square = 139.0, p = 289 

6.2*10-31, df = 2, δ13C: Chi square = 3.57, p = 0.17, df = 2, otolith radius: Chi square = 290 

36.0, p =1.5*10-8, df = 2). Pairwise comparisons using the Games–Howell test showed 291 

that nonlocals had significantly higher mean otolith δ18O and otolith radius at 60 dph than 292 

locals (adjusted p value < 2.0*10-16 and = 1.7*10-10, respectively, Supplementary Table 293 

S1), and lower mean otolith δ18O than the Pacific-offshores (adjusted p value = 7.6*10-6). 294 

Despite the significant difference in the mean otolith δ18O, the overall value ranges of the 295 

nonlocals consistently included those of the Pacific-offshores (Fig. 4a, b) in each year-296 

class (Fig. 4c-j). Higher otolith δ18O that appeared in the Pacific-offshores (> 0.2‰) was 297 

hardly observed in the nonlocals, which primarily came from individuals that hatched 298 

earlier (Fig. S4). Cross-validation of the linear discriminant function analysis of locals 299 

and nonlocals of all year-classes using the three variables correctly classified a total of 300 

263 of 288 individuals (92%). Out of 218 individuals classified as locals, 205 (96%) were 301 

actually locals and out of 70 individuals classified as nonlocals, 58 (83%) were actually 302 

nonlocals. Based on the discriminant function, the 45 unclassified age-1 fish were divided 303 

into 22 locals and 23 nonlocals.  304 
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 305 
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 306 

Seasonal and inter-annual variation in locals/nonlocals proportions in the Sea of Japan 307 

To understand the timing of arrival of the nonlocals, 2015 year-class around the Oki 308 

Islands was repeatedly sampled from September 2015 to May 2016. From September to 309 

December 2015, all 21 fish in the 2015 year-class were locals by definition, and all 10 310 

otolith δ18O values analysed for the summer were lower than –0.9 ‰ (Fig. 5a). The 311 

proportion of the nonlocals increased towards spring in 2016: one in 5 (20%) in February, 312 

4 in 12 (33%) in March, 5 in 5 (100%) in April and 13 in 13 (100%) in May were nonlocals 313 

(Fig. 5a). The proportions of locals and nonlocals in April and May, the main spawning 314 

season in the Sea of Japan, showed consistent inter-annual fluctuations around the Oki 315 

Islands and Noto Peninsula (Fig. 5b). Note that because no age-1 samples were available 316 

from the Oki Islands in April and May 2015, the samples caught around the Oki Islands 317 

in February 2015 were used for comparison instead. As the locals/nonlocals proportions 318 

in individuals predicted by linear discriminant analysis were similar for individuals 319 

grouped based on summer otolith δ18O, we considered the predictions to be largely 320 

accurate. In 2011, 2015 and 2016, the nonlocals were the majority, with a proportion of 321 

80–100% around both the Oki Islands and the Noto Peninsula (Fig. 5b). Additionally, the 322 

8 age-1 individuals captured in March 2011 around Noto Peninsula were all nonlocals 323 

(Fig. 3, not shown in Fig. 5). Only in 2014, when total sardine catch in SJ-ECS decreased 324 

significantly, locals constituted the majority around both the Oki Islands and the Noto 325 

Peninsula, at 75% and 73% respectively. 326 

 327 
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 329 

Potential nursery areas of nonlocals in spring and summer 330 

The distribution of the nonlocals in 2015 year-class during spring (0–60 dph, of which 331 

median date corresponding to mid-May to mid-June assuming hatch dates as mid-April 332 

to mid-May) was predicted to be either the southern coastal areas in the Sea of Japan (Fig. 333 

6a) or the offshore area along the Kuroshio Extension in the North Pacific (Fig. 6b). For 334 

summer (106–120 dph, corresponding to late July to late August), the predicted 335 

distributions shifted northward to the northern coastal areas of the Sea of Japan (Fig. 6a) 336 

or the subarctic Oyashio region north of 42°N (Fig. 6b). The predicted patterns were 337 

similar for the nonlocals of the 2013 and 2014 year-classes (Supplementary Fig. S5). 338 



 18 

 339 

 340 

Discussion 341 

We examined the stable isotope ratios of the otoliths of age-0 and age-1 Japanese sardine 342 

captured in the region in 2010–2011 and 2013–2016 to test the conventional hypothesis 343 

of self-recruitment of the subpopulation in the SJ-ECS. Most age-0 fish in the SJ-ECS 344 

and age-1 fish from West Kyushu showed a significant seasonal decrease in otolith δ18O 345 

(Fig. 2a), reflecting the negative correlation between otolith δ18O and temperature 346 

(Sakamoto et al., 2017) and the significant seasonal warming in the SJ-ECS 347 

(Supplementary Fig. S2). In contrast, a number of age-1 fish collected in the Sea of Japan 348 

had higher otolith δ18O values for summer and mostly lacked such significant decreases 349 

in otolith δ18O (Fig. 2b, d), strongly suggesting that they were distributed in a different 350 

region. We therefore conclude that juveniles that grew up in the Japanese coastal areas of 351 

the SJ-ECS (i.e., locals) are not the only source of recruitment to the SJ-ECS 352 

subpopulation, and that there are significant contributions from those that have migrated 353 

from other regions (i.e., nonlocals). 354 

 355 

Nonlocals, who have a different migration pattern from the locals, are probably more 356 

important as a source of recruitment. The differences in otolith isotopes and radius at 60 357 

dph indicate that the nursery areas of locals and nonlocals are not common from the early 358 

life stage (Fig. 4a, b). Analysis of the repeatedly sampled 2015 year-class around the Oki 359 

Islands showed that the locals dominate in autumn (September to December), but the 360 
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nonlocals increase from winter (February) onwards and completely replace the locals in 361 

spring (April and May) (Fig. 5a). Together with the fact that the nonlocals were found 362 

from the Sea of Japan but not from the West Kyushu in the East China Sea (Fig. 3), 363 

nonlocals were likely distributed somewhere north of the coastal areas during summer to 364 

autumn and migrated south during winter in the Sea of Japan. In spring, the peak season 365 

when schools of spawning adult fish arrive on the coast of the Sea of Japan, the nonlocals 366 

generally dominated age-1 fish in the Sea of Japan, the only exception being in 2014, 367 

when the numbers of age-1 fish and spawning fish were exceptionally low (Fig. 5b). This 368 

suggests that it is the nonlocals that move around the Sea of Japan in winter to spring 369 

along with the schools of spawning adult fish and therefore mainly recruit there. In 370 

addition, the abrupt decrease in catch in 2014 is likely a consequence of the change in the 371 

migration pattern of the nonlocals and accompanying adults. 372 

 373 

The key question is where the nonlocals came from. Predictions of distribution provided 374 

two hypotheses for movement patterns during the first spring and summer (Fig. 6a, b), 375 

namely from the southern coastal areas of the SJ-ECS to the northern coastal areas of the 376 

Sea of Japan, and from the Kuroshio Extension area to the subarctic Oyashio area in the 377 

western North Pacific. The first pattern is consistent with the hypothesis that eggs and 378 

larvae in the southwest Sea of Japan may have been transported to the offshore area by 379 

the offshore branch of the Tsushima Warm Current in 1970–80s (Muko et al., 2018). 380 

Sardines tend to expand their distribution with population growth (Barange et al., 2009), 381 

and adults were abundant in the northern Sea of Japan in summer in 1930–40s and 1970–382 

80s when the biomass was high (Nakai, 1962; Dudarev & Kenya, 1988; Muko et al., 383 

2018). Meanwhile, in the limited data from historical surveys and fisheries in the northern 384 

Sea of Japan, sardine eggs, larvae and age-0 fish were hardly caught even in 1930–40s 385 

and 1970–80s (Nakai, 1962; Dudarev & Kenya, 1988). In addition, if the nonlocals 386 

originated from the southern Sea of Japan or the East China Sea (Fig. 6a), the abundance 387 

or proportion of the age-1 nonlocals would likely decrease in spring 2015 due to the 388 

severely limited spawning off the Japanese coast in 2014 (Fig. 1b), but this was not the 389 

case (Fig. 5b).  390 

 391 

We then consider the possibility that the nonlocals originated from the western North 392 

Pacific. The idea of sardine migration from the Pacific was originally put forward by 393 

Nakai (1962), who found that sardine catches per unit effort off the Korean peninsula 394 

were strongly correlated with catches off Hokkaido in the previous year (fished mainly 395 

on the Pacific side, see Fig. 1a) between 1929 and 1941. Baba (2021) also mentioned the 396 
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possibility of mixing based on the detection of infections of the parasite Anisakis simplex, 397 

which is prevalent in the western North Pacific and not in SJ-ECS, on adult sardines 398 

caught in SJ-ECS in February and March. Some pelagic species are already known to 399 

migrate into the Sea of Japan against the strong current towards the Pacific in the Tsugaru 400 

Strait (e.g., Japanese common squid Todarodes pacificus (e.g., Sakaguchi, 2010), Masu 401 

salmon Oncorhynchus masou (e.g., Sato & Shibuya, 2015)). In this study, otolith isotope 402 

ratios for spring and summer and microstructure signatures of the nonlocals differed from 403 

those of the locals, but were mostly within the value ranges seen for the Pacific-offshores 404 

(Figs. 2–4; Supplementary Fig. S4). In addition, the time series of recruitment and recruits 405 

per spawner estimated by current stock assessment models for the Pacific and Tsushima 406 

Warm Current stocks showed significantly similar fluctuations (Fig. S6; year-to-year 407 

differences in recruitment: Pearson's r = 0.87, p = 6.7*10-15, in recruits per spawner: r = 408 

0.49, p = 5.7*10-4), indicating that the main recruitment sources of the two stocks are 409 

common. Why do the decadal variations in catches in the Pacific and the SJ-ECS 410 

synchronise, and why can age-1 fish be abundant in the SJ-ECS, as in 2011, 2015 and 411 

2020, even though egg production and age-0 catches were severely limited in the previous 412 

year? These phenomena are clearly explained if the recruits in the SJ-ECS are mainly 413 

migrating from the Pacific. 414 

 415 

Our results provide important implications for fisheries management and developments 416 

in stock assessment for Japanese sardine. The current stock assessment for the sardine 417 

subpopulations is subject to considerable uncertainty, as it is based on an incomplete 418 

understanding of recruitment processes. As the Tsushima Warm Current subpopulation 419 

may not be closed, the estimate of recruitment can be significantly biased depending on 420 

the recruitment of the Pacific subpopulation. Considerations for a move to models that 421 

address mixing by incorporating empirically estimated mixing rates (de Moor et al., 2017) 422 

or even removing management unit boundaries need to be started. Nevertheless, we 423 

cannot completely exclude the possibility that the nonlocals are a northward-migrating 424 

group within the Sea of Japan that has not yet been observed. Further efforts to confirm 425 

and quantify the potential migrants from the Pacific or possibly the northern Sea of Japan, 426 

ideally in international collaboration, are essential to improve fisheries management for 427 

this species. As the overlap in otolith chemical signatures can still indicate different 428 

origins in similar environments (Fig. 6a, b), extensive research using multidisciplinary 429 

approaches, including basic biological metrics (Neves et al., 2021), genomics (Teske et 430 

al., 2021), parasite load (Baba, 2021), environmental DNA (Jerde, 2021) and cruise 431 

surveys must be conducted. 432 
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 433 

Overall, the analyses of the otoliths revealed the complexity of the population structure 434 

of Japanese sardine. The abrupt declines in sardine catches in 2014 and 2019 not only 435 

motivated us to investigate population structure, but also helped us do so by naturally 436 

acting as a control experiment, thereby highlighting the importance of collecting samples 437 

and data during anomalous years. Decline in fisheries catches often raises questions about 438 

assumptions in management strategies and prompt studies on the migratory ecology of 439 

species (e.g., Rooker et al., 2008; Neat et al., 2014). Accumulated knowledge about 440 

population connectivity can lead to a change in management settings, ultimately leading 441 

to fish biomass recovery and sustainable fisheries under science-based management 442 

(Hilborn et al., 2020). A decline in catch, while not at all beneficial to fisheries in the short 443 

term, could lead to a healthier marine ecosystem with sustainable fisheries production if 444 

research communities respond correctly. 445 

 446 
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Supplementary Material and Methods 18 

Details in otolith processing, isotope analysis and length back-calculation 19 

Collected fish were frozen after landing or on board at -20 °C, and thawed at a laboratory. 20 

After measurements of length and weight, the sagittal otoliths were extracted. The otoliths 21 

were cleaned using a thin brush and rinsed with fresh water. These otolith samples were 22 

processed in two different protocols, namely low-resolution analysis similar to Sakamoto 23 

et al. (2020) and high-resolution analysis similar to Aono et al. (2023). The majority of 24 

the otoliths were analysed using low-resolution protocol. In addition to these, high-25 

resolution data from age-0 fish captured in 2015 around Kyushu and the Noto Peninsula 26 

(Aono et al., 2023) were also included in analyses to allow a more comprehensive 27 

comparison.  28 

 29 

For low-resolution analysis, otoliths were embedded in Petropoxy 154 (Burnham 30 

Petrographics LLC) resin and kept at 80 °C for 12 h to cure. Otoliths were ground and 31 

polished until the core was revealed using sandpaper and alumina suspension 32 

(BAIKOWSKI International Corporation). Using an otolith measurement system 33 

(RATOC System Engineering Co. Ltd.), daily increments were examined along the axis 34 

in the post-rostrum from the core as far as possible. Daily increments could be identified 35 

until the edge for most otoliths of age-0 fish but not for those of age-1 fish, likely because 36 

the otolith growths became significantly slower during winter. The otolith portion formed 37 

during 0–60 dph, representing spring, was identified and milled out using a high-precision 38 

micro-milling system Geomill 326 (Izumo-web, Japan). For approximately half of the 39 

samples, the portion of the otolith formed during 106–120 dph was additionally milled 40 

out to represent values for summer. The milling depth for the spring and summer portions 41 

was 50 and 100 μm, respectively. The δ18O and δ13C of powdered samples were measured 42 

using an isotope ratio mass spectrometer (Delta V plus, Thermo Fisher Scientific) 43 

equipped with an automated carbonate reaction device (GasBench II, Thermo Fisher 44 

Scientific), and installed at the Atmosphere and Ocean Research Institute, the University 45 

of Tokyo, Chiba. Detailed analytical conditions have been reported elsewhere (e.g. Shirai 46 

et al. 2018), with minor modifications where 4.5-ml glass vials were used (Breitenbach 47 

& Bernasconi, 2011). All isotope values are reported using delta notation relative to the 48 

Pee Dee Belemnite. No correction was applied for the acid fractionation factor between 49 

calcite and aragonite [phosphoric acid–calcium carbonate reaction temperature 72 °C 50 

(Kim et al. 2007)]. Analytical precisions of δ18O and δ13C for international standards 51 

(NBS-19) were 0.06–0.13 (1σ) and 0.05–0.11 ‰, respectively. Because the difference 52 

between the acid fractionation factor of calcite and aragonite is temperature dependent 53 



(Kim et al., 2007), 0.09 ‰ was subtracted from the δ18O value to allow comparison with 54 

data analysed using another analysing system operating at 25 °C.  55 

 56 

High-resolution analysis was performed for 17 otoliths of age-0 and age-1 fish captured 57 

in 2015. Otoliths were embedded in epoxy resin (p-resin, Nichika Inc.) and kept in a dryer 58 

at room temperature for more than a day to cure. Otoliths were grounded and polished 59 

until the core was revealed using sandpaper and alumina suspension (BAIKOWSKI 60 

International Corporation). Unfortunately, microstructure analysis was not performed for 61 

some of these otoliths. The otolith portions that were formed every 5–30 days or 30–160 62 

μm were milled sequentially from the edge to the core using GEOMILL326. The δ18O of 63 

collected otolith powders were determined by a customized continuous-flow isotope ratio 64 

mass spectrometry system (MICAL3c with IsoPrime100) at the National Institute of 65 

Technology, Ibaraki College, Hitachinaka, Japan (Ishimura et al., 2004; 2008; Nishida & 66 

Ishimura, 2017). Otolith powders were reacted with phosphoric acid at 25 °C, and the 67 

evolved CO2 was purified and introduced into the mass spectrometry system. δ18O values 68 

of each sample were reported in standard δ notation (‰) relative to the Vienna Pee Dee 69 

Belemnite (VPDB) standard. Analytical precisions were ± 0.1 ‰ for both δ18O and δ13C. 70 

For otoliths for which microstructure analysis was not performed, the corresponding age 71 

range for each milling area was later estimated from distance from the core using the 72 

mean relationship between otolith radius and age of other fish captured in the same year, 73 

season and region. For comparison with the low-resolution data, the high-resolution data 74 

and data from Aono et al., (in revision) needed to be rescaled to spring (0–60 dph) and 75 

summer (106–120 dph) resolution. Therefore, δ18O and δ13C data for which the median 76 

of corresponding age range falls in 0–60 and 106–120 dph were averaged, linearly 77 

weighted by the width of the milling area.  78 

 79 

 80 

Multivariate analysis of variance of otolith δ18O and δ13C for spring and SL60 81 

To test for the differences in otolith δ18O and δ13C for spring and otolith radius at 60 dph 82 

among locals, migrants and the Pacific-offshores, a multivariate analysis of variance 83 

(MANOVA) was performed, following Tabachnick et al. (2012). Data of locals and 84 

migrants of all 3 year-classes were pooled for MANOVA. Normality of each variable of 85 

each group was tested using Shapiro–Wilk’s test, which showed significant violations of 86 

normality in δ18O of locals (p = 0.002) and marginally in δ18O of Pacific-offshores. 87 

Therefore, lower outliers in δ18O detected in locals by the boxplot method (< -1.56 ‰), 88 

likely data of individuals that grew in coastal low-saline waters, were removed. 89 



Multivariate normality was tested multivariate Shapiro–Wilk’s test, which suggested 90 

significant violation (p = 0.003). Pearson’s r between the variables was between -0.24 and 91 

0.51, suggesting limited multicollinearity. No nonlinear relationship between variables in 92 

each group was evident in the scatter plots. As homogeneity of covariances was violated 93 

(Box’s M-test, p = 2.6*10-15), Pillai’s multivariate statistic was used in MANOVA. 94 

Homogeneity of variance was tested by Levene’s test, which suggested that the violation 95 

in δ13C (p = 0.005), δ18O (p = 5.3*10-6) and otolith radius (p = 6.9*10-5). Because some 96 

violations were thus detected in the assumption tests as above, α = 0.01 was used as 97 

significance threshold in MANOVA to perform the test conservatively, and the non-98 

parametric Kruskal–Wallis test and Games–Howell test were used in post-hoc tests and 99 

pairwise comparisons. These analyses were performed using R 4.1.0 with packages 100 

tidyverse 1.3,1, ggpubr 0.4.0, rstatix 0.7.0, car 3.0.11, broom 0.7.9 and GGally 2.1.2. 101 

 102 

 103 

Prediction of potential nursery areas of the migrants  104 

To understand the origin of migrants, potential distributions during their first spring and 105 

summer were inferred by comparing observed and predicted isoscape of otolith δ18O 106 

using a hydrodynamic model (Aono et al., 2023). As the distributions can be either inside 107 

the SJ-ECS system or the western North Pacific, we made inferences for both patterns. 108 

To match the fish age to actual calendar dates, the hatch dates of migrants needed to be 109 

assumed. Spawning in the SJ-ECS system peaked during April to May in 2013–2015 110 

(Supplementary Fig. S1). The most frequently occurred hatch dates of juveniles found in 111 

the Kuroshio-Oyashio transition zone were also between mid-April and mid-May during 112 

2013–2015 (Niino et al., 2020). Based on these observations, the mean hatch date of the 113 

migrants was considered to be between 16th April and 16th May. For calculation of 114 

isoscapes, hatch date was assumed to be every three days between 16th April and 16th May. 115 

For each hatch date assumption, mean temperature and salinity distributions at 10m depth 116 

during 0–60 days (spring) and 106–120 days (summer) from hatch were calculated using 117 

daily reanalysis data provided by the data assimilated model JADE2 (Igeta et al., 2022) 118 

for the SJ-ECS system, and FRA-ROMS for the North Pacific (Kuroda et al., 2018). From 119 

these temperature and salinity distributions, the isoscape of otolith δ18O was predicted 120 

following the relationships between otolith δ18O and seawater temperature and δ18O, and 121 

between salinity and seawater δ18O specifically developed for each region: 122 

 123 

Otolith δ18O = Seawater δ18O – 0.18*Temperature (°C) + 2.69 (Sakamoto et al., 2017), 124 

 125 



Seawater δ18O = 0.23*Salinity – 7.54 (for the SJ-ECS system, Aono et al., 2023) 126 

 127 

Seawater δ18O = 0.56*Salinity – 19.06 (for the Pacific, Sakamoto et al., 2019). 128 

 129 

The model grid points which predicted otolith δ18O was within the range of the mean ± 1 130 

standard deviation (SD) of the analysed otolith δ18O of migrants of each year-class were 131 

considered as potential distributions. For visualization, the predicted distributions for 132 

each hatch date assumption were shown as translucent shades (alpha = 0.15) and overlaid 133 

in one figure using Matplotlib 3.3.4 in Python 3.8.8. 134 

 135 

The accuracy of the hydrodynamic model directly affects the reliability of the predictions. 136 

JADE2 (Japan Sea Data Assimilation Experiment 2) is a data-assimilated hydrodynamic 137 

model aimed to realistically reproduce the current field of SJ-ECS system, maintained by 138 

Fisheries Research and Education Agency (Igeta et al., 2022). This model is based on 139 

DR_M (Hirose et al., 2013), and the sea surface height and temperature available from an 140 

AVISO product, and in situ observations conducted by Japanese prefectural institutes 141 

were assimilated into the model by an approximate Kalman filtering and nudging method. 142 

The model domain is meshed by 1/12° and 1/15° in the zonal and meridional directions, 143 

respectively. Because the accuracies of assessments of temperature and salinity for this 144 

model have not been published, we compared the modelled values to those observed by 145 

Argo floats (Supplementary Fig. S2). Argo float dataset Advanced automatic QC(AQC) 146 

Argo Data ver.1.2a distributed by JAMSTEC (Sato, 2014) was used for this comparison. 147 

The root-mean-square differences (RMSDs) between modelled and Argo float observed 148 

temperatures and salinities at depths shallower than 15m were 1.0–1.9 °C and 0.1–0.7, 149 

respectively, during February to September 2014 and 2015 (Supplementary Fig. S2). 150 

These differences corresponded to RMSD 0.2–0.3 ‰ in predicted otolith δ18O 151 

(Supplementary Fig. S2). FRA-ROMS is an ocean forecast and reanalysis system based 152 

on the Regional Ocean Modelling System (ROMS) with three-dimensional variational 153 

analysis (Kuroda et al., 2016). The aim of this system is to realistically simulate mesoscale 154 

variations in the western North Pacific, and reproduce representative features of 155 

mesoscale variations such as the position of the Kuroshio path, variability of the Kuroshio 156 

Extension, and southward intrusions of the Oyashio (Kuroda et al., 2016). The RMSDs 157 

between sea surface temperature observed by satellite and reanalysed by FRA-ROMS, 158 

estimated at monthly intervals, were in the range 0.63–1.10 °C, corresponding to 0.11–159 

0.20‰ in otolith δ18O (Kuroda et al., 2016). The RMSDs between a monthly mean dataset 160 

of global oceanic salinity derived from Argo float observations and reanalysed salinity at 161 



10 m depth were below 0.20 in the Kuroshio-Oyashio system, corresponding to 0.12‰ 162 

in seawater δ18O (Sakamoto et al., 2019). These assessments show that the accuracies are 163 

comparable to the analytical precision of δ18O of otolith and seawater, and variability of 164 

observed otolith δ18O of the migrants. 165 

  166 



Supplementary Figures 167 

Supplementary Figure S1. Results of spawning surveys during February–June 168 

2013–2015. The circles and crosses show the locations where eggs or larvae were and 169 

were not found, respectively. The sizes of the circle represent the density of eggs or larvae 170 

collected by NORPAC nets.  171 



 172 

Supplementary Figure S4. Sea surface temperature on 1st April and 1st August 173 

2015. Satellite-based product (the operational sea surface temperature and sea ice 174 

analysis (OSTIA) system, Donlon et al., 2012) was used. 175 

 176 

  177 



 178 

 179 

Supplementary Figure S3. Comparison of temperature (first column) and salinity 180 

(second column) modelled by JADE-2 model and those observed by Argo floats 181 

during February–September 2014–2015.  182 

  183 



 184 

 185 

Supplementary Figure S4. Comparison of otolith δ18O and δ13C for spring between 186 

the nonlocals (crosses) and the pacific-offshores (circles). The colours of the circles, 187 

the pacific-offshores, represent the week of hatch counted from January 1st of each year. 188 

  189 



 190 

 191 

Supplementary Figure S5. Potential distribution of migrants of 2013–2015 year-192 

class during first spring (0–60 dph, blue) and summer (106–120 dph, red) in the 193 

Sea of Japan (upper row) and the North Pacific (lower row) predicted based on 194 

otolith δ18O and hydrodynamic models. 195 

  196 



 197 

Supplementary Figure S6. Time series of recruitment (a) and recruits-per-spawner 198 

(b) of Pacific (orange) and Tsushima Warm Current (purple) stocks estimated by 199 

stock assessment models for each.  200 

  201 



Supplementary Table S1. Results of pairwise comparisons of spring otolith δ18O 202 

and δ13C values and otolith radius at 60 dph between the locals, nonlocals and 203 

Pacific-offshores based on Games–Howell test. 204 

 205 

 206 

 207 

  208 

variables group1 group2 estimate p-value (adjusted)

Otolith δ
13

C Local Nonlocal -0.17 8.5.E-02

Otolith δ
13

C Local Pacific-offshore 0.00 1.0.E+00

Otolith δ
13

C Nonlocal Pacific-offshore 0.17 1.9.E-01

Otolith δ
18

O Local Nonlocal 0.35 0.0.E+00

Otolith δ
18

O Local Pacific-offshore 0.54 9.2.E-14

Otolith δ
18

O Nonlocal Pacific-offshore 0.19 7.6.E-06

Otolith Radius Local Nonlocal 50.6 1.7.E-10

Otolith Radius Local Pacific-offshore 34.2 6.4.E-05

Otolith Radius Nonlocal Pacific-offshore -16.4 1.3.E-01
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