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16 Abstract

17 Largehead hairtail (Trichiurus japonicus) in the China Seas shows an increasing catch trend, despite 

18 continued overexploitation, which could be attributed to improved recruitment as a result of 

19 strengthened early growth. To understand the early growth variability of largehead hairtail, we 

20 examined the linkages between early growth, as revealed by otolith microstructure, and the 

21 associated environmental variables over both spatial and temporal scales. Young-of-the-Year 

22 largehead hairtail were collected from three regions in the Bohai, Yellow and East China Seas 

23 between 29°–39° N. Daily increment widths of sagittal otoliths were measured and used as a proxy 

24 for somatic growth. We found two spawning cohorts, Spring- and Summer-spawned cohorts, that 

25 showed latitudinal differences in both mean growth and growth pattern. The transition time from 

26 larval to juvenile stage was identified at around 40 days. Daily increment widths of two cohorts 

27 showed similar growth pattern in the first 40 days, while location had a marked effect on daily 

28 growth over 41–110 days. This suggests physiologically constrained growth pattern in larval stage, 

29 but more plastic growth subject to habitat-specific influences in juvenile stage. The gradient forest 

30 analysis identified sea bottom temperature, vertical temperature gradient and sea surface salinity, as 

31 the most important variables in determining early growth. Latitudinal differences in early growth 

32 pattern and their response to environmental variables suggest adaptive plasticity of early growth, 

33 which has notable implication for the management and sustainable utilization of this important but 

34 heavily exploited resource in the China Seas.

35

36 Keywords: largehead hairtail; early growth pattern; otolith microstructure analysis; habitat- and 
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37 stage-specific growth; generalized additive mixed model; gradient forest analysis; China Seas
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38 Introduction

39   An important commercial fish species in the China Seas, largehead hairtail (Trichiurus japonicus) 

40 is characterized by wide distribution from the Bohai Sea, Yellow Sea to the East China Sea; these 

41 areas account for more than 85% of the Chinese catches (Xu and Chen, 2015). The catch of 

42 largehead hairtail has been on the rise in the Bohai Sea, Yellow Sea and East China Sea (Zhang, 

43 2004; Wang et al., 2011; Xu and Chen, 2015). At the same time, the population characteristics of 

44 largehead hairtail have changed, i.e. the catch is largely composed of 1-year-old fish, and the stock 

45 is characterized by early maturation, prolonged spawning season and increased number of young 

46 fish, which may indicate increased recruitment (Lin et al., 2006). These demographic characteristics 

47 can compensate the negative effects from high fishing pressure. The mean pre-anal length and 

48 pre-anal length at maturity of largehead hairtail have decreased while the growth parameters and 

49 exploitation rate had increased in the past, which suggests that the ecological strategy of largehead 

50 hairtail may have changed (Ji et al., 2019). 

51 We hypothesized that the adaptive capacity of early growth in largehead hairtail has contributed 

52 to its continued reproductive success, allowing it to persist and even prosper under continued high 

53 fishing pressure and environmental change. Reproductive success is closely related with long-term 

54 population stability, particularly under disturbances such as fishing pressure (Stearns, 1992; 

55 Neubauer et al., 2013; Lowerre-Barbieri et al., 2017). In fish populations, recruitment variability is 

56 mainly determined by survival and growth patterns during the larval and juvenile stages (Houde, 

57 1989; Köster et al., 2003; Baumann et al., 2006). A better understanding of the early growth 

58 process of largehead hairtail from larval to juvenile stage, and the associated environmental effects, 
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59 is desired to explain the recruitment of this economically and ecologically important fish species.

60   In most marine fish populations reproduction is characterized by high fecundity and subsequent 

61 high mortality during early life stages (Bailey and Houde, 1989; Houde and Zastrow, 1993; Otterlei 

62 et al., 1999). Because variation in early growth rate is closely related to early life stage mortality, 

63 early growth plays an important role in determining recruitment and subsequent adult populations 

64 (Houde, 1987; Cowen and Sponaugle, 2009; Munday et al., 2009; Lett et al., 2010; Takahashi et 

65 al., 2012; Watanabe et al., 2014). While early growth variation can be inherent, it can also be 

66 influenced by environmental variability, i.e., growth plasticity, which can have an important 

67 influence on recruitment and eventually population dynamics (e.g. Wullschleger and Jokela, 1999; 

68 Scharsack et al., 2007). Previous studies based on long-term catch data of largehead hairtail in the 

69 East China Sea have shown that both fishing and climate change have influenced the largehead 

70 hairtail population dynamics (Chen et al., 2004; Wang et al., 2011). The growth rate and survival of 

71 populations are influenced by physical and biological factors, such as food availability and 

72 environmental variables (e.g., Miller et al., 1988; Buckel et al., 1995; Tupper and Boutilier, 1995; 

73 Denit and Sponaugle, 2004; Sogard, 2011). Food availability, which may be influenced by 

74 stratification and ocean currents (especially upwelling), has an important role in affecting the 

75 growth and survival of early life stages as well as fish population dynamics and ecosystems (e.g. 

76 Hjort, 1914; Ljunggren et al., 2010; Morgan et al., 2013; Mallo et al., 2016; Schismenou et al., 

77 2016; Rozema et al., 2017; Koenker et al., 2018). Temperature is generally considered to be one of 

78 the most important environmental variables in early growth of fish populations. It has a significant 

79 influence on not only the timing and duration of fish spawning season, but also primary production 
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80 in an ecosystem (Houde, 1989; Morse, 1989; Bergenius et al., 2002; Valenzuela and Vargas, 2002; 

81 Husebø et al., 2007; Trip et al., 2014; Gallagher et al., 2015; Fedewa et al., 2017). Primary 

82 production, represented by chlorophyll concentration, is used as an indicator of food availability in 

83 most studies (Bailey and Houde, 1989; Leggett and Deblois, 1994).

84   Individuals hatching at different times and regions may experience different environmental 

85 conditions, which may affect their growth and subsequent survival (Kingsford and Hughes, 2005; 

86 Ruttenberg et al., 2005; Hughes et al., 2017). In this study, three sampling areas cover the Bohai 

87 Sea, Yellow Sea and East China Sea, over a large latitudinal range of 29° to 39° N. In the Bohai 

88 Sea, the Yellow River effluents may have an important influence on environmental conditions and 

89 food availability (Gu and Xiu, 1996; Yang et al., 2011). The Yellow Sea Cold Water and Yellow 

90 Sea Warm Currents are two important hydrological processes in the Yellow Sea, which may have a 

91 great impact on the spatial-temporal variation of water temperature and salinity. Similarly, Taiwan 

92 Warm Current, Kuroshio, and Yangtze River Runoff play important roles in the East China Sea (Li 

93 et al., 2006; Bao et al., 2010; Wang et al., 2011; Mi et al., 2012). As a widely distributed species, 

94 largehead hairtail may inhabit and experience different sea areas with large latitudinal differences. 

95 Although largehead hairtail undergo seasonal migration, such migration does not commence until 

96 after the early life stage (e.g. Liu et al., 2009; Xu and Chen, 2015). Therefore, it is essential to 

97 explore the influence of environmental variables among three sea areas on early growth of 

98 largehead hairtail.

99 A previous study about early growth of largehead hairtail based on otolith microstructure 

100 analysis has already confirmed that largehead hairtail spawn almost year-round, with two dominant 
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101 spawning periods in the East China Sea (Sun et al., 2020). Here we extend that study by including 

102 two more sampling regions (Bohai Sea and Yellow Sea) as well as further samples from the East 

103 China Sea. The main objectives of this study are to (1) explore latitudinal differences in early 

104 growth of largehead hairtail as revealed by otolith microstructure, (2) identify linkages between the 

105 early growth and associated environmental variables on both spatial and temporal scales, (3) 

106 advance understanding of the largehead hairtail population dynamics to explain the reasons for the 

107 sustained high yield of largehead hairtail under long-term high fishing pressure in the China Seas. 

108

109 Materials and methods

110 Study collection

111    Young-of-the-Year (YoY) largehead hairtail were collected from three regions in the China 

112 Seas: Dalian (DL), Qingdao (QD) and Zhoushan (ZH), representing the Bohai Sea, Yellow Sea and 

113 East China Sea, respectively (Fig. 1). Sampling was conducted with stow nets, a fixed-position 

114 fishing gear with a total stretched length of approximately 90 m mouth circumference of 1380 

115 meshes and mesh size of 17 mm. Sampling effort was concentrated in fall 2017, with some 

116 additional sampling in summer 2017 and spring 2018; we attempted to obtain monthly samples but 

117 fishing restrictions limited sampling especially in summer. Table 1 summarizes the detailed 

118 sampling information.

119 Otolith analysis

120   In the laboratory, a total of 260 YoY largehead hairtail were measured for total length, pre-anal 

121 length, dorsal fin-anus length, body height, total weight and gonad weight. Sagittal otoliths were 
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122 removed, cleaned and saved in 75% ethanol. Right otoliths were selected to be embedded 

123 individually in epoxy resin (Spurr, 1969; Baumann et al., 2003). Transverse sections (~500 μm 

124 thick) through the primordia of otoliths were obtained using an IsoMet saw (Buehler Ltd), mounted 

125 on microscope slides, and sectioned with a series of 600 to 4200 grit sandpapers and alumina 

126 powder on micropolishing cloth (Stevenson and Campana, 1992; Neuman et al., 2001). Both sides 

127 of the otoliths were ground and polished to remove the cutting marks of the saw until all increments 

128 could be distinguished and counted. Photographs were taken under 200× magnification using an 

129 Olympus microscope coupled with an optical camera system. Daily ages and increment widths were 

130 estimated using the Image J image processing and analysis software (http://imagej.nih.gov/ij/) along 

131 the same axis, from core to ventral of the otolith (Fig. 2). Each otolith was read independently thrice 

132 by the same reader following the guideline by Whitman and Johnson (2016); the last reading was 

133 chosen based on the assumption of a positive learning curve. If the three readings of an otolith were 

134 different from each other by more than 5%, the readings would be rejected and the otolith was 

135 re-read. The precision of age determination was estimated using the coefficient of variation method 

136 provided in Campana (2001).

137 In this study, we hypothesized that daily rings are formed after the onset of exogenous feeding, 

138 like in many other fish species (e.g., Shoji, 2005; Baumann et al., 2006; Mesa, 2007; Johnson et al., 

139 2007). Because estimates of the first feeding day after hatching are lacking for largehead hairtail, 

140 we treated the first daily ring of otolith as corresponding to the age of one day. Hatching dates were 

141 then back-calculated based on capture dates and age estimates.

142 Environmental variables
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143   The daily estimates of environmental variables, including sea surface salinity (SSS), sea surface 

144 temperature (SST), sea bottom temperature (SBT), difference between sea surface and bottom 

145 temperature (TD), and eastward and northward velocities (u and v), were derived from the daily 

146 product published by the Copernicus Marine Environment Monitoring Service (Product: 

147 GLOBAL_ANALYSIS_FORECAST_PHY_001_024; Data can be downloaded from the website: 

148 ftp://nrt.cmems-du.eu/Core/GLOBAL_ANALYSIS_FORECAST_PHY_001_024/global-analysis-f

149 orecast-phy-001-024). The physical ocean model for this product is NEMO that has 50 vertical 

150 levels ranging from 0 to 5500 meters (the vertical coordinate system was set as the z-coordinate 

151 with full step bathymetry and has 22 layers in the upper 100 meters) and a 1/12 degree horizontal 

152 resolution. The meteorological forcing of the ocean model is ECMWF ERA-Interim reanalysis 

153 (3-hourly). And meanwhile the satellite derived sea-surface height anomaly and SST (spatial 

154 resolution: 1/4 degree; Donlon et al., 2012) were assimilated to improve model performance. These 

155 variables were spatially integrated to represent the daily change in three sampling regions (Fig. 1).

156 Spawning cohorts

157   For consistency and ease of comparisons among the three sampling regions, we divided the 

158 specimens into two spawning cohorts based on their back-calculated hatching date (Fig. 3). 

159 Specimens hatched within the same period were defined as a spawning cohort. We chose to use 

160 40-day temporal window as a trade-off between large enough sample size and sufficiently narrow 

161 temporal scope. Thus, the hatching dates of the Spring-spawned cohort were defined as 3/11/2017–

162 4/18/2017 in DL, 3/16/2017–4/26/2017 in QD, and 3/1/2017–3/27/2017 in ZH, and those of the 

163 Summer-spawned cohort as 6/18/2017–7/28/2017 in DL, 7/10/2017–8/9/2017 in QD, and 
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164 6/9/2017–7/20/2017 in ZH. These definitions gave sample sizes of N=15, 34, and 20 for the 

165 Spring-spawned cohort in respectively DL, QD, and ZH, and N=28, 37, and 23 for the 

166 Summer-spawned cohort in the same regions. YoY largehead hairtail are not migratory before 

167 spawning and inhabit mostly the coastal area (Xu and Chen, 2015), so the increment widths were 

168 averaged over individuals to obtain date- and region-specific estimates. 

169 Statistical analysis

170 Our previous study shows that the accumulated otolith daily increments are significantly linearly 

171 correlated with pre-anal length (Sun et al. 2020), suggesting that otolith daily increments width of 

172 the YoY largehead hairtail represent well the individual somatic growth. In this study we used 

173 Generalized Additive Mixed Models (GAMM, Lin and Zhang, 1999; Rupert et al., 2003; Zuur et 

174 al., 2009; Wood, 2019) to relate daily increment with factors that influence the growth pattern of 

175 specimens. GAMM, an extension of generalized additive models, is a fixed-effects regression 

176 model with additional random-effect terms and with unknown smooth functions for the covariates, 

177 which make it appropriate for analyzing data with a nonlinear age-dependence (Rupert et al., 2003; 

178 Zuur et al., 2009). In order to evaluate the effect of location (i.e., DL, QD and ZH) on daily 

179 increment widths, two GAMM models were compared:

180 Model1: log(IWi,j) ~ Locationi + s(Agei,j) + i

181 Model2: log(IWi,j) ~ Locationi + s(Agei,j, Locationi) + i

182 where IWi,j is the width of jth daily increment of individual i, Location represents sampling region 

183 (DL, QD or ZH), s() is the smoothing function, Age is age at formation of increment j, and i is an 

184 individual-level random effect. To avoid over-fitting, the extent of flexibility was restricted to a 
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185 maximum of 8. Model uncertainties were shown by 90% confidence intervals that were derived 

186 based on a bias-adjusted approximation of the covariance matrix. We used the coefficient of 

187 determination and the Akaike Information Criterion (AIC; Zuur et al., 2009) to compare the 

188 models. Analyses were conducted using the “mgcv” package (Wood, 2019) within the R 

189 environment (R Core Team, 2019). To be consistent in dealing with the specimens of different ages 

190 at capture, we only used data up to the youngest specimen captured among the Spring- and 

191 Summer-spawned cohorts (110 days).

192 The gradient forest method, allowing inclusion of multiple and potentially correlated variables as 

193 predictors, was used to quantify the relationships between daily increment widths and 

194 environmental variables and to describe how the daily increment widths changed in response to 

195 environmental variables (Ellis et al., 2012). Along with other measures, gradient forests provide the 

196 goodness-of-fit measure  for each response variable f and the importance weighted by . We 𝑅2
𝑓 𝑅2

𝑓

197 ran the gradient forests for 1000 times to obtain the variability of  and the best run with the 𝑅2
𝑓

198 highest overall performance (R2) was then used for further analysis. Analysis were conducted using 

199 the “gradientForest” package (http://gradientforest.r-forge.r-project.org/). For each cohort, the 

200 average otolith daily increment widths were used as response variables while environmental 

201 variables in three sampling regions were used as predictors.

202

203 Results

204 Hatching date and daily growth pattern

205   Hatching date of largehead hairtail in our samples ranged from December 2016 to April 2018 
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206 (Fig. 3). The analysis showed that the dominant spawning months in three sampling regions were 

207 March to July (Fig. 3). In the following analysis, we focus on Spring-spawned cohort and 

208 Summer-spawned cohort.

209   The two spawning cohorts showed obvious differences in growth patterns and overall growth 

210 rates, both between seasons within a region and among the three regions (Fig. 4). Samples of the 

211 Spring-spawned cohort from QD displayed a different temporal growth pattern compared with other 

212 regions and times, showing two distinct growth peaks; the first peak in early May showed a lower 

213 early maximum than DL and ZH, and another peak occurred in mid-August (Fig. 4a). For the 

214 Summer-spawned cohort, the daily growth in ZH was substantially higher than in DL and QD; in 

215 particular, fish from ZH maintained fast daily growth longer than those from DL and QD (Fig. 4b).

216 Age-dependent growth patterns

217   For both spawning cohorts, daily increment widths rapidly increased during the first ~40 days 

218 after hatching, with growth thereafter markedly decelerating (spring) or slightly 

219 decelerating/levelling off (summer) (Fig. 5). 

220   Based on the qualitative change from accelerating to decelerating growth in terms of daily 

221 increment widths, we focus on early growth in two phases. In the following, we will refer the first 

222 40 days to as the larval period and the days 41–110 as the early juvenile period (see the Discussion 

223 for justification of this terminology).

224 Across all sampling regions and different growth period (i.e., larval and juvenile), the model that 

225 allowed for region-specific age-dependence of growth (Model2) provided a better description of the 

226 data than the model assuming the same age-dependence growth across regions (Model1) (Table 2). 
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227 However, the model improvement in terms of both variance explained (R2) and the Akaike 

228 Information Criterion (AIC) was markedly higher for the early juvenile period (days 41–110) 

229 compared to the larval period (first 40 days), suggesting that habitat-specific influences become 

230 prominent only during the juvenile period. This is confirmed by visual inspection of the fitted 

231 age-dependent growth effect (Fig. 6). The growth pattern among three sampling regions for the 

232 larval period is very similar (Fig. 6a and 6c) while growth pattern during juvenile period is 

233 relatively diverse (Fig. 6b and 6c). Therefore, in the following, we will focus on environmental 

234 influences on the juvenile stage of YoY largehead hairtail.

235 Average growth for the Spring-spawned cohort was homogenous across the regions during the 

236 larval stage, while for the juvenile stage, samples from QD displayed slower growth in comparison 

237 to DL (Table 3). For the Summer-spawned cohort, samples from ZH showed consistently faster 

238 growth than those from DL.

239 Relative importance of environmental variables

240 The daily increment width showed different patterns among the three regions (Fig. 7). The daily 

241 increment width of the Summer-spawned cohort in DL declined slowly compared with 

242 Spring-spawned cohort, at the time (around August–September) that corresponds with the weak 

243 vertical temperature gradient (difference between sea surface and bottom temperatures, TD; Fig. 

244 7a). Samples from QD showed two peaks for the Spring-spawned cohort. The daily increment 

245 widths increased in presence of frequent northward alongshore current from June to August, as 

246 shown by the positive v (Fig. 7b) and coinciding with the decrease of sea surface salinity (SSS). In 

247 addition, the transition time to a relatively slow growth corresponds well with the decrease of TD 
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248 for the Summer-spawned cohort in QD (Fig. 7b). In ZH, the Summer-spawned cohort maintained 

249 fast daily growth rate around September and October in ZH (Fig. 7c). The time corresponds with 

250 the disappearance of the northward alongshore current and its turn southward.

251 The gradient forest analysis identified sea bottom temperature (SBT), TD and SSS as the most 

252 important environmental variables for explaining daily increment widths at ages 41-110 days in all 

253 sampling regions at times, although their rankings differed (Fig. 8). SBT is the most important 

254 variable in Spring-spawned cohort while TD is the most important variable in Summer-spawned 

255 cohort. The relative rankings and importance of TD and SSS vary but do not appear systematically 

256 different for Spring-spawned cohorts. In summer-spawned cohorts, SBT is the second important 

257 variable in QD and ZH but TD in DL (Fig. 8d). The velocities u and v appear consistently less 

258 important except for Summer-spawned cohort in ZH (Fig. 8f).

259 The gradient forest quantified the relationship between environmental variables and daily 

260 increment widths in Spring- and Summer-spawned cohorts. For the Spring-spawned cohort, otolith 

261 daily increment widths in QD and ZH show strong threshold responses to SBT at around 11.5⁰C 

262 and 18.5⁰C while in DL, there was only a relatively small threshold at around 7⁰C (Fig. 9). A 

263 second strong threshold response for SBT in DL occurs at around 12⁰C. Daily increment widths in 

264 QD were strongly influenced by TD at around 5⁰C. In DL, there were two less marked threshold 

265 responses to TD at around 2⁰C and 6⁰C. The strongest threshold response to SSS was seen in QD at 

266 about 29.3 and 29.5 in ZH. For the Summer-spawned cohort, daily increment widths had distinct 

267 threshold responses to SBT at around 19⁰C, 21⁰C for DL and QD, respectively (Fig. 9). Otolith 

268 daily increment widths is strongly influenced by TD at around 4⁰C, 2⁰C in DL and QD (Fig. 9). A 
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269 strong threshold response to SSS was seen around 27.8, 27.6 and 26 in DL, QD and ZH. In general, 

270 threshold responses of daily increment widths were more evident in DL and QD compared to ZH.

271

272 Discussion

273 The present study explored the spawning characteristics and daily growth of YoY largehead 

274 hairtail as revealed by otolith microstructure analysis in the China Seas between 29° and 39° N, 

275 covering Bohai Sea, Yellow Sea and East China Sea. We back-calculated the hatching dates to 

276 investigate seasonality of spawning and daily growth patterns in three sampling regions. Latitudinal 

277 differences in the early growth patterns and their responses to environmental variables suggested 

278 flexibility and adaptive capacity of early growth in face of environmental change. In addition, the 

279 spatial and temporal differences in the early growth process response to environmental variables 

280 was explored to understand the recruitment dynamics of largehead hairtail.

281   The daily increment widths of all cohorts increased and reached a peak at around 40 days of age. 

282 Because seasonal patterns in growth can potentially represent both age-related, inherent variation in 

283 growth as well as extrinsic seasonal variation in the ambient environment, or a combination thereof, 

284 we specifically investigated the growth patterns for the period before and after the 40th day. 

285 Previous studies have indicated that the change from accelerating to decelerating growth is 

286 associated with the transition from larval to juvenile stage (Correia et al., 2002; Liao and Qu, 2008). 

287 During the first 40 days, the growth in the three sampling regions was similar, showing comparable 

288 growth rates and similar accelerating trends, despite great hydrological and ecological differences 

289 among the regions (Fig.6 and Fig. 7). This suggests that growth during the first 40 days is 
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290 constrained by physiology rather than the environment, manifesting a canalized early growth 

291 pattern.

292 In contrast, the growth patterns and daily growth rates over ages 41–110 days were clearly 

293 different among the three sampling regions and the two seasons (Fig. 6). Therefore, two GAMM 

294 models were compared to explore the influence of location on daily increment widths among three 

295 sampling regions in Spring-spawned and Summer-spawned cohorts separately for larvae 

296 (pragmatically defined as the first 40 days) and juveniles (41–110 days). The model that allowed for 

297 region-specific growth patterns was vastly better in terms of AIC than the model assuming a 

298 common growth pattern. This indicated that the environmental influences on daily increment widths 

299 over 41–110 days were more marked compared to the first 40 days, suggesting more 

300 habitat-specific influences rather than inherent growth influences over 41–110 days and more 

301 inherent growth rather than strong environmental effects in the first 40 days (Table 2) (e.g. 

302 Wullschleger and Jokela, 1999; Scharsack et al., 2007). Therefore, we focus on the growth at ages 

303 41–110 days and the associated environmental variables on both spatial and temporal scales. 

304 Adaptive capacity in response to food availability and environment

305 The catches of largehead hairtail have been on the rise in Bohai Sea, Yellow Sea and East China 

306 Sea, despite continued high levels of exploitation, which implies that the populations have been able 

307 to maintain sufficient levels of recruitment. This suggests high adaptive capacity of larval and 

308 juvenile largehead hairtail that face highly variable oceanographic conditions over seasons and the 

309 latitudinal gradient from subtropical south to temperate north. 

310 It is commonly hypothesized that recruitment is enhanced by responses to the oceanographic 
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311 conditions such as larval retention areas with favorable water temperature and food availability (e.g. 

312 Beaugrand and Kirby, 2010; Ljunggren et al., 2010; Morgan et al., 2013; Schismenou et al., 2016). 

313 In this study, the three environmental variables consistently identified by the gradient forest method 

314 as most important for explaining otolith growth over 41–110 days were SBT, TD and SSS in all 

315 three sampling regions (Fig. 8). The preeminence of SBT (and TD to a lesser degree) is consistent 

316 with the life history of largehead hairtail as YoY largehead hairtail occur near the sea floor and 

317 mostly around coastal areas (Xu and Chen, 2015). 

318 In coastal areas of Bohai Sea and Yellow Sea, tide is the dominant hydrodynamics and the 

319 tidal-induced mixing, currents or residual currents seems to have significant effects on the 

320 environmental factors. However, the tidal dynamics is not considered in NEMO and thus may cause 

321 some uncertainties in the modelled environmental factors. The development of a robust 

322 hydrodynamic model with tidal dynamics included is imperative, which may be much more 

323 appropriate for future studies. As an initial step, the environmental variables considered in this 

324 study are sufficient from the perspective of the sampling regions (DL in the Bohai Sea and QD in 

325 the Yellow Sea). Specifically, DL is mainly influenced by Yellow River estuary. Thus, what 

326 influence the early growth of largehead hairtail are variation in the Yellow River effluent and 

327 circulation in Bohai Sea which are represented by the change of the longitudinal velocity 

328 component u and the vertical temperature gradient TD. For the sampling region QD, the early 

329 growth of largehead hairtail is influenced by northward alongshore current, which can be illustrated 

330 by the latitudinal velocity component v and sea surface salinity (SSS). For the Spring-spawned and 

331 Summer-spawned cohorts, the daily growth in DL was generally greater than in QD (Fig. 4a). 
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332 Meanwhile, the daily increment width in DL in the Summer-spawned cohort declined slowly with 

333 the decrease of TD, which may reflect the strengthening of water mixing (Fig. 7a). The early 

334 growth pattern in DL may relate to its proximity to the Yellow River estuary. DL is also near the 

335 frontal area of the Yellow Sea Cold Water Mass, which may further contribute to conditions 

336 favoring increased phytoplankton production and early growth. 

337 Largehead hairtail from QD displayed a different growth pattern compared with DL and ZH and 

338 showed two peaks in the Spring-spawned cohort (Fig. 4a). The daily increment width of the first 

339 peak showed a lower early maximum than the peak in DL and ZH, but another peak occurred in 

340 mid-August, coinciding with the existence of a northward alongshore current, as illustrated by 

341 positive v (Fig. 7b). Furthermore, the fast growth pattern in QD around July–August corresponds 

342 well with the decrease of SSS. These findings indicate that the North Jiangsu Coastal Current was 

343 bringing Yangtze River Diluted Water and its abundant nutrient supply to the fishing ground in QD, 

344 with the resulting positive influence on the early growth of QD largehead hairtail population. For 

345 the Summer-spawned cohort of QD, the daily increment widths declined slowly along with the 

346 decrease of TD, which can reflect the features of alongshore current (Fig. 7b). 

347 The daily growth in ZH was generally greater than in DL and QD for the Summer-spawned 

348 cohort, with the juveniles maintaining fast daily growth rate longer than in DL and QD (Fig. 4b). 

349 Meanwhile, northward alongshore current shifted to southward direction, bringing abundant 

350 nutrients from Yangtze River to the fishing grounds during this period (Fig. 7c).

351 Taken together, these results suggest that the early growth of the YoY largehead hairtail is 

352 strongly influenced not only by temperature but also by food availability. The adaptive capacity of 
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353 individuals from different sampling regions allows the larvae and juveniles to recruit to the 

354 population successfully, despite contrasting environmental conditions.

355   Food availability can positively influence fish population dynamics by promoting early growth, 

356 which has been linked to a greater ability to escape predation through outgrowing the predators and 

357 thus resulting in greater overall survival (Bailey and Houde, 1989; Leggett and Deblois, 1994). 

358 Water temperature also has an important influence on the early growth process of largehead hairtail 

359 (Laurel et al., 2017; Koenker et al., 2018). The increase of water temperature is beneficial for 

360 primary production, and further, for the growth and reproduction of fish species (Wang et al., 2011). 

361 Despite the different environmental conditions among three sampling areas, the adaptive capacity of 

362 early growth response to food availability and water temperature was enhanced to sustain high yield 

363 of largehead hairtail under the sustained high fishing pressure in the China Seas.

364 In conclusion, we have shown that the two spawning cohorts had obvious latitudinal differences 

365 in early growth patterns, with the fastest growth in the south. The influence of location on daily 

366 growth among three sampling regions suggested more physiologically constrained growth during 

367 the larvae stage and stronger habitat-specific influences during juvenile stage. SBT, TD and SSS 

368 were identified as important environmental factors in determining the early growth of largehead 

369 hairtail in juvenile stage, probably through their influences on the quantity and distribution of food. 

370 We suggest that the enhanced nutrient supply, resulting from strengthened alongshore current, 

371 Yellow Sea Cold Water Mass, and Yangtze River Runoff, contribute to fast early growth of 

372 largehead hairtail. Latitudinal differences in the early growth pattern and their response to 

373 environmental variables suggest a high degree of plasticity and adaptive capacity of early growth. 
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374 Our results help to explain the resilience of largehead hairtail in face of environmental change and 

375 provide a reason for high yield under continued intensive fisheries exploitation.

376
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619 Tables and Figures

620
621 Table1. Sampling information of Young-of-the-year largehead hairtail captured in three sampling regions: Dalian 
622 (DL), Qingdao (QD) and Zhoushan (ZH).

Sampling sea 
area

Sampling 
region

Sampling month No. of sampled 
fish

Pre-anal length 
range (mm)

Age range 
(days)

Bohai Sea DL September, 2017 53 33-161 43-204
Bohai Sea DL October, 2017 14 81-154 90-187

Yellow Sea QD September, 2017 37 123-163 108-202
Yellow Sea QD October, 2017 30 64-102 69-132
Yellow Sea QD November, 2017 19 68-120 56-145

East China Sea ZH June, 2017 30 80-165 90-195
East China Sea ZH July, 2017 7 135-146 107-202
East China Sea ZH September, 2017 18 37-110 58-160
East China Sea ZH November, 2017 10 109-147 126-210
East China Sea ZH December, 2017 12 144-163 140-204
East China Sea ZH May, 2018 30 42-167 37-185

623

624 Table 2. Comparison of GAMM models describing the variation in daily increment widths of Spring- and 
625 Summer-spawned cohort at larval (1–40 days) and juvenile (41–110 days) stages in Dalian (DL), Qingdao 
626 (QD) and Zhoushan (ZH). Model1 assumes that the age-dependent component of growth, the smooth term in 
627 these GAMMs, is region-unspecific, whereas Model2 assumes that this effect is region-specific. R2 values 
628 represent goodness-of-fit. ∆AIC is the AIC difference between Model1 and Model2. See the Methods for 
629 detailed specification of the models.

Cohorts Days R2
Model1 R2

Model2 ∆AIC
1-40 days 0.452 0.462 36.0

Spring-spawned cohort
41-110 days 0.206 0.302 819
1-40 days 0.406 0.410 32.3Summer-spawned 

cohort 41-110 days 0.335 0.356 118
630
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631 Table 3. Fixed-effect results from the GAMM analysis with Model1 and Model2 describing the daily increment 
632 widths variation in Spring-spawned cohort and Summer-spawned cohort at 1-40 days and 41-110 days in 
633 Dalian (DL, reference level), Qingdao (QD) and Zhoushan (ZH). Estimates correspond to mean daily growth 
634 expressed at logarithmic scale. SE: standard error. See Table 2 for further explanations.

Model1 Model2
Days Variables

Estimate SE p Estimate SE p

(Intercept) 1.388 0.033 1.388 0.033
Location QD -0.044 0.040 0.271 -0.044 0.040 0.2711-40 days
Location ZH -0.063 0.048 0.189 -0.063 0.048 0.189

(Intercept) 1.518 0.037 1.526 0.037
Location QD -0.234 0.044 1.08×10-7 -0.246 0.045 3.83×10-8

Spring-s
pawned 
cohort 41-110 

days
Location ZH 0.025 0.053 0.639 0.025 0.053 0.643

(Intercept) 1.480 0.042 1.480 0.042
Location QD -0.064 0.056 0.246 -0.064 0.056 0.2461-40 days
Location ZH 0.241 0.062 1.12×10-4 0.241 0.062 1.12×10-4

(Intercept) 1.4945 0.049 1.475 0.048
Location QD -0.069 0.064 0.282 -0.048 0.063 0.452

Summer
-spawne
d cohort 41-110 

days
Location ZH 0.328 0.072 6.13×10-6 0.347 0.071 1.17×10-6

635

636
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637 Figure 1. The study regions, main ocean currents, and migration route of largehead hairtail in the China Seas.

638

639
640 Figure 2. Polished sagittal otolith of a Young-of-the-Year largehead hairtail aged 165 days. All increments were 
641 counted and measured along the same axis from core to ventral of the otolith.

642

643
644 Figure 3. Distribution of Young-of-the-Year hatching date of largehead hairtail caught in three sampling regions: 
645 Dalian (DL), Qingdao (QD) and Zhoushan (ZH).
646
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647
648 Figure 4. Daily increment width (averaged over all individuals within a cohort/region on the same date) of two 
649 spawning cohorts: (a) Spring-spawned cohort and (b) Summer-spawned cohort in 2017, in three regions: 
650 Dalian (DL), Qingdao (QD) and Zhoushan (ZH).
651

652
653 Figure 5. Generalized Additive Mixed Model fitted daily increments width over age for all specimens of two 
654 spawning cohorts: (a) Spring-spawned cohort and (b) Summer-spawned cohort. The shaded areas indicate 
655 90% confidence interval and the ticks on x-axis indicate sampled data of spawning cohorts.

656
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657
658 Figure 6. Smooth terms corresponding to age- and location-dependent effects in Generalized Additive Mixed 
659 Model describing otolith daily increment widths of three sampling regions for Spring- (a, b) and 
660 Summer-spawned (c, d) cohorts within two stages: the first 40 days (a, c) and 41–110 days (b, d).

661
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663 Figure 7. Daily increment width of two dominant spawning cohorts in relation to environmental variables in three 
664 sampling regions: (a) Dalian (DL), (b) Qingdao (QD) and (c) Zhoushan (ZH). The environmental time series 
665 of sea bottom temperature (SBT), sea surface salinity (SSS), temperature difference between sea surface and 
666 bottom temperature (TD), and eastward and northward velocities (u and v) have been smoothed using 3-day 
667 moving average. 

668

669
670 Figure 8. Importance of environmental variables, including temperature difference between sea surface and 
671 bottom temperatures (TD), sea bottom temperature (SBT), sea surface salinity (SSS), and eastward and 
672 northward velocities (u and v), in relation to otolith daily increment width of Spring- and Summer-spawned 
673 cohorts over 41-110 days in three sampling regions, Dalian (DL), Qingdao (QD) and Zhoushan (ZH).

674
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675

676
677 Figure 9. Cumulative importance of five environmental variables in relation to otolith daily increment of the 
678 Spring-spawned cohort and Summer-spawned cohort over 41-110 days in Dalian (DL), Qingdao (QD) and 
679 Zhoushan (ZH). Five columns represent the responses of otolith daily increment widths to sea bottom 
680 temperature (SBT), temperature difference between sea surface temperature and bottom temperature (TD), 
681 sea surface salinity (SSS), and eastward and northward velocities (v and u), respectively.

682
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