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BEYPRIR, HAa b | At 2 VF 2658 (Scombridae)
KAt 1 T I D4 (Hsieh et al, 2009), HAE 773
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Fig.1 Sampling area of E. japonicus larvae in 2016-2018
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Tab.l Sampling information of E. japonicus larvae in

2016-2018
speigy FHADB RRWEE AR

Sample Year Sample Number of length Number of daily
Month measurement age measurement

2016 7 154 112

8 315 140

10 38 25

2017 6 120 93

2018 7 83 73

41 26

BT Total 751 469

EPEI 2 1R (sea surface temperature, SST) ., 15 )2
R (mixed layer depth, MLD). dJt[alii# (northward
sea water velocity, V). ZR[n]{iii#(eastward sea water
velocity, U) . -1 = & (sea surface height, SSH) ., i
FE I (sea surface salinity, SSS). M4t & a WEF
(concentration of chlorophyll a, CHL)E A #5T 52 W i
B AERKRPHER T, REHE TR THAE
https://data.marine.copernicus. eu/products, PEML IR BE
P45 [R5 F R 33.5°~34.75°N, 119.5°~121.1°E, K
ARG SRAEAR BN AR TP X 88, Hidr, SST =5[] 43
BEFE A 0.05°; MLD, U, V. SSH il SSS 475 ] 43 B
1 0.083°; CHL Z5 [543 HF%4 4 km,

1.4 HIRAER ST

HRAERAE H WIFH i
ﬁﬂTﬂﬂZQ"HEiﬁlﬁ@?)ﬂﬂﬁﬁﬁ X 469 MNEEAHES T H
Wz A, N5 HigHG, &3 M H AR
T — > HA 3 i (increment) P H{H . BERZVAEH
SO A B N TE B -, B 0 B B B Y 58 4 )
W s ) 6 20 22 1] 1) 1 2 (absorption check, AC)(Hoie
et al, 1999) & it b N TE A % i A 5 i 1Y B 22 A
At Zliﬁ?ﬁi@ﬁﬁ AC YERBEZR BN AR o
FHIR AR BRI R N AE I+ 5 R A K
%,%(Morronglello etal, 2015), £ 2 FHEAICE TIRA
SN FHRN S48 R TR IE 340, B Increment
Age . AC FlIH# 3K H 1% (age at capture, AAC)HELT X £ k%
o AT HERILBIRIZE R, FHATE SR, '
J, B Age. AC Fll AAC 1y il 2 A ZE RN P 3840 7%
FERERIAS AL R DUARSE Age. AC. AAC Hifigi
ARZERCR; HK, 5 E %S (FishID) . RFf
AEA5 (Sample. Year)fFE Ry BEHLR R 25 5, Horr, FishID
SE A B BEBILRR I, 1 Sy B LR AT LA ROH R

, R UL BB H 3

MRS, Sample.Year J&FTA 4F43 A B L0 HL
A A B HL AR TT LA oA 4 B B) 22 S5 5 35 5 2 W] ) H
AN 5 K Age #E A FishID F1 Sample.Year B~ Fi L
HEE I BEALRRR , BRI R B RETR SR W MR . i
il B R LR TR 22(REML), M4 Akaike fY/VEE
AEE EAE B HEN(AICe), AICc BB/ MR A,
HEhs R (RS, J7 22 Bk [ 52 A BENLRUN Jr 25 i B
R, R A [ 2 SN 22 R R a2 B AU ASE AR

%2 :tbn)&r*ﬁi%ﬁ*ﬁ-]\_

Tab.2 Parameter description of the mixed-effects model
2 ¥ Parameter
[ % R0 Fixed effects

ik Description

Age HoA s w08 nins /9 H %

AC B B 3R 50 4 R ST Ay A8 L
B HA 0 B ES (pm), B
fRFBE R

AAC AR H

Ffi AL, Random effects

FishID TSR AF L G5

Sample.Year KR

Age &} FishID F1 Sample.Year
BB B

SRR R M i R A K B [ R NSO, FE BT
BEAIL A5 AR () S ml 22 |, SR e R ALAR (ML) LA
M Age. AAC, AC A1 7 M, {fif] REML &
B AT R DL = A TR S 504k 11 (Schwarz, 2009),
i 7 S A 11 [T 5 P9 R R A AR

W 17— H A B H 36 5 7 SR P 2 (8 B nl A5
SN AR EE , IR 8 AR ARATE AR 35 B 3P i — 9 2R
BN T GAM W IT R A= K B9 52 o X 4% %
FEREIAR , PEPEKE 1A ARMOBI R IR U T = A5 R T
FE R TR AR 1, SF35 A7 H 3G a5 BE AR A i o A i
N GAM #E— 507, IR EE 15 iR 1 K
Z A E R RS, 2020), h T R HNHF 2
[i) PR o A O BB RN AR R, 3 T A IR B AR
SR R AICc A 2 MR A A 34, AlCe
(BN, BERUHAR , 38 it SR P IPAL 25 7Y 2
P, PAEMUN, FUISE R T AR )k
FR B T E PR G 2 A

T ) AR MR T GAM XU e, B A
053 /N 15 HESH 15~40 H ISP AERY XA, F)
FH¥E 3% 0 (Van De Pol et al, 2016)¥R5¢ 4 41t A~
IR AF I8 B B 7 A i F R 1) B 85 PR S st [) 6 11 o 7
A3 AT R T AR S T T, Ry S e R BT R Y
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PR AR AR PE (IR BE ), 24T 500 YR Ay BE BL AL 3 26
(Smolinski, 2019) o i ] Paarce TERF PR AZ B XA Y
SCRRREHEAT R AR o B AR R U Y IR R A Sl A
TE [ 52 R0 R 2R i A e A 61 52 P9 7R R0 R A AR R A 7
B, 0 EREE DR -4 R A K A S
1A UV A7 (Morrongiello et al, 2015)K FH R iF

Y Imed FL5E AL BREEARMAL AL (Ells et al, 2012)
K H R 155 H Y “gradientForest” £l “extendedForest”
fU5¢/%; GAM (Hastie et al, 1986)KH R &5 Y

“mgev” FL5EAL; W T 1 (Van De Pol et al, 2016)
FHRIETHH “climwin” 5 .
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Fig.2 Otolith microstructure of E. japonicus larvae under
Olympus microscope (BX53F)
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Fig.3 Number of E. japonicus larvae hatching in each month
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Tab.3 Model selection result for random effects of E. japonicus larvae daily growth
LR 45 i FUGHRN o BRI B R
Random effect 2T KIEAE daf Ty Z R 17 2 il A %2
structures AAICc AlICc weight R R:
Age|FishID + Age|Sample.Year 0.00 1 11 0.27 0.79
Age|FishID + 1|Sample.Year 26.77 0 0.29 0.79
Agel|FishID 165.07 0 8 0.31 0.79
1|FishID 277.67 0 0.30 0.72

R4 HBENEERTNEFHEEL L EB AN ERIER

Tab.4 Results of the fixed-effect models optimization stage for models comparing the effect of intrinsic growth predictors

P TE SN 251 7R SN 2R A S DU S TE AN B F H
Intrinsic effect structures AAICc AICc weight df
AgetAAC+AC 0.00 0.99 11
AC+AAC 9.37 0.01 10
Aget+AAC 10.71 0 10
AAC 20.06 0 9
Age+AC 96.60 0 10
Age 97.45 0
AC 106.17 0

RS> HARFEAKTSRENSABIRENTZREXNE

Tab.5 Optimal random model variance and correlation statictic (Corr)of growth variance in E. japonicus larvae

FEHLZL N, Random terms 75 2 (bR E A 22 ) Variance (SD) MM Corr
FishID 0.017(0.129)

Age|FishID 0.009(0.100) -0.04
Sample.Year 0.013(0.114)

Age|Sample.Year 0.003(0.050) 0.8
Residual 0.013(0.114)

x6 MARFEERTERRKENEEHNEENFESERVKGEITE

Tab.6 Fixed effect model variance components and test statistics describing sources of growth variance in E. japonicus larvae

[& % %W Fixed terms 7 7% (bR HEW 22 ) Variance (SD) t{H t value P {H P value
Intercept 1.496(0.054) 27.574

Age 0.279(0.025) 11.305 -13.282™
AC 0.163(0.045) 3.641 2.715x1074
AAC ~0.274(0.026) -10.703 -13.282™

e ***FIR P<0.001, RIG5RTE 99.9%E(E/KF B3,

Note: *** denotes statistical significance at P < 0.001 (99.9% confidence level).

H A=K i BE A iR 52 I 5 SSS 7E 23.0 1 24.5 2471, 21.0 CAEA, XMHAEKERERBKEN; MLD 7F

Yt B A SRS A R, MLD 7€ 11.05 m B, X} H 4 12.50 m B % H AR K3 R B R (A 8),
KRR W 7 I HEREAE, MLD £ 11.10 m

24 ﬂ;it — Eli%ﬂgzx N R
B, X R A R s B SST (BTt RETSEARREREHAR

5, X A K B, 7 28.0 TZ GAM S 775 th (R = AN FREE I T A F
IR, SSS 7E 21.5 fil 22.0 AT, PR35 M 235 R 55 6 B AR AR R 45 SR AH — B, HoA H 3 i
X H AR KB R, T 10 AW LBk, sss SEE ST Z A5 B3 A 56 (P<0.01). AL
16 20.5 ZeAqit, X HARKEEA BRI ; SST 78 BRI FEZERE AR, 6 H WLl R =iy
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Fig.6  Effect of intrinsic factors on the otolith daily increment for E. japonicus larvae
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Fig.7 Weighted importance of environmental factors in the early growth of the three spawned cohorts of
E. japonicus larvae in June(a), July(b) and October(c)
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The factors include SST (Sea surface temperature), SSS (Sea surface salinity), MLD (Mixed layer depth), V (Northward
current velocity), U (Eastward current velocity), SSH (Sea surface height), and CHL (Concentration of chlorophyll a).
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Tab.7 Significance of environmental factors in the early growth of the three spawned cohorts of E. japonicus larvae based on the GAM

AL 1y AT i 22 figp o 5 R A S P A

Hatching month Environment factors Deviance explained/% AIC P value
6 H June SST 0.574 162.134 <0.001
SSS 0.284 221.597 <0.001

MLD 0.213 233.632 <0.001

7 H July MLD 0.346 76.839 <0.001
SST 0.321 76.889 <0.001

SSS 0.296 79.746 0.002

10 H October SSS 0.720 38.564 <0.001
SST 0.458 47.901 0.005

MLD 0.392 50.769 0.022

A RE DX A, 5~40 H % B9 A7 (0 B H 34 v )3
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2y 20% A AR GR S P (KRR ST B T K
PRSI AR, 1990), ABFIE 5 Z AT IBFFT 25 R IEA W)
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Tab.8 Predicted effects of SST on the otolith daily increment of E. japonicus larvae

H i 5 P AR o AR D TR0 t{H
Range of age Environmental variables Optimal window/d Predicted effect t value
<15 SST 0~1 0.016 4.199
15~40 SST 0~2 0.028 4.660
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Exploring the Effects of Internal and External Factorson the Early Growth
of Anchovy (Engraulisjaponicus) in the Yellow Sea
Based on Otolith Microstructure

WANG Wenwen, TIAN Yongjun”, LIU Lijun, YIN Zhuo, CHEN Bingging,

ZHANG Wenchao, YE Zhenjiang
(Deep Sea and Polar Fisheries Research Center, Ocean University of China, Qingdao 266003, China)

Abstract
constitute significant targets for commercial fisheries. The Japanese anchovy (Engraulis japonicus) is a

The abundant and widely distributed resources of small pelagic fish in marine ecosystems

prominent representative of small pelagic fish and is considered one of the most commercially valuable
species in the northwestern Pacific region. This species is crucial in the Yellow Sea marine ecosystem,
serving as a vital food source for various marine predators and contributing to the area's overall biological
diversity. However, the sustainability of anchovy populations is increasingly threatened by factors such as
overfishing and climate change, which have led to notable inter-annual fluctuations in the catch quantities.
Consequently, focusing on effectively recruitment of anchovy populations is essential for maintaining
ecological balance, particularly during their early growth stages, which are critical for survival and
long-term population stability. This study investigated the marine environment of the Yellow Sea and the
complex internal mechanisms that affect the early growth of anchovies. By analyzing samples collected
from 2016 to 2018, we used otolith microstructural analysis, a method that allows for precise tracing of
hatching dates and the evaluation of growth patterns over time. Furthermore, we employed mixed-effects
models to explore the relationships between intrinsic factors, specifically age and maternal effects, and the
early growth of anchovies. The distance measured from the otolith core to the annulus, representing
complete absorption of the yolk sac, served as an indicator of growth status during the yolk sac stage,
providing a quantifiable measure of the maternal effect on the early growth of anchovy larvae. To assess
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the influence of environmental factors on early growth, we applied a combination of gradient forest
models and generalized additive models (GAM). The selected environmental factors included sea surface
temperature (SST), mixed layer depth (MLD), northward sea water velocity (V), eastward sea water
velocity (U), sea surface height (SSH), sea surface salinity (SSS), and chlorophyll-a concentration (CHL).
This analysis identified the three most significant environmental factors influencing early growth. By
classifying anchovy larvae into two distinct age groups (< 15 days and 15-40 days old), we used sliding
windows to examine the lagged effects of environmental factors on different age stages. A relative time
window was integrated into our analysis, and to mitigate the impact of random occurrences among
candidate environmental factors, we conducted 500 randomization trials. The environmental factors that
showed lagged effects were incorporated as fixed external effects into the best fixed internal effects model
for further analysis, which aimed to predict their impact on early growth. Our study indicated a close
relationship between larval growth and intrinsic factors. Specifically, the daily increment of anchovy
otoliths was positively correlated with age, revealing a gradual flattening of growth trends as age
increased. This supports the "bigger is better" hypothesis, suggesting that larger individuals tend to have
lower mortality rates, enhanced predation capabilities, and improved predator evasion. Moreover, the
results showed a linear positive correlation with maternal effects, underscoring the notable influence that
mothers have during the initial growth phase of anchovies. The "maternal effect" hypothesis posits that,
compared to first-time spawners under average conditions, repeat spawners and physiologically superior
females produce larger eggs, which provide more nutrition and energy during the early growth stages,
thereby promoting growth. Despite quantifying the influence of intrinsic factors on early growth, the
underlying mechanisms behind these effects remain unclear and warrant further exploration. The study
identified SST, MLD, and SSS as the three most critical environmental factors affecting early growth.
However, their relative importance varied by month, indicating different regulatory mechanisms for
anchovies hatching in the same area during different times of the year. This study found that the lag effect
of environmental factors on otolith growth was approximately one week. Among the three environmental
factors analyzed, SST was the only factor exhibiting a lag effect, which varied with the age of the anchovy.
For larval fish younger than 15 days, SST had a one-day lag effect on growth; for those younger than
40 days, the lag effect extended to two days. The relatively short lag time of SST on early growth in this
study may be attributed to a previous study where anchovies reached an age of 90 days, whereas the
maximum age in this study was 40 days. The high sensitivity of early larval fish to environmental changes
resulted in a slightly longer lag effect of SST on 40-day-old anchovies compared to those that are 15 days
old. This indicates that as the age of the anchovy increases, its physiological state may prolong the
response time to environmental changes. Further predictive analysis suggests that the early growth of
anchovies increases with increasing sea surface temperatures. Additionally, within the same temperature
range, otolith increment widths for anchovy larvae aged 540 days were greater than those for larvae
younger than 15 days. However, as indicated by the Generalized Additive Model (GAM) analysis, the
relationship between SST and growth often becomes complex due to the synergistic influence of various
factors. Therefore, future research should adopt an energy balance perspective to comprehensively
elucidate the growth mechanisms of anchovies. This study integrates several models in the investigation
of early growth in anchovies, providing a scientific basis for early growth and laying a foundation for the
conservation and scientific management of anchovy resources in the Yellow Sea from the perspective of
internal and external factors affecting early life history stages.
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