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Impact of the jellyfish Aurelia aurita on the anchovy fishery stock
in Hiuchi-nada, central Seto Inland Sea, Japan

Hiromu Zenitant' T, Naoaki Kono? and Shingo WATARI'

(AT VH) Z20SHBENCIDN I 2 FATVEEANDI X7 S5O ERFMT 5720, KB W75 > 2
P HATVEH-I X STORE-WEBEL I X255y 7 F AT IAFMOERR, WEEREZ T Py ik
AET 2 BEICBWTETMELZ. 200120054EDOFEEFEONA 7T VHOEHZETVICKYVFHHL, I X755 %
MBELEHE 7 F AT OERE KEROMBREZHE L. BHHES7Tmmd» S5hE4Omm I TOH Y 7 F 4 7 DHE
B, MEFRIEZIAZIFONBHOSAEE L RILBIOMRICH Y, BEFE100mmD I X7 J 753100 m> 472 ) 101k
VLT 2L, BERRE RO NS 7 FA T IDPAEKRTELL AT EHIRINTZ. 2007200940 5-8 H DIEHEEIC B W
T, FHEET2mm D I X7 T 7 O5AEEITIRK 100 m* 1720 10K TH D, 2000/ F BT, I X757
DOFANE DI T 7 F 47V OHFHMDOAEFEPIET LIZ LD TV g2 5.

To evaluate the effects of jellyfish on the anchovy fishery stock in Hiuchi-nada, central Seto Inland Sea, we created
growth models for anchovy larvae and jellyfish linked with prey—predator dynamics models among nutrients, phyto-
plankton, copepods, and jellyfish. Fluctuations in copepod (main food items for jellyfish and anchovy larvae) biomass
during spring—summer 2001-2005 were simulated with the model to investigate the relationship between the jellyfish
abundance and the anchovy growth and survival. Anchovy growth and survival rate from 5.7 mm (first feeding stage)
to 40 mm standard length were inversely proportional to jellyfish abundance at the time of occurrence. The simulation
revealed that anchovy larvae could not survive by the shortage of food items at first feeding when abundance of the jel-
lyfish of 100-mm bell diameter was >10 ind./100 m>. Mean jellyfish abundance during May—August 2007—-2009
reached a maximum of 10 ind./100 m*> when mean bell diameter was 72 mm. These results suggest that jellyfish abun-
dance affected anchovy fishery stock during the late 2000s.
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TW5 (Zaitsev, 1992; Arai, 2001). )TN gD KIRE, i
JEEE, R, IR, B X ONF ORI 0 B KB S
BWTYH, I X7 F757 Aurelia aurita D RIS T % H3E
B OWMENL o7 (B EH, 2004). —J5, #FN
WHORREBICALE T 2B (Fig. 1) T, Lido#iz
EIRXZ I TFOAERERITIL L Bh ol (B B,
2004). I X7 I OB FEKIRIZ11-12°CTH Y (%
M, 2003; 1= - M, 2004), =N & FEIC
RO EAMEINAD 5 b oo, 4 FREKILA
10°CUL P E W ERRBIEICB T A I X7 S5 OMHEE
PhHwZto—HEEZbNTW/ (k- 1H, 2004).

LoL, BEICBWTY, 7945 - 7227 7 FHMNFE,
HEBERICEEL L2 2 WEEZEETE 2. £,
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Figure 1. Study area and jellyfish sampling locations in Hiuchi-
nada, Seto Inland Sea, Japan.

DTo200# Mk 5 (432, 2013). (1) HEREG
BEALIC & 2 AR AR EAIC X T, S X7 770
BUIH o B, Ao ettasd s (k- BH,
2004), (2) WD S BB IS S N B WA IR S
NIX7I75BLY 773 7HOLHIT (KT - A
g, 2005), ALK CTHRELI22 F7 - 727 T 7N
RIS L DB SN T 2 WD D 5.

e - WEBICBIT 22 977 - 737 X o RERA
PHEEFICE 2 2BICOVTIE, BEHEOME (Moller,
1984; Purcell, 1985; Bailey and Houde, 1989; Purcell, 1989;
Purcell and Grover, 1990), 3 X OB E IO T2 42 gL
THENATVEGZEOTREY T Z > 7 b BRI
A (BED4 - Moller, 1980; Deason and Smayda, 1982;
Lindahl and Hernroth, 1983; Matsakis and Conover, 1991; Pur-
cell, 1992; Behrends and Schneider, 1995; Olesen, 1995; Purcell
and Sturdevant, 2001; Kinoshita et al., 2006) 2% z 5 11T W
% W NEL BT B8 AR AT IS K 2 EERAT O
R, BEIIBWTHA T YHIEI A I 7 OEELRH
HEWTHY, SA7ITTFBIOCAY 7 FA4 7 IFMBIR
WHEEHELES TN, MEIEENTHLAA T VHEE
O o THABRICH D ZEHRENTEDY (Shojietal,
2009; 4137, 2013), BHOBAIC L 2 ELERT L4
EhbLEZOND.

IRY T DFEAEREDD %2000 FEROBEEICB T S
BE T FAT Y ORBEMARTIE, A7 F47 UM
DT E A T DG AEEN S & B LTI ] hE
TH % (Zenitanietal,2011). L22L, I X7 X PKRE
HEL7ZSE, O CHEICLI A5 7 T4V BLY

ZOWMBEZORE, MABREHSIA2ro 3T HEr2 L2
LMD H B ZEAIRENTBY, H¥7F4 7 V17
DR - AEANOEE2RTETNVORBOLEDND - 72
(BRI A, 2013). ZZTARITIE, B#EICBWTIXY
FEEPKERE LB EIIH Y 7 F 47 VBRI 2 5%
BATET 5720, MEORBEMWM TS 7 v vr-hA
T VTR SN A A AEBLRET IV (Zenitani et al.,
2011) ZXR—RAIZI X7 S5 DOMEDOREEZIMAZET NV
L, IR ITFER Y I FATUTROER, RERED
EFNVEMBEL, INOE2HELT, I X7 I35 B#IC
WH L7201 X, A%, W OM®EIZ X 2,
EOBAEBLIZH T 7 F 47 DA, RENDOEEE
Meat L7,

MR EFE

HE-HEEFRET IV

ML DR W T T 27 b AT VETRE S
11 % Lotka—Volterra equation T 4 fr—#% LRI R € 7 )V 12 LA
ToONX TR ENS (Zenitani et al., 2011).

d(TN)

=(0.0012x CH x WT— 0.0049 x SD x CH
—0.0029 x PR) X TN + 0.0053 (1)
0.1158 —0.1076 x CH

CH xCH (2)
—0.0038x CO+ 0.0054 xWT

d(CH) | TN xSDx
dt

d(CO)

=(0.0497 +0.0246 X CH — 0.0067 X WT)
x CO+0.3049 (3)

COETIVIEHREN (TN), W77 2 b ¥ (CH), 714
7 YHE (CO) DHEHD 41%, 65%, 65% S L7z, 20
ETNVICBWT, INIZBAFRERIRE (M), CHIZZ 1
O 7 4 VaiglE (W), COIZprosome length 0.25-1.50 mm
D ANKY A b EGA~ AR D e FIRE B (mgC m™)
ZEM L7z, TN, CH, JKii (WT,°C) 13f2#EICACE S
72BN E D10 m B O¥IEMHE, COXSBINEIZBT 2 )KkE
o EE T TCORMBMEOEBINNOTFETH S, HIKE
 (SD;hd™") & BEK#E (PRymmd™") (&, PUEFY Hr
R, SR 3BHNICB I 2BHOFMETH S (http:/
www.data.jma.go.jp/gmd/risk/obsdl/, 2014 4F 12 A 29 H). 7
B, Zenitanietal. (2011) DEFNTIX, ¥ 7 F4 T IAF
HOGMEES AT VHEOBEIZG 2 5B b
W L7, By 7 F 47 MFROGAEEOETET
VI AE N dole. RFRICBWTH, #5754
T AR OGATEER A T VEHOBREIC G 2 BT
bbb, B ITFATVICEDNAT VHOMEDBEIE

N, S



WA BWCI X IT5BN Y 7 F4 7 VERIZS 2 5B O

FIMALL 7o 72

IRV I T ENIAT VHOWEBR LR L, I T VHE
OBBIHBT L EMWEL, I A7 JHOBK, EOH)
BXG) I2IX79750M&EICX 2 HEZMZ, DT
o wEfeL 7.

d(Co)
dt

=(0.0497 + 0.0246 X CH — 0.0067 X WT) x CO
+0.3049 — JPC 4)

Z 2T, JPC (mgC) &4 4 7 ¥ (prosome length 0.25—
150 mm D IR T A ME~EAR) (ST EIRTTT5D
WA= %777, Zenitani et al. (2009) (278 S 7z/hIH 4 X
(025-0.50 mm) DI A 7 VHEHDHATEE (ACS; 10° ind. m™)
ERBF A X (0.50mmBh L) DA AT D5 Ai B
(ACL; 10*ind. m™®) 12, Uye (1982) OfAE (LC; mm)—jk
FIFARERX

WC=10"%¥x1073x (LCx10%) 3" (5)

M HRD I VEERYL 72 ) O R FERFARE (WC, mgC) % 3F
L, MU ZoBrRE (COS; mgCm™) & KIS A XD
HfE & (COL; mgC m™) &K, Wre colzxtd A/h
A ZOBGROILHE (CSR; %) L OB ERFLZEZA
DT oBBRR»H - 7.

CSR=0.43xWT"* (+7=0.70, n=19, p<0.001) (6)
F72, Wrk LCoORIZIE
LC=0.88 exp (—0.0064xWT) (7)

DD D 5 (Zenitani et al., 2009). it DRI 2 5,
YIalb—=vavkont T IEOY A R OG5HEER
TRz hRD7.

CSR 1 (8)
ACS = X CO X —— 8
100 wC
CSR 1
ACL=|1-—""|xCOx —— )
100 wC

% 72, ACS & Zenitani etal. (2009) IZ/RENTWV5E /) —F
) 7 ZHEDGAEE (NO; 100 ind. m™) ORI, T
DOEFBRADHOLNI=DT, Iz ) =77 ZAEDS
FEEOFHEIMHEH L7

NO=1.502XACS+8.341 (+*=0.35, n=19, p<0.005) (10)

IXYIFICEDAATOEHRHEE
SATITFRICE B A T VHOMERIPCIE, DT
TBICEVEWTE. IX2I750B AT VEHETHYZD
289 % ¥ EL, Gerritsen and Strickler (1977) @ € 7
WRIZEDEH L.

3xVJ P+ VC?
AXDXCXACXRX—————— VJ2VCH L &

Fe 3IxVJ (11)

3IXVC+VJ?
IXDXCXACXRx———— " pC>VJDL &
3IxVC

CZC, DIZ1H%7-0) OFEIEEF T24 h24 h=1.0, C1
LHAREL8.64 X107 s d™, ACIE A A T VHEHDOH A4 G D55
HEE (ind mm™>), RBIZXZFXFEHNAT VHEDOEB
FELRL,

2xLC
R=LJ+-—— (12)
T

& 3 % (Bailey and Batty, 1983). 2 Z°C, LJ (mm), VJ
(mms™), VC (mms™) %4 3I X7 F75OEE, I X7
T DOWEKEEE, AT VROEREERZRT. IX7 T
4 O il 1k E BE 1 McHenry and Jed (2003) @ 813l i % i Ffl
L, VW=19mms ' & L7z, A4 7 YHEIFRO LI Y
A X5 F LT
1 nauplii stage

(<0.25 mm in body length)
2 small size stage

=1 (0.25-0.50 mm in prosome length, mode 0.37 mm)
3 largesize stage
(>0.50 mm in prosome length)
yc()=15
vC=vC(j)={rCc(2)=15 (13)
yc(3)=1.0

L L7 (Zenitanietal,2009). 74 7 VHEMBLIZIX
7B EICRID T 2R PIIVCE I X7 T 7Dk
REICD] & 2 9 Aafg i (MFV; mms™") OBHRD S L
ToOLIITREL.

P_? MFV 2VCD & &

o MFV<vcor X (14)

MFVIZAEE L DT O BRA 3 5 (Costello and Colin, 1994).
MFV=11.809%log (LJX107")+8.733 (15)

SRTTTNRIAT VREMEBTHRKEILRT vV UL
BAE) WCL72h\, IAZ2I5BHA T VHEBEBL
PO AT 2 A EHELB (E,P) L7
W) ERET S, VKD I X7 759 5V A4 XX
DHAATVHEEBLAET A28 UPC();mgCd™") %
DFoXTHET S, &)1 (1995) 2k, mKififgs
R FREARE (CWJ; mgC) D7.9% TH5HDT, HAl
HENPCWIDTI% AT &IX, FARXTEDIPCD
W TES L7
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JPC'(j
0.079 CWJX#

2 IPC))

D JPC'(j)Z0.079xCWID & & (16)

J=1

JPC(j)=

3
JPC(j) Y. JPC'(j)<0.079XxCHID & &

=

ZZT,
JPC'(j)=FJ(j)xWC(j) (17)

DATEEATD I A7 7 BRI L D04 7 VHCOD
WEEJPCIECONARRY 4 N~ A R
HRTHY, /=T ) 2AERIEENTVEREVDT,

3
JPC = "JPC(j)x AJ (18)
j=2
THEAE L7
XS DBRE
IR IFREEOHRBHICB VT, 1,000 DRAEEK %
ML, TOERBMBI, ERSAN@, o) L7205
BB EDRRE LA 22T id50,100mm & L7z,
FNDOHMALD 720 W — IR OB ASHBI L, D
EEFIINSVERELT, o,lduy,D5%E L7z, IX7 T
FOREL-DEER (GLdY) &, I A7 I 75 0KREY
720 OffEE (CFd") ARG (MU, d7) ORETIRT.

GJ=CJ*X0.8—MJ (19)

22T, AfERhEIZ0.8 EARE L7z (Schneider, 1989). 3
R 7 O R FERERE CwI 3R -RER wwrg) B
£& (Uye and Shimauchi, 2005) & il 5 & — jx F2 4 51k & B
% (Toyokawa et al., 2000)

WWJ=0.0748% (LJx107")286 (20)
CWJI=WWJX10°X0.0202%0.053 (21)
TRD L. CJIiZ
JPC(j
cy = 7PCW) (22)
cwJ

MJ % Uye and Shimauchi (2005) 75,
MJ=0JXOCXRJ (23)

EL7z. ZZTOIEY Y8y R — 2O IEBEACHN
B IR T 0.85, OC I RFN B i & jr R 2 RS 54k
$T0.536 mgCm/™, RJ(ml O, d™") (XIFIE=E T Kl &
HOBKTH 5.

RJ=0.0765x2.8 WT=200/10x (prpyjx 1 (3) 1038 (24)

BHEFTHEEESIX 7 X504 %E Qo) QDR
2y &I

_( CWJ x(1+GJ)

1/2.86
; x 10 (25)
10° x0.0202 % 0.053x 0.0748

WX DEHE L.

HhETFATIDRE

RBEEC BT, THERCHBIMAT 205 75747 D
AR, HoA H RN 5 4 Ao ig-6 H M RIZSEAE
T2 EHESIN TS (Zenitani et al., 2009). (LD OF)
HEFAEH L L&MWk 2k — M3 LT, 1,000 DA
k2 EE L, ZOREMEZIEBSAN (1,0 L7
A EENC X Y% L7z, T 2 Tu,ld Fukuhara (1983) (2
X Ds56mme L7 HABEMRN CTH 55 Biological
intercept 2 (Campana, 1990; Watanabe and Kuroki, 1997) T
X, BEFEBHOHFAICBI 2 REOZEHIIRE S v
HMEINTWEILEBELL, I X7 I70H Lk
ICHAALD 720, 0,03, u,D5%E Lz, ZWOHHIZHE
AL7zar—rOREAEHUBEORER (G4;d™") &, Ze-
nitani and Kono (2012) OfA&K 40 mm F TOMEIZ X Y &

B]HL7.
103 0.834-1
0.43 J

Xexp( 1n(120.1 D ><(WT—16)] (26)

GA=0.58xCA

—-0.187 X(CWAX

2T, cAdY) IZREY ) oMARE, o4 (mgC) X
IRFWMBARETH SH. CAZ I X7 57 & A FEIC Gerritsen
and Strickler (1977) D ETFNVRE b LITH Y 7 F4 T I
HATVHETASADICHEBL, WETLIZEZ2HEL
RETFTMCEDAEB LA sk X7 5 7 offigRila
ERIUHAA T VHOY A X500 % LT, W 7FA4T7TD
H AR, WikEE, YA ZXNNON S 7 FA4 T2 DH A XN
AT VEHOWMEEIIHESR, A4 XD h A4 7 VHOME
WD S CA % FH5 LT\ b (Zenitani and Kono, 2012).
CWAL, RE~KE (L4; mm) BIFR (Uye, 1982; Shoji, 2000)
MHRDT.

CWA=2.045X10"*XL433%5x0.43 (27)
%8B, GAOBINT — 5 OmRKMEAH0.6 ThH - 72D T (Zeni-
tani and Kono, 2012), G4 DFIEMED FRH 06& L7z #
HEChE K- h 57747 0Kk QNXzrd &

Iz
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Figure 2. Effect of the number of trails on survival rate of the

May anchovy cohort.
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BEIFATY, IR I5DEERSE
EKEAOMIZKET % F TOYEIZEB W T, Konoetal
(2003) OHURIEE A D L2, GA<ODSHF:3 H DL Fiv7-
AR E ERE LCRET S E L 72, kDAL
DHEBRIETER (M4;d™") (X, HP (1960) LD

o 25 (29)

 F X365
THME2HRELTHE L. #5774 7084 (b
ODaAR— PO Il —a Y HOMLEEOHOERE (S4
(t,k); %) ZLLTOXTHEL 7.
An(e, k)
_ _ 30

SA(t, k) 1000 x exp(— MA) x100 (30)
ST, An(t, k) \FZk Ak — b HIZBF B RAEME A
DEEFRVETH 5.

I X7 5412 OW T, Ishi and Bamstedt (1998) X O°
Fuetal. (2014) O fEEK % b L 12 GJ<0D H 2% point of
no return (PNRJ) H LL Ffevs 22 ARASHLAk 2 T K & L CToE
T3hbELA. ZIZT, PNRJIZFuetal (2014) DKL &
OB E I,
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Figure 3. (a) Fluctuations in sunshine duration, precipitation, and water temperature (W7) and the nutrient (7N)
model simulation for Hiuchi-nada in 2001. (b) Fluctuations in sunshine duration, precipitation, WT and the TN

model simulation for Hiuchi-nada in 2004.
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PNRJ=127%exp (—0.0922XWT) (31)

L7 I A7 7220 TOHKUA D HRIELCIZD W
TOMRIEA %L, = ¥ KT Molamola, <7\ Scomber
Japoicus, A R A Psenopsis anomala, 7 I /7 AFHHEH
EENTWEDS (%H, 2003), SNHDEWDI X7 57
O EEICET LT % (Pauly et al,, 2009). A:fE
RETNTIE, 77 7HOREERE % AR D “dead end”
EED, EREZ0D LIX0IZEWEE T 556
% % (Baird and Ulanowicz, 1989; Cox et al., 2002; Walters et
al,, 2005). F 7z, KA 57 D54 % EOBHIN 2%
29 75DELE —HTHIEDRENT VS (Yamamoto
etal,2008). AKHEIZBWTEH, I X7 77 DHUELID
HRIECIIHEEL o/, IX 797 HOYI 2L —
Va VERPOMLEEDO HOEKRE (S1(1); %) 3T 0K
TREMHE L 7-.

Jn(t)

SJ(t) =
® 1000

%100 (32)
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in 2004.
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A, (Zenitani et al., 2011)

WT (1) =0.117% (+5) +12.66 (33)

L7,
P3alb—YarTHETIZIXZIFOMIRER
100m* 247290, 1,5, 10,50, 100ffitk & L7z, I X255 D
WHH (W) 3AF7F4 7 OFAEELEDE FREY
72D MAR) ISR OBENREVE TSN TVLS5HT
#) (Zenitani et al., 2011) 2449 % =35 LA @ 1J=20, 25
308 L, IAZITXOGMAEREB X OMBIH Z & 1235
BT H AT VHEOBURRE (CO (35); mgCm™), SH L
i, FTHOAY 7 F 4T ax— OFE - EREREL T
Beav3ialb—va vz EombEtcrifl 72, &
THENE, RHEREZEE L Cl00mE L7z, 28, 2001
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Table 1. Predicted copepod biomass (mg m—>+SD) at =35 according to the prey—predator model for nutrients, phy-
toplankton, copepods, and jellyfish.

Predicted copepod biomass (mCg m ™) at r=35

Jellyfish Bell
Occurrence .
. abundance diameter
Scenario day Year
AJ (=) BD (t=tJ)
(107 ind. m™) (mm) 2001 2002 2003 2004 2005
0 — — — 17.02 (£0.000)  16.28 (£0.000) 15.43 (£0.000) 12.21 (£0.000) 14.89 (+0.000)
1 20 1 50 16.92 (+0.001)  16.17 (¥0.001) 1532 (£0.001)  12.11 (£0.001)  14.79 (+0.001)
2 20 5 50 16.51 (£0.004)  15.72 (£0.005) 14.91 (£0.005) 11.69 (+0.004)  14.40 (+0.004)
3 20 10 50 16.00 (£0.009) 15.15 (£0.010)  14.40 (£0.008) 11.17 (£0.009) 13.92 (£0.009)
4 20 50 50 11.85 (£0.051)  10.57 (£0.047) 10.27 (+0.046)  6.95 (£0.046) 10.01 (£0.038)
5 20 100 50 6.56 (£0.084)  4.69 (+0.101)  5.03 (£0.095)  1.71 (£0.087)  5.09 (+0.079)
6 25 1 50 16.96 (+0.000)  16.21 (£0.001) 15.36 (¥0.001)  12.14 (+0.001)  14.82 (+0.001)
7 25 5 50 16.69 (£0.003)  15.93 (+0.003) 15.09 (x0.003) 11.88 (£0.003) 14.57 (+0.003)
8 25 10 50 16.36 (£0.005)  15.57 (£0.006) 14.77 (£0.006) 11.54 (+£0.005) 14.24 (£0.005)
9 25 50 50 13.71 (£0.029)  12.75 (£0.033)  12.12 (¥0.027)  8.86 (+0.027)  11.65 (+£0.028)
10 25 100 50 10.39 (£0.056)  9.20 (£0.059)  8.81 (x0.059)  5.51 (£0.052)  8.40 (%+0.056)
11 30 1 50 16.99 (£0.000)  16.25 (£0.000) 15.39 (x£0.000) 12.18 (£0.000) 14.86 (%0.000)
12 30 5 50 16.86 (+0.001)  16.11 (£0.001)  15.27 (¥0.001)  12.05 (x0.001)  14.73 (0.001)
13 30 10 50 16.70 (£0.003)  15.95 (£0.003)  15.11 (+0.003) 11.89 (£0.003)  14.57 (+0.003)
14 30 50 50 1542 (0.011)  14.64 (+0.014) 13.82 (=0.014) 10.60 (+0.013) 13.31 (+0.012)
15 30 100 50 13.81 (£0.027) 13.00 (£0.027) 12.22 (£0.029)  9.01 (£0.024) 11.74 (£0.028)
16 20 1 100 16.29 (£0.006)  15.47 (¥0.006)  14.69 (+0.006) 11.46 (£0.006)  14.20 (*0.005)
17 20 5 100 13.33 (£0.032) 1221 (£¥0.036)  11.75 (+0.030)  8.46 (+0.031)  11.40 (£0.031)
18 20 10 100 9.57 (£0.066)  8.04 (£0.075)  8.02 (x0.070)  4.68 (+0.067)  7.90 (+0.058)
19 20 50 100 0.30 (£0.000)  0.30 (£0.000)  0.00 (x0.000)  0.30 (x0.000)  0.30 (+0.000)
20 20 100 100 0.30 (£0.000)  0.00 (+0.000)  0.30 (£0.000)  0.00 (£0.000)  0.00 (+0.000)
21 25 1 100 16.55 (£0.004)  15.77 (£0.004)  14.95 (£0.004) 11.73 (+0.004)  14.42 (+0.004)
22 25 5 100 14.64 (£0.021)  13.74 (x0.021)  13.05 (+x0.019)  9.81 (+0.021) 12.56 (+0.017)
23 25 10 100 12.25 (£0.041)  11.20 (£0.046) 10.67 (x0.037)  7.39 (£0.040) 10.22 (*0.039)
24 25 50 100 0.00 (£0.000)  0.30 (+£0.000)  0.30 (£0.000)  0.00 (£0.000)  0.30 (£0.000)
25 25 100 100 0.00 (£0.000)  0.00 (+0.000)  0.00 (£0.000)  0.30 (£0.000)  0.00 (+0.000)
26 30 1 100 16.79 (x0.002)  16.04 (x0.002) 15.19 (+0.002) 11.98 (+0.002) 14.66 (+0.002)
27 30 5 100 15.86 (£0.009)  15.09 (£0.010) 14.27 (x0.009) 11.05 (x0.010)  13.75 (+0.011)
28 30 10 100 14.70 (£0.019)  13.90 (£0.021) 13.12 (¥0.020)  9.89 (+0.018) 12.61 (+0.019)
29 30 50 100 5.46 (£0.094)  4.44 (£0.092)  3.94 (£0.101)  0.80 (£0.087)  3.51 (+0.094)
30 30 100 100 0.30 (x0.000)  0.30 (x0.000)  0.30 (x0.000)  0.00 (+x0.000)  0.30 (+0.000)
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Figure 5. Relationship between relative copepod biomass at 1=
35 and jellyfish abundance at 7=jellyfish occurrence day (zJ
=20, 25, and 30).
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Table 2. Predicted survival rates (%=SD) for standard lengths
(SL) from 5.6 mm to 40 mm in the May anchovy cohort.
SE, early-May cohort; 5M, mid-May cohort; 5 L, late-May

cohort.
Survival rate (%)
Year
5E 5M 5L

2001 36.3 (£3.77)  68.5 (+3.70) 84.1 (+2.44)
2002 232 (£2.85) 54.5 (¢3.56) 81.2 (+3.16)
2003 29.4 (+£3.41) 550 (+3.66) 77.3 (+2.90)
2004 22.1 (+2.88) 343 (+2.69) 529 (+3.23)
2005 233 (£2.69) 51.4(+3.68) 66.5 (+3.16)
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Figure 6. Relationship between survival rate (%) from stan-
dard lengths (SL) of 5.6 to 40 mm for the May anchovy co-
hort and copepod biomass at /=35 when jellyfish abun-
dance=0. 5E, early-May anchovy cohort; 5M, mid-May
anchovy cohort; 5 L, late-May anchovy cohort.
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Table 3. Predicted mean survival rates (%) of standard lengths (SL) from 5.6 to 40 mm for the May anchovy cohort.

Survival rate (%)

Jellyfish Bell
Occurrence .
Scenario day abundance diameter Vear
AJ (t=tJ) BD (t=tJ)
o (102 ind. m™) (mm)

: 2001 2002 2003 2004 2005

0 — — — 62.9 53.0 53.9 36.4 47.1
1 20 1 50 62.4 52.5 52.7 36.2 46.8
2 20 5 50 60.8 50.2 50.3 34.6 44.0
3 20 10 50 57.7 46.6 46.9 322 40.2
4 20 50 50 0.3 0.0 0.0 0.0 0.0
5 20 100 50 0.0 0.0 0.0 0.0 0.0
6 25 1 50 62.4 52.4 53.0 36.3 46.7
7 25 5 50 61.5 50.4 51.6 35.1 44 .4
8 25 10 50 59.5 48.7 493 33.5 42.1
9 25 50 50 11.4 1.9 8.3 0.0 0.0
10 25 100 50 0.0 0.0 0.0 0.0 0.0
11 30 1 50 62.4 52.8 53.9 36.3 474
12 30 5 50 62.1 51.9 52.5 35.6 45.8
13 30 10 50 61.1 51.1 50.7 344 442
14 30 50 50 28.2 7.7 9.5 0.0 7.6
15 30 100 50 1.7 0.0 0.0 0.0 0.0
16 20 1 100 59.3 48.1 48.9 33.9 42.2
17 20 5 100 10.7 6.8 8.6 0.0 0.6
18 20 10 100 0.0 0.0 0.0 0.0 0.0
19 20 50 100 0.0 0.0 0.0 0.0 0.0
20 20 100 100 0.0 0.0 0.0 0.0 0.0
21 25 1 100 60.9 49.7 50.6 34.1 433
22 25 5 100 29.0 9.9 20.0 0.0 7.6
23 25 10 100 0.0 0.0 0.0 0.0 0.0
24 25 50 100 0.0 0.0 0.0 0.0 0.0
25 25 100 100 0.0 0.0 0.0 0.0 0.0
26 30 1 100 61.6 51.9 51.6 35.0 45.0
27 30 5 100 50.9 23.9 38.5 7.2 13.8
28 30 10 100 11.6 34 8.4 0.0 0.0
29 30 50 100 0.0 0.0 0.0 0.0 0.0
30 30 100 100 0.0 0.0 0.0 0.0 0.0
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Figure 7. Relationship between mean relative survival rate
2005

(RASA40= 2: ASA40y/ASA40y0X100/5; %) from standard

y=2001
length (SL) of 5.6 to 40 mm for the May anchovy cohort
and jellyfish abundance on r=jellyfish occurrence day (#/=
20, 25, and 30) . AS440y0, anchovy survival rate during year
v when jellyfish abundance=0; 45440y, anchovy survival
rate during year y for jellyfish abundance. Upper and lower
panels show the cases for initial 50- and 100-mm bell diame-
ter jellyfish, respectively.
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Table 4. Predicted mean daily growth rate (mm d”"'=SD) from 5.6 to 40 mm standard length (SL) for the May an-

chovy cohort. 5E, early-May cohort; 5M, mid-May cohort; 5L, late-May cohort.

(a)
Jellyfish Bell Mean daily growth rate from 5.6 to 40 mm SL (mm d ")
. Occurrence abundance diameter
Scenario day A7 (=) BD (=) Year 2001 Yrear 2002
tJ -y ﬂ
(10?ind. m™)  (mm) SE sM sL SE sM sL

0 — — — 1.30 (£0.03) 1.37 (£0.02) 1.50 (+0.02) 1.27 (£0.01) 1.31 (£0.02) 1.38 (x0.01)
1 20 1 50 1.30 (£0.03) 1.35 (£0.03) 148 (£0.03) 127 (£0.01) 1.30 (x0.03) 1.35 (£0.03)
2 20 5 50 1.27 (£0.04) 130 (£0.03) 1.40 (£0.03) 123 (*0.00) 1.25 (x0.03) 1.24 (*0.02)
3 20 10 50 124 (x0.03) 1.24 (%0.03) 128 (£0.02) 1.19 (+0.00) 1.18 (*0.03) 1.11 (*0.02)
4 20 50 50 093 (x0.000 —  — - - - - - - - -
5 20 100 50 R — - = - = - = - = R —
6 25 1 50 129 (+0.03) 1.35 (%£0.03) 1.49 (+0.02) 127 (+0.01) 1.30 (x0.02) 1.35 (*0.03)
7 25 5 50 1.28 (£0.03) 132 (£0.03) 1.42 (£0.02) 123 (£0.01) 1.25 (£0.02) 1.28 (*0.02)
8 25 10 50 1.26 (£0.03) 1.27 (£0.02) 1.33 (£0.02) 122 (x0.02) 1.21 (+0.02) 1.16 (+0.02)
9 25 50 50 0.95 (x0.04) —  — e 0.86 (x0.01) —  — - —
10 25 100 50 - — - = - — - = - — - —
11 30 1 50 1.30 (£0.03) 1.36 (£0.03) 1.50 (£0.01) 127 (£0.02) 1.30 (£0.03) 1.36 (£0.02)
12 30 5 50 129 (£0.03) 1.33 (+0.02) 1.44 (£0.02) 125 (£0.02) 1.27 (+0.03) 129 (%0.02)
13 30 10 50 1.25 (£0.03) 128 (£0.03) 1.35 (£0.03) 123 (%£0.01) 1.23 (x0.02) 1.21 (*0.02)
14 30 50 50 1.12 (£0.03) 092 (x0.01) —  — 1.04 (+0.02) —  — - -
15 30 100 50 105 (x0.01) —  — - — - — - — - —
16 20 1 100 1.25 (+0.03) 1.28 (£0.03) 1.36 (+0.03) 1.21 (+0.02) 1.21 (£0.03) 1.20 (*+0.02)
17 20 5 100 1.01 (+0.03) — — - — 0.79 (x0.01) —  — - —
18 20 10 100 - — - — - = - — - = - —
19 20 50 100 - - - = - = - = - = - -
20 20 100 100 - = FE— S — FE— S — - =
21 25 1 100 127 (£0.02) 1.29 (£0.02) 1.38 (£0.02) 123 (x0.00) 1.23 (£0.02) 1.23 (£0.02)
22 25 5 100 111 (£0.03) 084 (*£0.02) —  — 1.01 (+0.01) 087 (x0.01) —  —
23 25 10 100 - = - = - — - = - — - =
24 25 50 100 - - - - - - - - - - [ —
25 25 100 100 - - - - - = - - - = - -
26 30 1 100 129 (£0.03) 1.32 (£0.03) 1.39 (£0.03) 1.24 (£0.02) 1.25 (£0.02) 1.26 (*0.02)
27 30 5 100 1.18 (+0.03) 1.03 (*£0.02) 0.84 (*0.00) 1.14 (*0.01) 0.86 (*0.02) —  —
28 30 10 100 0.94 (+0.02) —  — - - 0.92 (x0.01) — — - —
29 30 50 100 - — - — - — - — - — - —
30 30 100 100 - — - = - = - = - = - —

(b)

Jellyfish Bell Mean daily growth rate from 5.6 to 40 mm SL (mm d™')
. Occurrence abundance diameter
Scenario day AJ (=) BD (=1)) Year 2003 Year 2004
i . ﬂ
(102 ind. m™) (mm) SE 5M 5L 5E 5M 5L

0 — — — 127 (x0.02) 1.28 (%0.02) 139 (+0.02) 1.04 (+0.00) 1.19 (x0.00) 1.27 (*0.02)
1 20 1 50 126 (+0.02) 127 (£0.03) 1.37 (£0.02) 1.03 (*+0.02) 1.15 (£0.01) 1.24 (£0.02)
2 20 5 50 123 (£0.01) 1.22 (£0.02) 1.30 (£0.02) 0.98 (£0.00) 1.09 (£0.02) 1.15 (£0.01)
3 20 10 50 1.19 (£0.02) 1.16 (£0.02) 1.20 (+0.02) 0.93 (£0.00) 0.98 (£0.00) 0.99 (+0.01)
4 20 50 50 — — — — — — — — — — — —
5 20 100 50 — — — — — — — — — — — —
6 25 1 50 127 (£0.02) 127 (£0.02) 137 (£0.01) 1.03 (x0.01) 1.17 (£0.02) 125 (£0.02)
7 25 5 50 124 (£0.02) 1.23 (%0.03) 132 (+0.02) 1.00 (+0.01) 1.11 (x0.00) 1.18 (*0.02)
8 25 10 50 122 (£0.02) 1.18 (*0.03) 1.24 (*£0.02) 0.96 (+0.01) 1.04 (x£0.01) 1.06 (£0.02)
9 25 50 50 0.86 (+0.01) — — — — — — — — — —
10 25 100 50 — — — — — — — — — — — —
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(b)
Jellyfish Bell Mean daily growth rate from 5.6 to 40 mm SL (mm d™")
. Oceurrence abundance diameter
Scenario day A (=) BD (=1)) Year 2003 Year 2004
tJ -2 -3
(102 ind. m™) (mm) S5E 5M 5L 5E 5M 5L
11 30 1 50 127 (x0.01) 127 (%0.02) 138 (+0.02) 1.03 (+0.01) 1.17 (x0.02) 1.25 (*0.02)
12 30 5 50 1.25 (+0.02) 124 (+0.02) 1.33 (*£0.02) 1.01 (+0.01) 1.14 (*£0.01) 1.19 (*0.01)
13 30 10 50 124 (+0.02) 120 (+0.02) 1.27 (*0.02) 0.99 (*+0.01) 1.08 (*0.00) 1.11 (*0.01)
14 30 50 50 1.03 (+£0.03) — — — — — — — — — —
15 30 100 50 — — — — — — — — — — — —
16 20 1 100 122 (£0.02) 1.20 (£0.02) 1.26 (£0.02) 0.96 (£0.01) 1.05 (x0.01) 1.10 (£0.01)
17 20 5 100 0.76 (x0.00) — — —  — - - - = = =
18 20 10 100 — — — — — — — — — — — —
19 20 50 100 — — — — — — — — — — — —
20 20 100 100 — — — — — — — — — — —
21 25 1 100 123 (£0.02) 121 (*+0.03) 1.29 (£0.02) 0.98 (*0.01) 1.08 (*+0.01) 1.14 (+0.02)
22 25 5 100 1.01 (£0.02) 0.77 (£0.01) — — — — — — —
23 25 10 100 — — — — — — — — — — — —
24 25 50 100 — — — — — — — — — — — —
25 25 100 100 — — — — — — — — — — — —
26 30 1 100 125 (£0.02) 1.22 (£0.03) 1.30 (+0.02) 1.00 (£0.01) 1.11 (£0.00) 1.16 (*0.02)
27 30 5 100 1.13 (£0.02) 0.90 (£0.02) 0.80 (0.01) 0.72 (£0.03) — — — —
28 30 10 100 093 (x0.01) — — — @ — _ - = = = =
29 30 50 100 — — — — — — — — — — — —
30 30 100 100 — — — — — — — — — — — —
(c)
Jellyfish ) Mean daily growth rate from 5.6 to 40 mm SL (mm d™!)
Occurrence abundance Bell diameter
Scenario day A (=) BD (t=tJ) Year 2005
J 5 ,3 (mm)
(107 ind. m™) 5E 5M 5L
0 — — — 1.27 (%0.02) 1.19  (%0.02) 1.23  (%0.02)
1 20 1 50 1.26 (*0.02) 1.17  (x0.02) 121 (%0.02)
2 20 5 50 123 (*0.00) 1.12 (0.02) 11 (%0.02)
3 20 10 50 1.18 (x0.01) 1.04 (%0.02) 0.95 (x0.01)
4 20 50 50 — — — — — —
5 20 100 50 — — — — — —
6 25 1 50 1.26 (%0.02) 1.18  (%0.02) 121 (%0.02)
7 25 5 50 123 (x0.01) 1.13 (%0.02) 1.13 (%0.02)
8 25 10 50 1.20 (+£0.02) 1.07 (%0.02) 1.02  (%0.02)
9 25 50 50 — — — — — —
10 25 100 50 — — — — — —
11 30 1 50 1.26 (£0.02) 1.18  (%0.02) 121 (%0.02)
12 30 5 50 125 (+0.02) 1.14  (%0.03) 1.16  (%0.02)
13 30 10 50 1.23 (%0.01) 1.09 (%0.02) 1.06  (*0.02)
14 30 50 50 0.96 (%0.02) — — — —
15 30 100 50 — — — — — —
16 20 1 100 1.20 (%0.02) 1.09  (%0.02) 1.06  (%0.02)
17 20 5 100 0.84 (%0.00) — — — —
18 20 10 100 — — — — — —
19 20 50 100 — — — — — —
20 20 100 100 — — — — — —
21 25 1 100 123 (x0.01) 111 (*0.02) 1.10 (£0.02)
22 25 5 100 0.94 (+0.02) — — — —
23 25 10 100 — — — — — —
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Table 4. Continued.

()
Jellyfish Bell Mean daily growth rate from 5.6 to 40 mm SL (mm d™")
Oceurrence abundance diameter
Scenario dtaJy A (=) BD (=1)) Year 2005
(1072 ind. m’3) (mm) 5E M 5L
24 25 50 100 — — — — — —
25 25 100 100 — — — — — —
26 30 1 100 123 (x0.01) 113 (%0.02) 1.12 (x0.02)
27 30 5 100 .11 (*0.01) 0.82  (£0.00) — —
28 30 10 100 — — — — — —
29 30 50 100 — — — — — —
30 30 100 100 — — — — — —

“—" indicates that all fish larvae died during the simulation scenario, and mean daily growth rate was not calculated.

Jellyfish initial bell diameter

Jellyfish initial bell diameter

=50 mm =100 mm
200 1 o 4 200 -
-5
150 {-a-10 150
--50
100 +{®100 (102 ind. m3) 100 4
T
E 50 A 50 A
~ tJ=20 tJ=20
o
> 0 —— 0 —
° 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
£ 200 200 -
<
- p—(
=
= 150 - 150
5}
=
= 100 1 100 -
=
=, rﬂ-ﬁmf-ﬁ.rr*ffw‘:
—
2 50 50
- _
tJ=25 tJ=25
0 — 0 —
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
200 - 200 -
150 150
100 100 -
50 4 ﬂr.‘#ﬁ‘.g 50 4
tJ=30 tJ=30
0 — 0 —
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
.
Day, t (=0 as April 20)

Figure 8. Simulation of jellyfish bell diameter at different jellyfish abundances on r=jellyfish occurrence day (£/=20,
25, and 30) . Right and left panels show 50- and 100-mm initial bell diameter jellyfish, respectively.
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Table 5. Predicted mean daily growth rates (mm d™'=SD) from £/ to 100 d in jellyfish.

Occurrence day

Mean growth rate from =t to =100 (mm d™")

Jellyfish .
. tJ Bell diameter
Scenario . _ abundance Year
(10%ind. m™3) BD (t=tJ)
AJ (=t))
(mm) 2001 2002 2003 2004 2005
1 20 1 50 0.58 (£0.001)  0.58 (+0.001) 0.58 (£0.00) 0.58 (£0.00) 0.58 (0.00)
2 20 5 50 0.58 (x0.001)  0.58 (+0.001) 0.58 (£0.00) 0.58 (%0.00) 0.58 (0.00)
3 20 10 50 0.58 (£0.001)  0.58 (x0.001) 0.58 (%0.00) 0.58 (%0.00) 0.58 (£0.00)
4 20 50 50 0.18 (£0.007)  0.17 (x0.007) 0.17 (+0.01) 0.18 (+0.01) 0.17 (x0.01)
5 20 100 50 0.03 (£0.000)  0.02 (+0.004) 0.02 (+0.01) 0.02 (£0.00) 0.02 (£0.00)
6 25 1 50 0.55 (x0.001)  0.55 (+0.001) 0.55 (+0.00) 0.55 (%0.00) 0.55 (%0.00)
7 25 5 50 0.55 (£0.001)  0.55 (x0.001) 0.55 (%0.00) 0.55 (%0.00) 0.55 (%0.00)
8 25 10 50 0.55 (x0.001)  0.55 (+0.001) 0.55 (£0.00) 0.55 (£0.00) 0.55 (£0.00)
9 25 50 50 0.19 (£0.001)  0.18 (+0.006) 0.17 (x0.00) 0.19 (x0.01) 0.18 (£0.01)
10 25 100 50 0.03 (£0.000)  0.02 (+0.002) 0.02 (£0.01) 0.02 (£0.01) 0.01 (£0.01)
11 30 1 50 0.51 (£0.001)  0.51 (+0.001) 0.51 (0.00) 0.51 (%0.00) 0.51 (£0.00)
12 30 5 50 0.51 (£0.001)  0.51 (+0.001) 0.51 (+0.00) 0.51 (£0.00) 0.51 (+0.00)
13 30 10 50 0.51 (£0.001)  0.51 (+0.001) 0.51 (+0.00) 0.51 (£0.00) 0.51 (£0.00)
14 30 50 50 0.21 (£0.000)  0.19 (+0.001) 0.19 (£0.00) 0.21 (£0.01) 0.19 (£0.00)
15 30 100 50 0.02 (£0.005)  0.02 (+0.004) 0.00 (%0.00) 0.03 (£0.01) 0.01 (£0.01)
16 20 1 100 0.98 (£0.002)  0.98 (x0.002) 0.98 (£0.00) 0.98 (£0.00) 0.98 (£0.00)
17 20 5 100 0.51 (£0.001)  0.49 (+0.019) 0.49 (£0.02) 0.50 (£0.02) 0.50 (+0.02)
18 20 10 100 0.15 (x0.006)  0.13 (+0.012) 0.13 (£0.02) 0.13 (£0.01) 0.12 (£0.00)
19 20 50 100 —0.20 (£0.001) —0.22 (+x0.001)  —0.22 (£0.00)  —0.22 (£0.00)  —0.20 (*£0.00)
20 20 100 100 —0.24 (£0.001) —0.26 (+0.001)  —0.24 (+0.00)  —0.26 (£0.00)  —0.24 (+0.00)
21 25 1 100 0.91 (£0.002)  0.91 (+0.002) 0.91 (£0.00) 0.91 (£0.00) 0.91 (£0.00)
22 25 5 100 0.55 (x0.007)  0.51 (+0.009) 0.52 (£0.01) 0.52 (+0.01) 0.53 (£0.02)
23 25 10 100 0.14 (£0.015)  0.14 (x0.008) 0.14 (=0.01) 0.14 (£0.01) 0.14 (£0.00)
24 25 50 100 —0.23 (£0.001) —0.23 (+0.001)  —0.23 (+0.00)  —0.26 (x0.00)  —0.23 (+0.00)
25 25 100 100 —0.28 (£0.001) —0.28 (+0.001)  —0.28 (+0.00)  —0.27 (x0.00)  —0.28 (£0.00)
26 30 1 100 0.85 (x0.002)  0.85 (+0.002) 0.85 (+0.00) 0.85 (%0.00) 0.85 (%0.00)
27 30 5 100 0.60 (£0.020)  0.57 (+0.008) 0.58 (£0.02) 0.55 (£0.02) 0.56 (%0.00)
28 30 10 100 0.16 (£0.018)  0.14 (+0.018) 0.15 (x0.01) 0.16 (£0.00) 0.15 (£0.00)
29 30 50 100 —0.25 (£0.001) —0.27 (x0.007)  —0.27 (£0.00)  —0.27 (x0.00)  —0.27 (£0.00)
30 30 100 100 —0.29 (£0.001) —0.29 (£0.001)  —0.29 (x0.00) —0.32 (x0.00)  —0.29 (*+0.00)
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Figure 9. Horizontal distribution of jellyfish during April and
June 2007 and during August 2008 in central Seto Inland
Sea, Japan. White circles indicate jellyfish medusa density
(107 ind'm™3).
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Table 6. Predicted mean survival rates (%) for standard lengths (SL) from 5.6 to 40 mm in the May anchovy cohort.

Survival rate (%)

Occurrence ai?rll)(;zi}cle Bell diameter
Scenario day - BD (t=tJ) Year
AJ (=t))
tJ (10~ ind. m™>) (mm)
nd. m 2001 2002 2003 2004 2005
31 20 10 72 26.2 8.3 20.5 0.0 7.5
32 25 10 72 49.8 21.6 38.4 7.0 8.5
33 30 10 72 56.6 42.9 453 17.7 22.8
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