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Abstract
B . i 2 K 4
Major Jis A AL Name ffR A

AR B oK b it A A T BT BB

JKPE R EERE O 2 HEE L TS BT, MRFEDO N TEREIR OB RAIR TH D, NTE
FEEEAT DOBRAZEIE, 1) BIEREINOBRZE & 2) FEAESTORREIZSIT 6D, AR, A EIC
BUWTKFE EEHE M ERHRE O DA = Panulirus japonicus 33 & OV 77 = Erimacrus
isenbeckii Z x5 L L, NTZFHICET HMRICEDMBATZHREZ LD EL Db DTH D,

A= B, EICAAREDOK VRN 3403 0 HERIBEM G T H D, AMRITIHERGLO X
GHETHY, FEEEEREINOMESIZ BIE L CNUKREZ W e N TEEEIF OB R ED T
%o WEDEEHMABEZNELHED D7D, BRONTEFHERAR— A TSHMEYAEZLERNNDOR
BICHRTO2LERH Y, ZOOIZITH T B A AR Z#E EICTET D2 ENERE
Thd, LoL, KEOBHARICET2MAITZ L, oA = B ETHON TN D K O 2l
DY A XN BIATENC G- 2 53 B2 OV T, ZTHETHEMICHRF S TRy, £72, 1B
7 g a Y —<EONTEEEN O CIX, SAENKEERD~LE - 1{4E L, [EETHIC L D05
AL DEGAMENEIR IR 3 T4 U CAEBREME T T 2ENBAEL TND, LEEn-> T, hEDITE %
HiE L CILRE - iERBIR 20 < 2 Lix, SAERFEOm BICmid 2 HERRE L o TWnd, £2
T, —AZRHHRBHRDONE L RRRIC T v Y —~ BB ENRMEE AT D2 L0, ThafIHT
5 Z L TKRIENDONEDITENZ S L, ZORiEMEZ MRS 570 CE HiELd QR TE 2 aTRetEs
EZbhb,

=%, AARTIEFEICIEEIC AT 2 HEREENRFETH 5, RERERITIBEICTEHEIZL > T
BT Lz Z &6, diEElE, EIRETE 2 X 5 72 DIZFF A TR Sl B 5 O &R E BL A fifT L T
T, TORBERERITIRIEEKETIEFRITR 02 T o THRE L TS, 20700, FEE TSI X
2 FEMRAY 72 EIRIETH N E E A, 1970 D 6 N LEFEEATIZ BT 298 T T & 1o, £ DRER,
WENNIA T o S TEG R EERT 5 F0 b A 6nTeny, YT ZENG A T a2 T
AEDSKAE RIS VR R R (SR ESE T 2 HHI T LT 728, AFRSRITE < ANZEE T, il A BERT LT
INTWARY, F72, T E CTICHEEAEFEICI T 2 1E 72 B BRBECE RS O FE I B S
THEt SN & 22, AFREORLE S FOIM ) 6l E 2 FEEI R E & ORI ITE > Ty,

ZOXRIRBEFDOL &I, AFIETIL, H 1 EOMSICHEE, 5 2 = CITBEBMEMBRE L LTA
T Bl EORY A APNBHEAEREIC 5 2 5B OWT (BB 1, 280, 5 3 3 CILREE A sERNBA
BLLTAEZET 40 Y —<IEDORERIE ) ENMEOZE N GF 18 BRI T =W EDEHER
Bitrofat (BB 2~5 ) IZOW TV A, 54 W TIIAMIEENE TG LT,

2 B AT, At EICRT DO A ADEBITENRS KON RIE RIS
TIHNTz, YA X2l E bR, T, /Ao 3 BEFICRE L, & TOMAE o THERE 1 S{EF >0
ANRT T KRN U, RN A T 2 AW CTRBIOBURITEI 28152 L=, TORE, BMBITEID/ ¥
— U S AL, FORY — B, AR, ARG K OVEINX, MEREDIRY A XD A
T ZERWLNTARY, R (FR 55mm L) (XBJEICAFITHD B2 bnl, £72, H2
HiCIE, HEB = BlZBT 28 A ANRBIHENNC G 2 D BICOWTHE L, K, H, /o1 )R
WX LT, R A X &Rz -1 10 )2 LIRGRTE L, MORINE, EINE X ORI OV TGRE



Uiz, ZORR, MEOWINFE &SRR, MEOHY A XOPBEZT 5 2 LR LHIRY, /de@
HEC LI DELB TS & > THHERE N ME T L, & blo— BAE T L7 S04 ) 1 S I o
B L7222 R B Mo T,

%3%%1%Ti AETET 40 Y —<HECONT, REICHES R (7 B, 0~310 pmol

s BROUEER (16 BefE, 20 nm MR T 400~660 nm) OIGIZKET D D E 2T~

%OD%%, AEDERMER, KHER], EEBIOHBORELZIT LI ERHLNIRoT, i
3RV OER FCIIEO B, BVOLR T CIRADEEMEE R L, £72, EOEXEZEET S
W RS W1 400~620nm TIAD> > 7223, HHILAREICIE 500 nm A ORI AN ZE L L, FRC VI
WL 400~620nm D LR TR O ENNE 2 R+ O RS SI T - 7-,

3R S HiTIE, SN = EOEEREAEORN T, BT, TAT ITOR
BHFHE N T =S DA, I~ 5 £ COFTE 4L, MRS L OB RIC R T 8 %
NTER, 2~4 (BR/mL CRIERGAE B <, HEIEAEEEEIL 2 [E&/mL Pk & FEERATT e, 5 3
T, SRR B L IR, ERIT 6~15°CTH <, R 15°CE TRIRO LT <
Fe s 7o, 15°CLL ETAT YR RAX ot o L, EIFFEKIEIT 9~12°C L &l 7=, 4
BT, BEROS DR B TR, E%%iMN%pr%< R 25 psu Tl b >
STEMNRT YRR RENSTZZ LD, WIEHIIE 30~35psu & fGimftiT 7z, % SHITIE, n3 &E
REAFIIE AR DB SN TCHET A 7= 012, KREOEMLA (Bir, F> /a7 A, F
LA PR, 1&/;;%T“®EPAkCtUDHA) T%@ﬁlﬁbt?w%‘7%fggﬂb EN A T P
DGR, FERBIIDTR O BN, BEREEIIERE EPA TIRESNIZZ LMD, TATIT
DREBCILEIEE EPA DA TH D 2 ERH LT~ T,

4TI, AFRORIEL LT, RO D LIS ZRER LIRSV TERT S & & b
2, AHOBESIZOVTER L, A £ UB= CORMATITE TIX, SIS LI 2 R
T2 7= OEHTOHT CORMEMOBRICONT, 7=, FH/EENIEECE, (7 4
oY RO ERME AR L BB O, 5505 H =S E O I A R E BB A ORE
BB BT~ ORI RIC SV TRET 2 L ER S 5,
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Jinbo, T., Sugiyama, A., Murakami, K. & Hamasaki, K. 2017. Effects of body
size on mating behavior and spawning success of Japanese spiny lobster
Panulirus  japonicus (von Siebold, 1824) (Decapoda: Palinuridae):
implications for broodstock management techniques. Journal of Crustacean
Biology, 37: 90-98. (%5 2 F% 1 &)

Jinbo, T., Sugiyama, A., Murakami, K. & Hamasaki, K. 2017. Reproductive
potential of the Japanese spiny lobster Panulirus japonicus (von Siebold, 1824)
(Decapoda: Palinuridae) male: implications for broodstock management
techniques. Journal of Crustacean Biology, 37: 458—464. (% 2 T 2 Hi)
MR IGRE, KA W, A EEH, ERTESE. 2018 AT BT 41 Y —
~NAEDRREIFE S D E. BAKESRFE, HBG. (5 3 =
51 i)

PPLR RERE - JRIBESE - AL B, 2005, A =SAEDER - BEB X
G MIETT AT I TREEEORE, HAKESREE, 71 563-
570. (55 3 =5 2 i)

BRAL HEHE - IRIBTESE - AN B—. 2007. A =HAEOATER, REB X

il

OB RIETKIEDORE. HAKESSEE, 73: 1081-1089. (5 3
%30

RO HEHE - IRIBTESE - AN B—. 2012. A =HAEOAER, REB X

i

NI RIETH 02, BAKEFSTE, 78: 405-412. (553 =

A—k)
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Jinbo, T., Dan, S., Nakaya, M., Ashidate, M. & Hamasaki, K. 2013. Effects of
n-3 highly unsaturated fatty acid content in Artemia on survival and
development of laboratory-reared horsehair crab Erimacrus isenbeckii larvae.

Fisheries Science, 79: 459-467. (% 3 =% 5 Hi)

Kot & A REHE - IRETET - Pl A - mRTESE - A LA, A&
TET7 4= OREICIED EEBS L OEMMEDOZ. & 45 B H AR
WP R KRB R AL —3FK, 20074 10 A 13 H, HAUELEKRZE.
FRORIGHE - Kot &« T H DA« IRWTETF - g sE - A LS. 1t
TET gu Y= DOERICHE D ENIEDZE. 545 B A AR BB YR
S HBEFREFR, 2007 4F 10 A 14 H, BEEEKRT.

il B - MRORERE - b LA - RS . A B EORMEITE. 5 46
Bl H ARHF RS RS HEEER, 20084 11 A 15 H, BIREKRZ.
R G-E - 210 B - A R - IRIGTEE. A B EEOBIERE ). 5 53
B A AR PSR OEEIEER, 2015410 A 10 B, HAVEPERE.
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BI3E FEHAEHWNEROZDOOREEHIME At 7 00y —<HED
EXHB X O =A@ E T RES
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5 3 Hi =HAEDER, BERB L OB TS KIBEORE - - - - 121
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B E ORFRE DR I 58t L 20D [KEEBNY O FEET O A J OV Iz
NZKFEB D BRUICEE T 2 ARG S (BUT TERAGS) L)) i, hEHk
SR B FE s (BTN 49 FiEHEEE 49 5) ([CES &, BMNKEKREICIVED L
NTHEY, BRI 27 FEND BB3FEEETOR TRERGEHBRE ST
WD (BMKES, 2015), FEFRELZHEIEDICHIY, KE LEER G
FIZHWT, NLZEMEIN OB IIREMA e B A i3 2 720 D St & 7
LEMNPOMBERFEO—D2THD, NLEMBINEREAZEwT 5 LT, £0
FHREREHIIRE S ZOIEHET AN TE, —Hi%, HAeEEEHEL, I
L7ZBEIN» S RENNDOKREICEEOSMEEE 155 72 0 0 #3505
FETHY, MGE, FEmEOAK, MK, R2OCICHEE OEIZED D e &
AR EL OO, AR ENICEET DO OMEE EEREIFORE TH 5.
Kim X T, TP EOKE FHEREZLRRUHFFRHTH LA = Panulirus
japonicus & /7 7 = Erimacrus isenbeckii % % 5212 N T BFHE T O B IZHL Y FHL A
72

At belx, +THEBASA Rt vBICE L, ABEIE, FRAETIEK
YR DAV O KSEPEMI D & JUN oo b - PEES, RSO RE E IR ERE, HwINE, B
BETTHY, FIEMEEORERICAERL TS (=%, 1983a ; Sekiguchi,
1997), BRIFER T, T ORI XLVl < 2 b0 i 2 O fh o gL % O BB
WCHEHE I, KELEERRKUFBELZAERTL26DD—>TH % (Harada,
1957 ; Nonaka et al.,2000) , —fIZ, A B EHONEILT 4 v Y —< LT
(Anger, 2001), ZEH TR FEREKLE BEWHEREZR S, hRETHb L%, I
AT D P & R 280 IR b RYIM OB ATEZ R T, PR TT T
ZPAITERE L, ORI TlEk 2 b & JEAETE ~ & 173 % (Phillips & Sastry,
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1980 ; Booth & Philips, 1994 ; Phillips, et al., 2006 ; Anger, 2001), A &= E D4
HELICBWTHRERYMARBERZ R L, YIE»DEICT ThFEETHL
L7 qam Y —~<ghAl, BlEATEEZ D 2208 5 H I R N 0 35 5 18 il
TL, THIRITREARABZ eSS BE L, EEO DB TR
SNDOMEERIE TR 240K L Tl L7oth, WOBRBIAKA~HEAL T =
VIV A E~EEREL, IR AER L CEHEIEEFE~BITT2EE2x 0T
% (Sekiguchi, 1997 ; Yoshimura et al., 1999, 2009 ; & #F, 2001 ; Sekiguchi & Inoue,
2002 ; HAT S, 2010 ; Miyakeetal.,2015), 7 4 1 Y —~<h4A 1L, BREROEEE
BEIZ L o T I~X IO AT — 0oy b (A H, 2006), Zo#EIZE L% 1
F, Filo, T ANAZNAEOHIBIEB X Z 2 HETHDL E I TWD (Kittaka
& Kimura, 1989 ; Yamakawa et al., 1989 ; Sekine ez al., 2000 ; Matsuda & Takenouchi,
2006 ; #AH, 2006 ; FF [, 2011), 7= /L /L A D FEEHZ D S EERI RS 1 X (4
THERFE R A EFEHANTIEAERE 3 em BUT, = EHRAEFEBA] TILEE M H
R 42cem L FOERMEEIL) I EICHET 2 EToOHMIZ2EUELE D (11
JIl, 1997 ; Noanaka et al., 2000)

A B, FICo el Lo Lo T s (B, 1988), W4 o> &
(¥ 1100~1500 b R THER L THAIZE L TW 528, {lEll & ol &
[CIXEBA RS, N TIEBUD B AN TV DAY, 312 BT I e i
ZaLTW5D (A, 2001), HAfitds X% 5,000 H / kg, &L 50 EHE
EChd RNRKEAS, ¥ BIEEAERN) ., £, A B3R ERET
DEERMNBFEO D> THDH I LD, Mk L ICHEBHREIREENED S
NTEY, BHOEINYIC B 7= 2 W O EE, TN R 5 B IR 2% o 0% 11 6
OREAT, WEHIRLL T o /N EEO foi 72 EREfmE T D (i, 1997 5
Noanaka et al., 2000), = OEJFEFIZMZ T, HL<0OMEMEZHNE L

THITONTEY, TOMHBEVIX, REB - KA (1899) B/KEFE T 11
3



V=< DERREITo- L &S5 (Noanaka et al., 2000), = D%, By
5 (1958) NI AT ITEEEELTHO T T v Y —vhELZRELIED Z
AR L, H B (1981) 141 Tkl X MIShAEE TRE T2 2 L ITkY)
L72, %< 1989 4|21, Yamakawa et al. (1989) I X O Kittaka & Kimura (1989)
B, NTEETHD TSHMENOLHTEE TOMBEICKI Lz, fhoF7ErRIC
BOTbHbA B EOMBEMEICRIVMBATEY, ZNLOMEDO—EHIT (&

(B2 E PN SCER B P ) (A ARBRGRER =, 1990) BLO [ k= ff
EAEFERANBA R ) (A ARIEFEH S, 1993) I TARINTWD, fLHEANHB
ARG WEWM DA F T FEY (BUENLOF BRI IE AN KEF G - 205 #0258 5
WS BT &) TiX, 1988 b A oM AER MR ZHM L,
1993 FITIFHFREBEOH - V2 APE TE 58t 2 B % L7z (Sekine et al.,
2000), BIETIE, WEHIEEZRELLEMER, SMedhEnbH- EE ToEKRE
B 20%LL EERTEFALELNTWD (K 1, 2011), L7 LARRs, 74wy
—~VHENT TNV N AIEERTLETOHMITIBLEZ1IFLES, S HITHIE
REEBLOBRREE L OHBEREOMBA LR CMRT REPREN LI TEY,
BUEE CICEEMITIEIRB LTV £ 2y b (Murakami et al., 2007 ; £ |,
2011), TOREAESINOMESINLEENTVD

— 5, EEAEEENABEZERT S LT, MERRICHET 55 hE LR E
BN DORBEICHERT D ENMELRDD, ZODITIE, T A PESIN B
AT L CH = E O/ b Ei T REEBHELRETCH D, A EZED
BHAERICET 2 RIE, B COBRMEINABOEM L 2508, T ETIZ
AH (1956), HE (1988) 3 X O Deguchi et al. (1991) OHELENH 5, T
HIZEiX, A= v ORMBITENIEMICAT DI, ROICHEN ML 0.5~3 KFH
BRELTH X, EENADAEWZHPWVEWRNLHE 1~3 HlZ200 EE72%,
BEZHT, HA4~5BWE2 L2 LT, MAIWCENRS LD, T0%, X

4



M o> BEAR ~ T 0 GA Fx e Y B R CHE A R 2 D 0% T I, BV o i AR AR A
BbE LN, ZORCENIOH~OREOLORZ M TONTND EEX LT
Lo ED%, WEREIZEEN CTRUBATENIE T 32205, HEDME A 5 2 Th 6 HERED
BEALD £ TOREMIZ 20~30 B & S, 0N T, MEIE, AREEE % CE LR 5
D OOIEETCENEED, T ~FEINLTRIIT S, £, Ao (1988)
L, HELV QMO F N REVWHALAEDLETIE, KRBT HZENITEALLE
RinoleZ EHBHMEL TWDA, ZTHITMHEDOERY A X0, BARITENCEE S
BZTWHZ EHaRBLTWS, oA = HIZBWTYH, MEOEKYF A X
MEBEIMARBICEEL G L2 EEDHALNATEDY, filxIE, IFIM4tE
Jasusu edwardsii TII/NREDOHET EPEIR U 72 il O B AL IIN &R D <, A
V7 A4t Panurilus argus TIZRMOMEIZ ER2 LR OO REMEITKE
<, EHIEKBUORE HMPRKETWIZEFRIMELZN ERREINLTND

(MacDiarmid & Butler, 1999), H1E, WFFEE LG TO MU ELFT L2 D~
EOIEARM AR TR T B, BB ORNCARNRAY A XICELTWD EEX
SR AE R L, B 2 OFAE CEMEZKEICHESE CHEEHRT
HHEELELTHD, Lo, AT, ZhE CICMBEOERYT A XN EgH
ARRICRIETHBICO W THEMICHR L EMIT e <, KBNTOEEOR
BATENZOWTIEAHTH Y, FlAIXKERNORBEOME 1 RO I L OEHEICE
HLTWARWED, KY A4 XICHRTLHENEEL TCVWDAREL DD, £
2T, AWFETIE, BT v R RN B O S T T T SR R A 1S
ExHME L, MEREDRY A X LB RE OB 2§~ T,

o, A v OMEAEEMNBE T, EIC/NEUKEEER L CEE BT
PNT&El, ZOXOBRANLHEFTRERAET LI 7 v Y —<HEDKETHEIKO
=D& LT, Z7au Y —<HHENRKLBKEL CKEEmICEEL, METHICED
B L KMEER OB NNRIK & BN 2 MEBEEORENDH D, R x

5



EERMBEL 70> T b (Murakami et al., 2007, # F, 2011), Yid H#ESN 4
DATENC K& 8% 5 2 (Forward, 1988 ; Anger,2001), £ T D 7 4 1
V=< ELEREERETH I ENALATWS (Ritz, 1972 ; Matsuda et al.,
2006 ; Matsuda & Takenouchi, 2006 ; BifT, 1966), L7Zhi->T, 74 1Y —<4%)
EDOTE ZHIE L CILEBR A H CE AN EZE L bND, 22T, 1 &
TET g u Y OISV E FEAURBETAD, SMEh
OARRERTE TOMRICHE ) B L ZA L,

A=, FHEZ YV A=RCEL, T AN, X=VU U TWENL, B
U v EFT, BARTITAEE D Rk O K EEMNITEIR, W& £ T, B AR
IAEIE, BE, BB OE®ER R X TEL O LTV D5k MO KB R #E T
bo (B, 1976 ; =%, 1983b), AFL, FAETIXEIILMEERF, %
(CA A= 7 iR & R ORI 2 < oA L, EISKEE 150 m LAk, KR
15°CLL T, KERDH 5 WVIIWROGANCAR L, K THEISFE 15 cm,
MERA R 12em 95 (=57, 2003), 7 T =0MfElE, WEERZRIZLREEZIT>T

O 1HFEES 2R THEN-BINL, SHICSMEETI3~16 TAZET LD
PEONJE 28 2~3 - L MM 2 23 % (Abe, 1992 ; 2% K, 1999 ; =&, 2003),
AT 3I~5 AT TCT I Y27 L LTHbL, TOESHOY =7, 1 Ho
AT EFEATEZEY RP O - R L, 6~7 HIZH 1 lmHHT =&
720 MR T OERAELTE~BITT 5 (B H, 1963; Abe, 1992 ; Sasaki & Mihara, 1993 ;
=, 2003), B 1EHET =X 0% 2ERTHIMBHM E TRET L2, TD%
OBt JE L, BETIX I~24F, TN IFELEZ2 N TRY, Eio, AL
S CThHLE UNUORER LR TOMITERMEE L) NEEHRIRY 4 X (FE 8
cem) LEWCETL2ETTHFULZEST L LD (xR 3R, 1999; =7,
2003),

TH=OERZMTH L AMEIE T, REEWRTH D Z Lo bKE T HAR
6



23 2~3,000 ] /kgRit% & m < EERBESGRE L 70> TV DA, g &I 1955
EICBEREOK 2T T M OE—7IZE L%, BLEIC X > TRMIZED L,
THEIX 107D 1 REDK 0277 F > THRB L T\ s (Abe, 1992 ; =J5, 2003 ;
b E K EEMFER, 2016), BIREIE 2 X5 72012, ZIVE TITER % 2R 4R
CoNTETEY, 1957 FICETOMERRE 7 em il OREDOLRIMELIL, 1964 4

IZHEDVRESIRF £ 2 8 em (251 & 1T, 3LV 1968 FIZFFAAE &H| L %
H=nhZWEICEAN, ERMEITShTERL, £, BRI ICBRERRBESH,
THED LR, BEAHMLEEZREL CEREREEL/BITSNATELbDOD, 0
BEEIIRTZEOKMETHER LT (U - /NI, 1997 5 FTHEE, 1999 5 =,
2003 ; =Ji 5, 2005),

ZOXIRERNS, MEBTICE2EREENSEE N, 1970 F£R0 5 ALifE
LD PN K PERER Yy (BL, #1572 AT BOE N AR E 2 & AF JE B A% /K PEAIT 58
AN KPERER YY) (B&, 1971; BY - K, 1972) B X OEFFRERS T
v — (B, HuOFISIATBoE N ACTEIE SERS G T FEH A K PE BT 28 A0 3 5 7K P R
Byr) (B& - 10K, 1974, 1976 ; KK « IL'F, 1986, 1987) 2B\ T, /NRIZ
wmEAWCTT A= E0BESEKE (B - KR, 1972; BH - LT, 1974 ;
KE - IIF, 1986) REFH S (BH - ILF, 1976), BRI (BH - 1T,
1974 5 K « LT, 1986, 1987) E DA% B R L 7o N TEIEMIIE D Fhi S
T &7z, 1980 A 6 1F, RN A ABER R ER S (B, EZHFZEH %L A
KPEZT - W) o FEY (B, EZOFZEREIENKEAT - ek
AL OKERF R AT S T &) (B3, 1982) B L OERE¥Y (B, H
SEAFF SR BV N K FE B - A JE A AR AL i (XK E B R TR R T ) (R o g
Yo« EREHEHEY, 1983) ICBW T, U =0 NTEIZET 20580 FEf S
NTE, BEHFELTITI99HELY (BHFEY, 1982), EEFEL T
1981 FE L0 (E i s2Ey; - EEFE¥EY, 1983) BV = OE AN 3 3 & OV

7



HEPEBARBH R S B Ah S v, Bl EES TR, 1981 RITIT RBKAE (RK &
30kL) CHREMAERBRZEmML, 14 TREDO AT a/N (EKEII%) 2155 2
CICHEIL (Bl FES, 1982), ERFELIZB TS, 1989 FIZ KAUKME
(F2K & 20kL) CTHIEAEERREZ FEM L, 9.5 TRDO A T v X (A5 43.2%)
HfFH Z LIRS L (BAED, 1991), £ D% b 51 & ke & Tl i A2 2E £l B 3¢ %
ERE L2, BRI = T IR NS A H oIS T, AN L KRR
MHERRKREAT 2BERPNHBEICHET L 00, AT /N TOEERFITKL
RNEET, MT=%2LZEL TREBAEETDZENPRNETH- 2 (P)I - fBES,
1996, 1997), £ D7, REFLOP 2 HAY L LT, BafEE (A5, 1991),
BRI (I - fEAY, 1996, 1997), A O KIS ~D LK - L OB Ik %
HAYE Lclkids KOWK AL ORI - BBAY, 1997) FEMET LR, ZEL
THABRZM EIE/2ITETELT, FEHAEERRSEL L2 & 3E0WE,
ZHVETIT, MR AP T D8 E R 6 E BRSO AR O LA R E Sk 12 B
LT, E#HEHOAMKEE TR SN TWIELDOD, ARFEORLZE S FDHH
P> 6 1E 72 IO B SR OMBICIEE > TRV, I TARIFETIE, FH
=HAEOBEIEREE R, TRDLGHEE, FEKIE, WERS, WOICH
B2 B 6 2027 5 8B EBICE Y AT,
KimZLIT4ODENOLRVIN->TEY, H1EOMSITHSHE 2 ETIE, 1
T UBEREMAROEBEL LT, ot oBMARICHET 21T EREE
i L7z, HB3FETIEL, A& oI =Fh A pESIN B IS O 72 O ELHER) 70
RE/LZZEEZBWNC, FIHEHICBWTEA DT v Y —<HEOENNKE
&, B2EE2-SHICBWTUL, S =AICKBIT 2EERFETRESRMEICS
WTHF L7z, FA4ETIIINLOMEMREZID L0, 5% OREAEICZO
WTE KLz, BENRBVHANRIZIULTO LB TH S,

F2EFIHTIE, Az iBIT 2EBEDOKRY 4 XNEBITENRS X OVEDR
8



FAETHBIZOWTHLMNIT IO, K1 X&2E s bR, H, /b
REL, ETOMAEDLETHLRE 1 EET>OT ORMMITEI 2B L, Bl
ITEDO RS — 2 DR L MEHED IR Y A X DB OV TG L. & 2 fi T3,
BT EIZBIT 5 A ANBEIRNICEZ DEBIZONTHLNCT L7120
2, K, Y, NOBERY A XM RIS LT, YA X &R A 10 )R &R
HEE L, MOBRINE, EIRBLIOZH/RIZOVWTHE L, TORKRE, K
DRV A RPN EFEATEY & BIARE NIC R E R B A2 RIT L, BHIZI 1T 2 R
DENENRBE N7 o7z, BIFEFIHTIL, A7 om0y —<HED
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INTRODUCTION

The Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) is mainly
distributed around the temperate Pacific coast of Japan (Sekiguchi, 1997). This
species is one of the most important crustacean fishery resources in Japan because of
its high commercial value (Nonaka et al., 2000). Therefore, P. japonicus fishing
regulations, including a legal minimum size limit (usually > 42 mm carapace length
(CL)) and a closed fishing season, have been employed by Japanese prefectural
governments to conserve and manage the resource for sustainable utilization (Nonaka
et al., 2000). Larviculture for mass seed production has also been studied for
aquaculture and stock enhancement of this lobster (Matsuda & Takenouchi, 2007;
Murakami et al., 2007; Murakami, 2011).

It is essential to obtain a large number of newly hatched, high-quality larvae to
develop mass seed production technologies for marine organisms. Males and females
are usually captured before the breeding season because landing ovigerous P.
japonicus females is prohibited; they are then cultured in tanks to mate and spawn.
Mating females with males is therefore a very important procedure for successful
broodstock management of this species. Laboratory mating behavior of P. japonicus
has been reported by Nagai (1956), Deguchi (1988), and Deguchi ef al. (1991).
Briefly, mating behavior begins with a pre-copulatory phase when the male chases
the female for 0.5-3 h, which culminates in a frontal approach and pairing with the
female. Copulation involves the male embracing the female belly to belly, and
spermatophores are deposited on the posterior thoracic sterna of the female. Females
spawn and oviposit their eggs into the abdominal chamber in a vertical position.

Deguchi (1988) reported that males smaller than the female rarely succeed in mating,
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suggesting that male and female body size affects mating success of this species.
Details of the mating behavior and spawning success, however, have not been fully
described for differently size P. japonicus pairs.

We investigated the effects of male and female body size on mating behavior and
spawning success of P. japonicus under laboratory conditions to develop broodstock

management techniques.

MATERIAL AND METHODS

Test animals

Test lobsters were captured by commercial gill net between 9 April and 5 May 2007,
just before the beginning of the reproductive season in the fishing ground along the
central Pacific coast off Minamiizu, Shizuoka Prefecture, Japan. A total of 72 intact
lobsters (36 males and 36 females) were selected from the landings according to
maximum CL (male, ~90 mm; female, ~70 mm) and minimum size at sexual maturity
(~50 mm CL) (Minagawa & Higuchi, 1997). They were transferred to the Minamiizu
Laboratory, National Research Institute of Aquaculture, Fisheries Research Agency.
Body weight and CL of each lobster were measured, and individuals of each sex were
divided into three size groups (mean CL =+ standard deviation, range) of large-size
(male, 84.3 £ 3.1 mm, 79.6-90.1 mm, n = 12; female, 64.3 £ 3.2 mm, 61.1-72.3 mm,
n = 12), medium-size (male, 70.8 £ 4.6 mm, 61.2-75.3 mm, n = 12; female, 57.5 +
1.2 mm, 55.6-59.9 mm, n = 12), and small-size (male, 53.5 = 3.2 mm, 49.9-58.8 mm,
n = 12; female, 52.4 £ 0.9 mm, 51.0-54.0 mm, n = 12) lobsters. There are no

unfished populations of P. japonicus in Japan and the maximum CL values of the
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lobsters are similar throughout the fishing areas (Harada, 1957; Inoue, 1981;
Minagawa & Higuchi, 1997; Yamakawa, 1997). The sizes of the test animals used in
the present study are therefore considered to represent the size range of P. japonicus
populations in Japanese coastal areas.

All lobsters were tagged for identification using small numbered vinyl sheet tags
according to the method of Matsuda et al. (2002). Males and females were held
separately in two respective fiberglass-reinforced plastic tanks (100 cm wide x 200
cm length X 100 cm depth; actual water volume, 1.4 kl) in the laboratory. The tanks
were filled with sand-filtered seawater as part of a flow-through system (24 1 min ')
under natural seawater temperature (mean + standard deviation, 18.2 + 1.2 °C; range,
16.6-20.0 °C) and photoperiod conditions (14 light:10 dark). Each tank of lobsters
was fed thawed krill Euphausia superba Dana, 1850 (10% of total lobster weight)

three times per week.

Mating experiments

We conducted mating experiments from 7 May to 30 June 2007 during the
reproductive season (Deguchi ef al., 1991; Nonaka et al., 2000) using 30 males and
28 females. Five transparent polycarbonate columnar tanks (500 1 volume; actual
water volume, 350 1) as part of a flow-through seawater system (2.8 1 min ') were
used to observe mating behavior under natural seawater temperature and photoperiod
conditions in the laboratory. A concrete block was laid at the center of each tank
bottom to support the vertical posture of the female while laying eggs (Nagai, 1956;
Deguchi, 1988; Deguchi et al., 1991). Females that groomed their pleopods with the
fifth pereiopod were selected for mating experiments because such grooming

behavior precedes egg-laying (Nagai, 1956; Deguchi, 1988; Deguchi et al., 1991). In
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contrast, males were chosen randomly from the three body size groups. A pair of
selected male and female lobsters was transferred from their stock tanks to the
observation tank at 1800 because P. japonicus is nocturnal, and mating occurs at
night (Nagai, 1956; Deguchi, 1988; Deguchi ef al., 1991). The behavior of the paired
lobsters was recorded using a video recording system with infrared cameras and
infrared light sources (850 nm) installed over the observation tanks (MM Network
System Co. Ltd., Yokohama, Japan) between 1800 and 700 for later mating behavior
analyses.

We briefly checked the video recordings every morning, and paired lobsters that did
not exhibit copulatory behavior after three days were returned to the stock tanks.
These lobsters were reused in later mating behavior experiments, so that a total of 39
pairs using 30 males and 28 females were tested in nine combinations of large-,
medium-, and small-size groups of each sex (Table 1). Pairs in which copulatory
behavior was observed on the video recordings were held in the observation tank for
three additional days after copulation, and signs of oviposition were checked
occasionally every day. The mating experiment was terminated if a female laid eggs,
and the male was removed from the tank. Each berried female was transferred and
reared in another tank for 3—7 days, a small number of eggs was taken to measure
fertilization rate, and the female with an egg mass was then humanly killed and
stored at —20° C for later estimation of the number of eggs attached to the pleopods.
Dropped eggs were siphoned from the tank bottom and counted by the volumetric
method. Lobsters that mated with partners were not used for further mating
experiments.

Egg fertilization rates were determined according to the method of Rondeau &

Sainte-Marie (2001). The eggs were fixed for 1 h in a solution of 97% glucamine-
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acetate (GA) buffer, 2% formalin, and 1% Triton-X, and then rinsed in GA buffer.
The eggs were stained for 1 h in a solution of 0.5 pg/ml Hoechst dye in GA buffer
and were rinsed twice and preserved in GA buffer at 4 °C. About 200 eggs were
observed under a fluorescence microscope (Nikon Co. Ltd., Tokyo, Japan) and the
number of cleaved eggs with fluorescent nuclei was counted. Eggs attached to
pleopods were carefully removed from each berried female using small forceps, and
the number was estimated by dividing total egg dry weight by mean dry weight per
egg calculated from three subsamples (~300 eggs). Dry egg weight was determined
after drying for 48 h at 60 °C. Clutch size of each female was estimated by
combining the number of eggs counted from the tank bottom and the number of eggs

attached to the pleopods.

Video analyses

Video recordings were reviewed for describing the behavior of each lobster pair, and
mating behavior was categorized into approach, upright posture, copulation, and
separation phases (see Results). Approach behavior was initiated by either or both
sexes. Four additional different routes were defined during the mating behavioral
phases from contact to separation of the males from females by focusing on which
sex initiated the upright posture and separation behaviors, as follows: route A,
upright posture by both sexes and separation by the female; route B, upright posture
by both sexes and separation by the male; route C, upright posture by the male and
separation by the female; and route D, upright posture by the male and separation by
the male. Furthermore, the total number of copulations, and the time that elapsed
from the initiation to the end of successive mating phases (i.e., approach to upright

posture, upright posture to copulation, and copulation to separation) were also
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determined for the designated pairs. Egg-laying time was also determined for each

female.

Statistical analysis

All statistical analyses were performed using the R statistical software (R3.1.1; R
Core Team, 2014) with a 5% significance level. To examine the effects of lobster
body size on mating behavior and spawning, we applied a generalized linear model
(GLM) (McCullagh & Nelder, 1989; Everitt & Hothorn, 2010) with the glm function
implemented in the stats package (R Core Team, 2014). A generalized linear mixed-
effects model (GLMM) was employed to analyze repeated measures from a paired
male and female (Zuur et al., 2009) using the Imer function implemented in the Ime4
package (Bates ef al., 2015). The CL values rather than the categorical body sizes
(large-, medium-, and small-size) of the males and females were used as explanatory
variables without considering the interaction effects of male and female body size
because there were few copulation and spawning events in each combination among
the three body size groups of the sexes. The following response variables were used
in the GLM analyses, showing an error distribution and a link function that relates
the mean of the response to the linear predictors in the model in parenthesis: 1)
occurrence of mating in the tested pair (quasi-binomial distribution and logit link); 2)
occurrence of each approach behavior by a male, female, or both sexes in the mated
pair (quasi-binomial distribution and logit link); 3) occurrence of each of the four
mating behavioral routes in the mated pair (quasi-binomial distribution and logit
link); 4) total number of copulations by the mated pair (Poisson distribution and
logarithmic link); 5) egg-laying by the mated pair (quasi-binomial distribution and

logit link); 6) fertilization rate (quasi-binomial distribution and logit link); and 7)
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clutch size (Gaussian distribution and identity link). The response variables in the
GLMM analyses (Gaussian distribution and identity link) were time that elapsed from
initiation to the end of successive mating phases, i.e., approach to upright posture,
upright posture to copulation, and copulation to separation, while the identification

number of the designated pair was included as a random intercept effect.

RESULTS

Mating behavior

All males among the 39 pairs used for the mating experiments chased females.
Mating behavior was accomplished 66 times among 21 couples within 0-3 days of
initiating the experiments (Table 1). The video recordings of seven cases were
partially or entirely lost owing to errors when they were copied from the recording
system to DVD media. Therefore, the following analyses were based on recordings of
59 cases of the entire mating behavior sequence of 20 pairs. Mating behavior was
categorized into four phases: phase 1, approach; phase 2, upright posture; phase 3,

copulation; and phase 4, separation (Fig. 1).

Phase 1: approach

Mating behavior was initiated by a frontal approach of a male (Fig. 1A, 39 cases),
female (Fig. 1B, nine cases), or both sexes (Fig. 1C, 11 cases). The lobsters
intermittently touched the partner with their antennules, antennae, or first and second

pereiopods. Females occasionally escaped from an approaching male (Fig. 2A).
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Phase 2: upright posture

After the first approach, the male and female faced each other and embraced the
other’s carapace ventrally by entangling their first and second/third pereiopods (Fig.
2B). This behavior was observed in all cases (Fig. 1D). Then, the male and female
lobsters simultaneously (Fig. 1E, 14 cases; Fig. 2C), or only the male (Fig. 1F, 45
cases; Fig. 2D), stood upright while their body was supported by the fourth and fifth

pereiopods.

Phase 3: copulation

Individuals subsequently embraced each other belly to belly in the upright posture
(copulatory behavior) (Fig. 1G). The male lobster fell backward supported by his
fifth pereiopods and antennae while copulating after both the male and female
lobsters were in an upright posture (Fig. 2E). A male in the upright posture lifted the
female by her carapace and copulated with her positioned ventrally. The paired

lobsters occasionally turned side-long while copulating (Fig. 2F).

Phase 4: separation

Mating behavior was completed when the male (Fig. 1H, 33 cases) or female (Fig. 11,
26 cases) separated. The male separated from the female by standing on his walking
legs (Fig. 2G), whereas the female separated from the male by tail-flipping and

jumping backward (Fig. 2H).

Effects of body size on mating behavior and spawning
Among the 21 pairs in which the mating behavior sequence was completed, 17

females laid eggs (Table 1). The time of the oviposition could be determined for 11
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females and egg-laying occurred 1-9 h after the last mating behavior, except a large-
size male and small-size female pair that laid eggs after 34 h (Table 1). In addition to
the 17 females that laid eggs, three females oviposited eggs in the observation tank
without any signs of mating behavior on the video recordings, two of these had
fertilized eggs (fertilization rate 97-100%) and one had all unfertilized eggs (Table
1). The two females with fertilized eggs should have copulated with males after the
video recording period (see Discussion), so that they were included in the GLM
analyses for occurrence of mating in the tested pair, egg-laying in the mated pair,
fertilization rate and clutch size.

The effects of male and female body size on mating behavior and spawning are
represented in Figs. 3—-9 by summarizing the results of the three body size groups by
sex. Additionally, the results of the GLM and GLMM analyses are summarized in
Table 2; the plus (or minus) signs of the coefficient estimates for the explanatory
variables indicate that mating behavior and spawning tended to occur in larger (or
smaller) lobsters. The body sizes of both sexes did not significantly affect the
occurrence of mating in the tested pair (Fig. 3, Table 2). Overall rates of mating
occurrence (23 cases) in 30 males and 28 females were 77% and 82%, respectively.
The body sizes of both sexes did not significantly affect the occurrence of any
approach behavior by either or both sexes (Fig. 4, Table 2). Overall, approach
behavior tended to be initiated by males. The body sizes of both sexes significantly
affected the occurrence of mating behavioral routes A and D (P < 0.0001), but not
that of routes B and C (Fig. 5, Table 2); larger males and smaller females tended to
use route A, whereas the smaller males and larger females tended to use route D. The
total number of copulations was significantly affected (P < 0.0001) by male body size

but not by female body size (Fig. 6, Table 2) and was 1-4 times in the large- and
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medium-size groups of males, but tended to increase (6—23 times) when small-size
males mated with medium- and large-size females (Table 1). Elapsed time for the
entire mating behavior process was 25-1,104 s. The time that elapsed from the
approach to the upright posture increased significantly with increasing female body
size (P =0.011) but was not associated with male body size (Fig. 7, Table 2). Male
and female body size did not affect the time that elapsed from the upright posture to
copulation. Duration of copulation duration was significantly longer in smaller males
(P =0.044), regardless of female body size. Although the occurrence of egg-laying in
the mated pairs was not significantly affected by male or female body size, females
tended to spawn when they mated with larger males (P = 0.069) (Fig. 8, Table 2).
Fertilization rate was not affected by male or female body size (Table 2) and was
generally high (90.0-100%; mean, 98.5%) (Table 1). A low fertilization rate (3.5%),
however, was observed for a small-size male and medium-size female pair. Female
clutch size was 7.3-39.9 x 10* eggs and was significantly affected by female body

size (P < 0.0001), but not by male body size (Fig. 9, Table 2).

DISCUSSION

We demonstrated that body sizes of paired males and females significantly affected
mating behavior and spawning of Panulirus japonicus under laboratory conditions.
Our analyses were based on 59 cases of the entire mating behavior sequence recorded
for 20 pairs categorized into the approach, upright posture, copulation, and separation
phases, and the behavior of lobsters during each phase was consistent with that

reported previously for 1-4 pairs of captive P. japonicus (Nagai, 1956; Deguchi,
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1988; Deguchi et al., 1991). Mating behavior similar to that of P. japonicus has been
reported in other palinurid lobsters, including Panulirus argus (Latreille, 1804) in
their natural habitat (Lipcius ef al., 1983) and Panulirus homarus (Linnaeus, 1758)
(Berry, 1970) and Jasus edwardsii (Hutton, 1875) (Mckoy, 1979) in captivity.

Our records of the mating behavior of males and females of different body sizes
highlight the different behavioral approaches initiated by either or both sexes and the
four routes that were followed during mating from contact to separation of the male
from the female. Although the occurrence of each approach behavior by either or both
sexes was not affected by either male or female body size, males tended to initiate the
approach behavior. In all matings by large males, both partners initiated the vertical
embrace and the female always initiated separation. In matings by small males,
however, the male was required to pull all larger and medium size females into the
mating embrace, while all smaller females engaged in the upright posture along with
the small male. In most cases in matings by small males, the male initiated
separation. In matings by medium-size males, the male was required to pull all large
females and the majority of medium size females into the mating embrace, while all
small females engaged in the upright posture along with the medium size male.
Separation was usually initiated by the female rather than the medium-size male. The
importance of the male engaging the female in the upright posture is underscored by
the time from first approach to the upright posture increasing significantly with
increasing female body size. Minagawa & Higuchi (1997) examined sexual
dimorphism of the first and second pereiopods of P. japonicus by analyzing the
relative growth between lengths of these pereiopods and body size (CL) using the
allometric growth equation; they reported that the sexual dimorphism (i.e., longer

pereiopods in males than those in females) became more distinct when body size was
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> 52-54 mm CL and that allometric growth coefficients were larger in males (1.390—
1.700) than those in females (1.033-1.036). Longer pereiopods increase the success
rate for capturing and embracing females during the upright posture and copulatory
phases. Therefore, it might be difficult for small-size males (mean, 54 mm CL) to
manipulate and hold medium-/large-size females (means, 58 and 64 mm CL,
respectively), so smaller males might not be capable of involving females in the
upright posture and initiate separation.

Our mating experiments also demonstrated the significant effects of different mate
body sizes on copulation and spawning of P. japonicus. Medium- and large-size
males participated in 1-4 copulations in the present study, as reported previously for
this species in captivity (Deguchi, 1988; Deguchi et al., 1991); however, the number
of copulations increased to 6, 10, and 23 times in pairs of small-size males and
medium- and large-size females (51.7 and 58.1 mm, 50.0 and 55.6 mm, and 50.1 and
63.6 mm CL), respectively. Moreover, the duration of the copulatory phase increased
in these pairs. Additionally, one medium- (55.6 mm) and one large-size (63.6 mm)
female of the four females that copulated with males but did not lay eggs copulated
multiple times with small males (50.0 and 50.1 mm CL, respectively). Minagawa &
Higuchi (1997) conducted a histological study of the testis and vas deferens of P.
japonicus and all males examined (> 37 mm CL) had sperm in the testis and vas
deferens, but some < 53 mm CL lacked sperm in the middle part of the vas deferens.
They suggested that development of the middle vas deferens, the number of reserved
sperm, the spermatophoric matrix, and sperm density were sufficient for mating at
when males reached 52—-54 mm CL. In the present study, females paired with some of
the small-size males might have therefore copulated more frequently and for longer

duration to increase the chance of obtaining spermatophores and fertilization success.
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Multiple mating of a female before spawning, as evidenced by overlaying of viable
spermatophores on the female posterior thoracic sterna, has been reported in
palinurid lobsters such as Panulirus argus and P. laevicauda (Latreille, 1817); about
43% of oviposition events were multiple in P. argus and P. laevicauda and increased
with female size, suggesting that the larger females seek multiple copulations because
more sperm is required to ensure fertilization success of their eggs (Mota Alves &
Paiva, 1976; Kittaka & MacDiarmid, 1994).

Nagai (1956) and Deguchi (1988) observed mating behavior in P. japonicus from
the lateral view in a glass aquarium and confirmed that spermatophores were
deposited on the posterior thoracic sterna of the female. Although our behavior
recordings from the top of the observation tank did not allow us to see the underside
of the female and confirm deposition of the spermatophores during copulation, small-
size males (50.0-51.7 mm CL) might deposit no/few spermatophores on females
because among three females two of three females (10 and 23 times) that copulated
multiple times with small males did not lay eggs, and one female (six times) laid eggs
with a low fertilization rate (3.5%). Our mating experiments confirm a suggestion by
Minagawa & Higuchi (1997) that functional maturity of P. japonicus males occurs at
52-54 mm CL, which coincided with the size at which allometric growth of the
pereiopods changes.

Three females in the present study spawned in the observation tank without any
mating behavior detected on the video recordings; two produced fertilized eggs, and
one produced all unfertilized eggs, which normally attach to the pleopods of the
female. The two females with fertilized eggs should have copulated with males after
the video recording period. Although we could not determine whether copulation

occurred in the female with unfertilized eggs, this female might not have copulated
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with a male, as females isolated from males during the breeding season lay
unfertilized eggs that typically attach to the pleopods (Deguchi, 1988). A similar
phenomenon has been reported by Berry (1970) for P. homarus.

Small males of P. argus, P. guttatus (Latreille, 1804), and J. edwardsii ejaculate
less sperm than large males do, and clutches fertilized by small males are smaller
than those fertilized by large males (MacDiarmid & Butler, 1999; MacDiarmid &
Sainte-Marie, 2006; Magallon-Gayon ef al., 2011; Butler et al., 2011, 2015).
Moreover, the size of the P. argus spermatophore deposited on the underside of
females affects clutch weight more than female size does (MacDiarmid & Butler,
1999; Butler et al., 2015). Butler et al. (2015) also reported that smaller
spermatophores do not change the number of eggs spawned by females, but do reduce
fertilization success, indicating that the smaller clutches produced by females mated
with small males are not a result of reduced egg output but reflect a sperm limitation
for fertilization success. The gonadosomatic index and sperm density in the middle
part of the vas deferens reaches a plateau at > 54 mm CL in P. japonicus males
(Minagawa & Higuchi, 1997; Minagawa, 1999), suggesting that large P. japonicus
males produce more ejaculate than small males. Fertilization rates in the present
study were 90-100% (mean, 98.5%), except for one small-size male and medium-size
female (3.5%) pair, and clutch size depended on female but not male size, suggesting
that P. japonicus males were depositing a sufficient number of sperm independent of
female size.

Our mating experiments show that males are functionally mature at > 52 mm CL
and that small-size males with shorter pereiopods are at a disadvantage when
manipulating and holding larger females during mating. The rate of spawning success

tended to decrease when females mated with small-size males. Males > ~60 mm CL
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should therefore be considered candidates for a P. japonicus hatchery broodstock.
Our results, however, are based on pairing experiments conducted in a small isolated
tank. This experimental condition might explain the reason why body sizes of males
and females did not significantly affect the occurrence of mating in the tested pair;
i.e., small-size males could copulate with larger females. Intrasexual and/or
intersexual selection, i.e., male competition and female mate choice, which would be
affected by sex ratio, should occur in a communal tank stocked with males and
females (MacDiarmid, 1989; Kittaka & MacDiarmid, 1994; Debuse ef al., 1999,
2003; MacDiarmid & Butler, 1999; Gosselin ef al., 2003; Vijayakumaran et al., 2005;
Galeotti et al., 2006; Magallén-Gayon et al., 2011). Additionally, small tank
environment might be one of the causes of non-mating in some males and females in
the present mating experiments. Further studies examining mating behavior,
spawning, and fertilization success in actual broodstock tanks stocked with male and

female P. japonicus are needed to develop broodstock management technology.
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Table 1 Mating, spawning, and condition of spawned Japanese spiny lobster Panulirus japonicus eggs for various body size combinations.

Male Female Mating and spawning Condition of spawned eggs
Pairing ID CL ID CL Date of Date of  Number of Spawning Date of Duratlop to Number of Number of Fertility
EIOUPS o, (mm) no. (mm) pairing  copulation copulation +/-) spawning SI)(?:VE;lg eggs (10%) drop(l)le()(i)eggs (%)
L5 89.7 L7 627 5/8 - - - - - - - -
L6 81.7 L7 627 5/12 5/12 1 + 5/13 6:17 29.0 33 100
LL L1 86.4 L6 622 5/13 - — + 5/15 - 20.2 - 100
L9 81.6 L5 63.1 521 - - - - - - - -
L8 79.6 L5 63.1 5/28 - - - - - - - -
L5 89.7 L5 63.1 5/31 5/31 1 + 5/31 4:20 28.4 — 100
L3 82.9 M3 564 5/19 5/19 2 + 5/20 — 18.4 — 100
LM L4 82.0 M5 599 5/23 - - - - - - - -
L7 84.1 M5 599 5127 5/28 1 + 5/28 - 27.7 - 97.0
L9 81.6 M10  56.0 6/9 6/11 1 + 6/11 — 10.8 - 100
L2 84.7 S3 517 517 5/7 2 + 5/9 34:05 6.3 1.0 90.0
LS L9 81.6 S6  53.1 5/28 - - - - - - - -
L4 82.0 S6  53.1 6/2 6/2 1 + 6/3 9:12 18.3 - 100
L12 823 S1 516 6/6 - - - - — - - —
M8  70.8 L1 723 5/11 5/12 2 + 5/13 — 35.4 4.4 100
ML M7  65.1 L2 653 5/13 5/13 2 + 5/14 1:07 18.9 1.7 98.0
M1 738 L8 692 5/16 - - - - - - - -
M10  71.7 L8 69.2 5/21 5121 1 + 5/21 2:05 32.3 - 97.5
M9  74.0 M1 583 5/20 — - - — — — — —
MM M3 725 M9 575 5/22 - - + 5/24 21.9 - 0.0
M2 634 M1l 575 5127 5127 4 + 5/28 5:05 234 - 99.0
Ml 738 M1 583 6/6 6/6 2 + 6/7 1:45 14.3 - 98.5
M6 753 S11  54.0 5/15 5/18 1 - - - - - -
MS Ml11 738 S8 525 5/26 5/29 1 + 5/29 - 16.0 - 99.5
M9  74.0 S2 531 6/3 6/3 1 + 6/4 5:25 15.3 - 99.5
S7 50.1 L4  63.6 5/12 5/12-13 23 — — — — — —
SL S4 56.9 L9 651 5/15 5/15 1 + 5/15 3:32 29.4 - 98.0
S11  58.8 L10 624 5/26 - - - - - - - -
S10  56.9 L10 624 6/1 — — — — — — - —



S11 ~ 58.8 L3 621 6/7 - - - - - - -
S3 50.4 M8 556 5/14 - - - - - -
S12 57.0 M8 55.6 5/18 - - - - - - -

SM S1 533 M7 563 522 522 1 - - - - -
S6 50.0 M8 556 5/24 524 10 - — — — —
S8 51.7 M6  58.1 5/29 5/30-31 6 + 5/31 - 19.5 3.5
S5 56.1 S12 535 5/13 5/13 2 + 5/13 4:47 17.0 98.5

3S S2 49.9 S5 51.0 5/21 - - - - - - -
S12 57.0 S10  53.2 6/2 - - + 6/3 — 16.6 97.0
S3 50.4 S5 51.0 6/4 — — - — — —

L, large; M, medium; S, small. Duration to spawning, elapsed time from the last copulation to spawning. Number of eggs indicates that attached to the pleopods of

females.
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Table 2 Evaluation of the effects of male (M) and female (F) body size (carapace length) on mating behavior and spawning of Japanese spiny lobster Panulirus

Jjaponicus.

Response variables Ex(;élae;r;;t;g lveir;}ll))l s Ceo;fi‘f;c;;nt Std. error t or z value P
Mating by tested pairs M 0.0091 0.0263 0.346 0.731

F 0.0025 0.0633 0.039 0.969
Approach behavior by male M 0.0377 0.0292 1.293 0.213

F 0.0402 0.0726 0.554 0.587
Approach behavior by female M —-0.1430 0.0822 —1.740 0.100

F 0.0005 0.0817 0.006 0.995
Approach behavior by both sexes M —0.0044 0.0319 -0.139 0.891

F —0.0498 0.0869 -0.574 0.574
Mating behavior route A M 0.2377 0.0417 5.695 2.63x107°

F —0.4163 0.1497 —2.781 0.013
Mating behavior route B M —0.0378 0.0642 —0.589 0.563

F —0.3676 0.2975 —1.236 0.233
Mating behavior route C M 0.0128 0.0281 0.454 0.655

F 0.1056 0.0768 1.375 0.187
Mating behavior route D M —0.2546 0.0379 —6.722 3.58x10°°

F 0.1336 0.0459 2911 0.010
Total number of copulations M —0.0759 0.0118 —6.459 1.05x1071°

F 0.0301 0.0235 1.281 0.200
Time elapsed from approach to upright posture (s) M 2.1230 2.9330 0.724 0.469

F 19.1540 7.5650 2.532 0.011
Time elapsed rom upright posture to copulation (s) M 0.0866 0.0577 1.501 0.133

F —0.1580 0.1307 —1.209 0.227
Time elapsed from copulation to separation (s) M -0.7709 0.3822 -2.017 0.044

F 0.2385 0.9339 0.255 0.798
Egg—laying by mated pairs M 0.1227 0.0639 1.920 0.069

41



F 0.0835 0.1382 0.604 0.553
Clutch size M -193.7 929.2 -0.208 0.837

F 11705.5 1813 6.457 7.93x107
Fertilization rate M 0.1971 0.1494 1.319 0.206

F 0.0118 0.1795 0.065 0.949

Data were analyzed using a generalized linear mixed—effects model for the time elapsed during the three mating behavior phases and a generalized linear model was
used for the other behavioral aspects. Route A, upright posture by both sexes and separation by female; route B, upright posture by both sexes and separation by
male; route C, upright posture by male and separation by female; route D, upright posture by male and separation by male. Statistical z—values are shown for total
number of copulations and time engaged in the three mating behavior phases; t—values are provided for the other behavioral aspects.
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Phase 1 Phase 2 Phase 3 Phase 4
>< , ><€ , >€ .
Approach Upright posture Copulation Separation

((A) Approach (E) Both (H)
by male sexes Se
. parated
(39) uz:g:(;ly (14) from male
(D) Embraced (14) (33)
the carapace (G) Embraced
(9) ventrally in each other on
(Bg A}%‘:;Z?:h each other belly to belly
y through (copulation
entangling their (45) behavior)
pereiopods (26)
(11) (F) Only (45) U
male Separated
(C) Approach uprightly from
by both sexes stood female

Figure 1 Flowchart of the mating behavior sequence in the Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). Mating behavior
was categorized into: phase 1, approach; phase 2, upright posture; phase 3, copulation; and phase 4, separation. Numbers in parenthesis
indicate the number of incidences observed after analyzing the video recordings.
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Figure 2 Schematic line drawings of the primary mating behavior sequences in the
Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) from video photos:
frontal approach by a male to a female with the antennules, antennae, or first and
second pereiopods (A); male and female face each other and embrace carapaces
with their first and second/third pereiopods (B); male and female stand upright
(C); only the male stands upright (D); male and female embrace belly to belly
(copulatory behavior, male below position) (E); male and female embrace belly to
belly (copulatory behavior, male and female positioned side-long) (F); male
separating from female by standing with his walking legs (G); and female
separating from male by tail-flipping and jumping backward (H). Solid and dotted

arrows indicate males and females, respectively.
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Figure 3 Effects of male and female body size on the occurrence of mating in the
Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). The results for
nine combinations between the three body size groups of each sex are summarized.
Numbers above the top of the graph represent the number of tested pairs for each

combination.
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Figure 4 Effects of male and female body size on the occurrence of approach

behavior by either sex during mating behavior in the Japanese spiny lobster

Panulirus japonicus (von Siebold, 1824). The results for nine combinations

between the three body size groups of each sex are summarized. Data are shown

for approach by male (A), approach by female (B), and approach by both sexes

(C). Numbers above the top of the graph represent the number of cases of mating

behavior observed for each combination.
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Figure 5 Effects of male and female body size on the occurrence of the four mating

behavior routes from contact to separation by male and female Japanese spiny

lobster Panulirus japonicus (von Siebold, 1824). The results for nine combinations

between the three body size groups of each sex are summarized. Data are shown

for: route A, upright posture by both sexes and separation by female (A); route B,

upright posture by both sexes and separation by male (B); route C, upright posture

by male and separation by female (C); and route D, upright posture by male and

separation by male (D). Numbers above the top of the graph represent the number

of cases of mating behavior observed for each combination.
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Figure 6 Effects of male and female body size on the total number of copulations
during mating in the Japanese spiny lobster Panulirus japonicus (von Siebold,
1824). The results for nine combinations between the three body size groups of
each sex are summarized. Vertical bars indicate standard deviations. Numbers
above the top of the graph represent the number of copulation pairs for each

combination.
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Figure. 7 Effects of male and female body size on the time engaged in each mating
behavior in the Japanese spiny lobster Panulirus japonicus (von Siebold, 1824).
The results for nine combinations between the three body size groups of each sex
are summarized. Data are shown for approach to upright posture (A), upright
posture to copulation (B), and copulation to separation (C). Vertical bars indicate
standard deviations. Numbers above the top of the graph represent the number of

cases of mating behavior observed for each combination.
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Figure 8 Effects of male and female body size on the occurrence of egg-laying by
female Japanese spiny lobster Panulirus japonicus (von Siebold, 1824). The results
for nine combinations between the three body size groups of each sex are
summarized. Numbers above the top of the graph represent the number of

copulation pairs for each combination.
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Figure 9 Effects of male and female body size on female clutch size (number of
spawned eggs) in the Japanese spiny lobster Panulirus japonicus (von Siebold,
1824). The results for nine combinations between the three body size groups of
each sex are summarized. Vertical bars indicate standard deviations. Numbers
above the top of the graph represent the number of females with fertilized eggs for

each combination.
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broodstock management techniques
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INTRODUCTION

The Japanese spiny lobster Panulirus japonicus (von Siebold, 1824) is mainly
distributed along the temperate Pacific coast of Japan (Sekiguchi, 1997). This species
represents a commercially important fishery resource in Japan (Nonaka et al., 2000).
As a result, fishing regulations, including a legal minimum size limit, usually > 42
mm carapace length (CL), and a closed fishing season during the reproductive season
have been employed for the populations of P. japonicus by the Japanese prefectural
governments to conserve this resource and manage its sustainable utilization (Nonaka
et al., 2000).

Aquaculture and stock enhancement using artificially raised juveniles are additional
tools to conserve the wild populations. Successful larviculture to produce juveniles
has been demonstrated for this lobster using 40—50 | tanks (Matsuda & Takenouchi,
2007; Murakami ef al., 2007; Murakami, 2011), and release experiments using
artificially-produced juveniles started in 2015 in Mie Prefecture, Japan (Seko et al.,
2017). A consistent generation of a large number of newly hatched high-quality
larvae is essential for the development of mass seed production technologies for
marine organisms. In the larviculture of P. japonicus males and females are usually
captured before the breeding season because landing ovigerous females is prohibited;
they are then cultured in tanks to mate and spawn. The successful mating of females
with males is thus very important for successful broodstock management of this
species.

The spawning season of P. japonicus extends from spring to summer along the
Japanese coast (Deguchi et al., 1991; Minagawa, 1997; Nonaka et al., 2000). Mating

behavior of P. japonicus has been studies under laboratory conditions but not in the
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wild. Mating occurs between hard-shell males and females, and spermatophores are
deposited on the posterior thorax of the females (Nagai, 1956; Deguchi, 1988;
Deguchi et al., 1991). Females spawn and oviposit their eggs into the abdominal
chamber in a vertical position (Nagai, 1956; Deguchi, 1988; Deguchi ef al., 1991),
generally within 10 h after copulation (Jinbo et al., 2017). Single female produces
one or two clutches per reproductive season (Ino, 1950; Inoue, 1981; Deguchi ef al.,
1991; Nakamura, 1994; Minagawa, 1997; Nonaka et al., 2000); female fecundity
ranges ~100-800 thousands of eggs per clutch and it increases with increasing female
body size (Ino, 1950; Nonaka, 1998).

We previously investigated the effects of male and female body size on mating
behavior and spawning success of P. japonicus under laboratory conditions for the
development of effective broodstock management techniques (Jinbo et al., 2017).
Lobsters of each sex were divided into three body-size groups based on the maximum
sizes observed in landings and the minimum sizes at sexual maturity. Pairings for
each of the nine combinations among the large-, medium-, and small-size groups of
each sex were held in a tank, and mating behavior was observed in 21 pairs by video
recording. This study showed that smaller males tended to have difficulty
manipulating and holding larger females, and the total number of copulations per
couple and the duration of a single copulation were higher with smaller males,
suggesting that females require multiple matings to increase the probability of
fertilization. Additionally, the spawning success rate tended to increase when females
mated with larger males. Our previous mating experiments thus suggest that small-
size males are disadvantageous for use as broodstock for larviculture.

In decapod crustaceans, including palinurid lobsters, larger males have long been

known to have higher reproductive potential in terms of ejaculate size and mating
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frequency (e.g., Powell et al., 1974; Atema, 1986; MacDiarmid & Butler, 1999;
Kendall ef al., 2001; MacDiarmid & Stewart, 2005; Sato et al., 2005, 2008; Butler et
al., 2011, 2015; Magallon-Gayon et al., 2011; Pugh et al., 2015). Little is known
about the reproductive potential of male P. japonicus during the reproductive season.
To evaluate the reproductive potential of different sized P. japonicus males for use in
the development of broodstock management techniques, we cultured a single male
from large-, medium-, and small-size groups in tanks stocked with multiple females,

and determined the female spawning success.

MATERIAL AND METHODS

Test animals

Test lobsters were captured using a commercial gill net between 6 and 15 April 2008,
just before the beginning of the reproductive season in the same fishing ground along
the Pacific coast off Minamiizu, Shizuoka Prefecture, Japan. Considering the
maximum body size (~90 mm CL) (Jinbo ef al., 2017) and the minimum size at
functional and sexual maturity (~54 mm CL) (Minagawa & Higuchi, 1997;
Minagawa, 1999; Jinbo ef al., 2017), we selected nine intact males with all
appendages from the landings. A total of 90 intact mature females were also selected
from the dominant size class (~54—60 mm CL) in the landings. All lobsters were
transferred to the Minamiizu Laboratory, National Research Institute of Aquaculture,
Fisheries Research and Education Agency. Body weight and CL of individual lobsters
were measured. Males were divided into three size groups (mean CL + standard

deviation): large-size (89.6 + 1.0 mm, 88.6-90.6 mm, N = 3), medium-size (70.8 +
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1.3 mm, 69.3-71.9 mm, N = 3), and small-size (57.2 + 0.9 mm, 56.1-57.7 mm, N = 3)
lobsters. The CL of females was 57.9 = 1.5 mm (54.5-60.6 mm, N = 90). There are no
unfished P. japonicus populations in Japan and the maximum CL values of the
lobsters are similar throughout the fishing areas (Harada, 1957; Inoue, 1981;
Minagawa & Higuchi, 1997; Yamakawa, 1997). The sizes of the test males used in
the present study are, therefore, considered to be representative of the size range of

male P. japonicus populations in Japanese coastal areas.

Mating experiments

We conducted mating experiments from 18 April to 15 June 2008 during the
reproductive season (Deguchi ef al., 1991; Minagawa, 1997; Nonaka et al., 2000). We
used three circular fiberglass-reinforced plastic tanks (1.9 m diameter x 0.7 m depth;
2.0 kl volume; actual water volume, 1.7 kl) in a laboratory; each tank was equally
divided into three compartments using plastic nets. The tanks were filled with sand-
filtered seawater as part of a flow-through system (25 1 min™!) under natural seawater
temperature (19.5 °C £ 1.1 °C; range, 17.3-21.7 °C) and photoperiod conditions (14
h light:10 h dark). Large-, medium-, and small-size males were individually stocked
in compartments of the same tank to maintain identical culture conditions across the
respective body size groups. Ten females were included for each male in the test tank
compartments, and the body size of females was similar in all compartments. Two
concrete blocks were laid at the bottom of each compartment to support the vertical
posture of the female while laying eggs (Nagai, 1956; Deguchi, 1988; Deguchi et al.,
1991). Body sizes of lobsters stocked in each compartment of the tanks are
summarized in Table 1. Lobsters in each compartment were fed thawed krill,

Euphausia superba (Dana, 1850) (10% of total lobster weight) three times per week.
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We did not monitor the mating behavior of the lobsters. We did not check the
presence/absence of the spermatophores on the posterior thorax of the females
because the copulation of P. japonicus generally occurs from the evening through the
nighttime periods and females generally lay eggs within 10 h after copulation (Jinbo
et al., 2017). We evaluated the reproductive potential of males by examining
oviposition, egg fertilization rate, and clutch size for partner females. We checked
female spawning by visual observation daily at 13:00. If a female had laid eggs, the
female was removed from the tank and transferred to another transparent
polycarbonate columnar tank (500 1 volume; actual water volume, 350 1) as part of a
flow-through seawater system (2.8 1 min!) to be reared for three days. A small
number of eggs were then taken from multiple locations within the clutch to measure
fertilization rate, and each female with an egg mass was humanly sacrificed and
stored at —20 °C to estimate the clutch size. Egg fertilization rates were determined
according to the method of Rondeau & Sainte-Marie (2001). The eggs were fixed for
1 h in a solution of 97% glucamine-acetate (GA) buffer, 2% formalin, and 1% Triton-
X, and then rinsed in GA buffer. The eggs were stained for 1 h in a solution of 0.5
pg/ml Hoechst dye in GA buffer and were then rinsed twice and preserved in GA
buffer at 4 °C. About 200 eggs were observed under a fluorescence microscope
(Nikon Co. Ltd., Tokyo, Japan), and the number of cleaved eggs with fluorescent
nuclei was counted. The clutch size of each female was represented by the dry weight
of egg masses. Eggs attached to pleopods were carefully removed from each berried
female using small forceps, and the weight of eggs was determined after drying for
36 hat 110 °C.

Females that had not laid any eggs by the end of experiments (15 June 2008) were

dissected for observation and measurement of the gonad. The gonadosomatic index
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(GSI) was calculated as GSI = (GW)/(CL?) x 10°, where GW is gonad weight and CL

is carapace length (Minagawa, 1997, 1999).

Statistical analysis

All statistical analyses were performed using the R statistical software (R3.3.2; R
Core Team, 2016) with a 5% significance level. To examine the effects of male body
size on female spawning success, we applied a generalized linear mixed-effects
model (GLMM) (Zuur et al., 2009). The following response variables were used in
the GLMM analyses, showing an error distribution and a link function that relates the
mean of the response to the linear predictors in the model in parenthesis: 1)
oviposition rate (binomial distribution and logit link); 2) body size (CL) of spawned
females (Gaussian distribution and identity link); 3) number of elapsed days to
oviposition from the onset of experiments (Poisson distribution and log link); 4)
fertilization rate (binomial distribution and logit link); and 5) clutch size (Gaussian
distribution and identity link). To avoid the errors attributed to zero data in the
GLMM analyses with the binomial distribution, the medium size group showing a
100% oviposition rate was excluded from the analysis for oviposition rate. One
berried female that had copulated with a large male in tank no. 1 was also excluded
from the analysis for clutch size because a large portion of the egg mass was
dislodged when she was removed from the tank. In the GLMM analyses, male body
size (CL) was used as a continuous explanatory variable. Additional explanatory
variables included in the analyses were the number of elapsed days until oviposition
for evaluating fertilization rate, and female CL and fertilization rate for clutch size.
The time between oviposition events was not included as an explanatory variable for

evaluating fertilization rate because it was not determined for some females that laid
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eggs on the same day in the same compartment. The identification numbers of test
tanks and males were included as random intercept effects, taking into account the
potential correlations of incidence in a shared tank and repeated measures from a
single male (Zuur et al., 2009). The parameters with standard errors (z or ¢ values
with probabilities) of the GLMM were estimated using the glmer (binomial and
Poisson distributions) or /mer (Gaussian distribution) function implemented in the

Ime4 package (Bates et al., 2015).

RESULTS

The results of the GLMM analyses are summarized in Table 2. The plus (or minus)
signs of the coefficient estimates for the explanatory variables indicate that the
positive (or negative) effects on the response variables. Male body size had a
significant positive effect on the oviposition rate (P = 0.009; the medium-size male
group was excluded from the analysis) (Table 2); the oviposition rate varied between
30%-80% (mean 60.0%) in the small-size male group, whereas almost all females
(90%-100%) laid eggs in the large- and medium-size male groups (means 96.7% and
100%, respectively) (Table 1). Gonads of unspawned females showed bright orange
color and the GSI values ranged 0.94-6.19 at the end of experiments.

Male body size and the number of elapsed days until oviposition did not
significantly affect the CL values of spawned females (P = 0.705 and 0.425,
respectively) (Tables 1, 2). Egg-laying occurred between 17-53 days during the

experiments (Table 1). The number of elapsed days until oviposition tended to
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increase with increasing body size of males (P = 0.051) (Table 2), but this is because
some females did not spawn in the small-size male group.

Egg fertilization rates are shown in Figure 1 for each female stocked with respective
males in three body size groups in accordance with the number of elapsed days until
oviposition. Male body size and the number of days elapsed until oviposition showed
significant positive and negative effects on egg fertilization rates, respectively (both
P <0.0001) (Table 2). Mean fertilization rates were the highest in the large-size male
group (93.5%-99.9%), followed by the medium-size male group (57.0%-99.5%), and
the lowest in the small-size male group (27.9%-72.3%) (Table 1). Fertilization rates
were generally high (above 95%) in the large-size male group except for a male of
88.6 mm CL (L2) that decreased the fertility of the 8""~10"" spawned females to
73.5%—-89.5%. Female fertilization rate decreased after the first few spawners in one
medium-sized male treatment and all three small male treatments, leaving later-
spawning females with fertilization rates from 0%—-62%. There were several instances
where multiple females laid eggs on the same day in the compartment of L2 male
(379-5" and 8™ and 9" spawners), L3 male (6""-8'" spawners), M1 male (9" and 10"
spawners), M2 male (4"—5" spawners), M3 male (1% and 2" spawners), and S2 male
(2" and 3™ spawners). In these cases, fertilization rates were high (above 98%),
except for 8" and 9™ spawners showing 73.5%-82.5% fertility in the compartment of
L2 male (Fig. 1).

Clutch size was not affected by male body size (P = 0.692) (Table 2). The
relationship between female body size and clutch size is shown in Figure 2. To
visually infer the effect of egg fertilization rate on clutch size, data points are plotted

by separating either > 50% or < 50% fertilization rates. Clutch size significantly
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increased with increasing female body size (P < 0.0001), but it significantly

decreased with decreasing fertilization rate (P = 0.009) (Table 2).

DISCUSSION

We investigated the effects of body size on the reproductive potential of the males of
the Japanese spiny lobster P. japonicus under laboratory conditions. In the large-size
male group, nine to ten females spawned per male, and they showed high fertility of
eggs (> 94.0%), except for the 8"-10" spawned females (73.5%—-89.5%) stocked with
one male. In the medium-size male group, all females (ten individuals) spawned per
male, and they generally resulted in high fertility of eggs (> 82.5%), but the 6'—10'"
spawners stocked one male decreased the fertility to 0%—62.0%. In small-size male
group, 3—7 females spawned per male, and a high fertility (> 92.0%) was observed
for only the 18'—6'" spawn, after which females reproduced almost all unfertilized
eggs. Thus, the rate of spawning success greatly decreased when females were
stocked with small-size males.

The females that had not spawned were dissected to investigate gonad condition at
the end of the experiments. Their gonads appeared orange, suggesting an
accumulation of yolk in the ovarian eggs (see Berry, 1971; Minagawa & Sano, 1997;
Matsuda et al., 2002). The GSI values of unspawned females (0.94-6.19) were,
however, much lower than those of maturation-stage ovaries (11.33-12.43; see
Minagawa & Sano, 1997). Females used in our work were collected at the same time
from the same fishing ground. They were then stocked into the test compartments in

order to be of the same body-size compositions, and almost all females spawned in
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the compartments stocked with large- and middle-size males. Consequently, it is
considered that females with undeveloped ovaries have also been tended to be
assigned to small-size males. It is therefore suggested that unspawned females might
reasorb ripe eggs in the ovary as is known to occur in unmated female of the spiny
rock lobster Jasus edwardsii (Hutton, 1875) (MacDiarmid & Butler, 1999). Lower
oviposition rates of P. japonicus females were also observed in pairing experiments
with small-size males in our previous study (Jinbo et al., 2017), and fewer
ovipositions of females cultured with a single small male have been reported for J.
edwardsii (MacDiarmid & Butler, 1999).

Large-, medium-, and small-size males were individually stocked with ten females
in the same tank, albeit separated by nets (3 males and 30 females in a tank and 11
lobsters in one compartment with an area of ~0.9 m?) to maintain identical culture
conditions across the respective body size groups. Panulirus japonicus is nocturnal
and aggregates under and in crevices of rocky reefs (Nonaka, 1966). Although lobster
densities in natural habitats are unknown, our stocking density (biomass) should not
negatively affect lobsters because of the absence of animal mortality during the
experiments and the high oviposition rates in large- and medium-size male groups. In
the limited space of the compartment, however, there might be female-female
competition for small-size males with low reproductive ability (see below), with the
potential for females to interfere with mating and spawning of other females under
sperm-limited conditions. The experimental design also might have affected male
behavior and female mate choice as a result of chemical cues that could have passed
throughout the tank. Allocation of male reproductive effort among ten females
stocked in the same compartment might be affected from other 20 females in the

same tank. Raethke ef al. (2004) examined the role of olfaction during mating in J.
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edwardsii and demonstrated that large females normally choose large males, but that
the females did not make a clear choice of mate when the output of urine, which
contains sex-specific pheromones, was switched between large and small catheterized
males. Panulirus japonicus females might allow the small-size males to copulate with
them as a result of being in contact with urine from large and medium-size males.
Our mating experiments nevertheless demonstrated that small-size males (56—-58 mm
CL) of P. japonicus had low reproductive ability.

It has been demonstrated that large male palinurid lobsters, such as Panulirus argus
(Latreille, 1804), P. guttatus (Latreille, 1804), and J. edwardsii, have heavier
spermatophores containing more sperm cells (MacDiarmid & Butler, 1999;
MacDiarmid & Sainte-Marie, 2006; Magallon-Gayon et al., 2011; Butler, ef al., 2011,
2015; Robertson & Butler, 2013). The effects of male body size on the fertilization
success of females have not been evaluated by measuring fertility of females as was
done in the present study, although it has been previously demonstrated that clutches
fertilized by small males are smaller than those fertilized by large males
(MacDiarmid & Butler, 1999; MacDiarmid & Sainte-Marie, 2006; Robertson &
Butler, 2013; Butler et al., 2015). Panulirus argus males could allocate their
reproductive effort among partners, scaling the amount of ejaculate deposited relative
to female body size (MacDiarmid & Butler, 1999). Moreover, the size of the P. argus
spermatophore deposited on the sternum of females affects clutch weight more than
female size does (MacDiarmid & Butler, 1999; Butler ef al., 2015). In P. argus,
unfertilized eggs failed to attach to the female’s pleopods after spawning, and counts
of the number of unattached eggs collected from the tank bottom and fertilized eggs
incubated by females were used to evaluate the fertilization success (Butler ef al.,

2015). Butler et al. (2015) reported that smaller spermatophores do not change the
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number of eggs spawned by females, but do reduce fertilization success, indicating
that the smaller clutches produced by females mated with small males are not a result
of reduced egg output but reflect a sperm limitation for fertilization success.
Minagawa & Higuchi (1997) and Minagawa (1999) examined the relationship
between body size (CL) and sexual maturity in P. japonicus males using a
histological study of the testis and vas deferens. All males examined (> 37 mm CL)
had sperm in the testis and vas deferens, but some (< 53 mm CL) lacked sperm in the
middle part of the vas deferens. They suggested that development in the middle vas
deferens, the number of reserved sperm, the spermatophoric matrix, and sperm
density were sufficient for mating when males reached 52—-54 mm CL. The GSI and
sperm density in the middle part of the vas deferens also reaches a plateau above 54
mm CL and gonad weight increases with increasing male body size, suggesting that
large P. japonicus males produce more ejaculate than small males do. It is therefore
hypothesized that all small males and one medium male depleted their sperm reserves
and deposited an insufficient amount of sperm after successive matings, resulting in
low and/or no fertility of female partners. One large male might have decreased the
fertility of females when on mating with the 8" and 9™ partners within one day. We
did not confirm the presence or absence of the spermatophores on the posterior
thorax of the females. It was therefore difficult to interpret whether female mate
choice might have prevented mating, and to indicate whether or not mating took place
for those females with unfertilized clutches or who did not spawn. A methodology to
measure the spermatophores deposited on the underside of females should be
developed to further evaluate the male reproductive ability and female mate choice of

P. japonicus,
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Clutch size attached to the pleopods of P. japonicus females was significantly
correlated with female body sizes as was previously established for this species
(Nonaka, 1988; Jinbo et al., 2017). Although the body size of P. japonicus males did
not significantly affect the clutch size of partners, the egg fertilization rates, which
were mediated by the male reproductive tract, significantly affected clutch size;
lower fertility reduced the clutch size. We found unfertilized eggs typically attached
to the pleopods as previously reported in P. japonicus (Deguchi, 1988) and in P.
homarus (Linnaeus, 1758) (Berry, 1970). It has been also reported that all
unfertilized eggs were, however, picked from the pleopods within 1-3 weeks in these
lobsters (Berry, 1970; Deguchi, 1988). In the present study, some unfertilized eggs
might have been lost before sacrificing berried females three days after egg-laying to
measure their clutch sizes, resulting in smaller clutches that reflect a sperm limitation
for fertilization success. It should be noted, however, that fertilization rates,
excluding 0%, might be overestimated because unfertilized eggs would have dropped
off and not been counted for, although it did not mask the phenomenon that lower
fertility reduced the clutch size.

Both male and female body size generally affect mating behavior and reproductive
success in spiny lobsters (Kittaka & MacDiarmid, 1994, MacDiarmid & Butler, 1999;
MacDiarmid & Sainte-Marie, 2006; Robertson & Butler, 2013; Butler et al., 2015;
Jinbo et al., 2017). Larger males have higher reproductive potential (MacDiarmid &
Butler, 1999; MacDiarmid & Sainte-Marie, 2006; Magallén-Gayoén et al., 2011;
Butler, et al., 2011, 2015; Robertson & Butler, 2013); they dominate smaller males in
mating with females (Berry, 1970; Lipcius, 1985; MacDiarmid, 1989; Robertson &
Butler, 2013), and larger females seek multiple copulations or larger males because

more sperm is required to ensure fertilization success of their eggs (Mota Alves &
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Paiva, 1976; Kittaka & MacDiarmid, 1994; Magallon-Gayon et al., 2011; Robertson
& Butler, 2013; Butler ef al., 2015). Our previous work (Jinbo ef al., 2017)
demonstrated that small males of P. japonicus were disadvantageous in mating
behavior with large females. Our mating experiments during the present study also
highlighted the size-dependent reproductive potential of P. japonicus males. In some
populations of commercially fished decapod crustaceans, size-selective harvesting of
larger males with higher reproductive potential likely results in sperm limitation,
leading to a decline in the reproductive output of the resources (Carver et al., 2005;
Sato & Goshima, 2006; Sato et al., 2007, 2010). In P. japonicus, fishing regulations,
including a legal minimum size limit (usually >42 mm CL), and a closed fishing
season during the reproductive season, have been implemented to help preserve this
resource. Size-selective harvesting of larger males has so far not been involved in P.
japonicus fishing and few variations of the body size compositions have been
observed in landings of the species (Yamakawa, 1997; Nonaka, 1998; Nonaka et al.,
2000). Populations of Panulirus japonicus might be at low risk of sperm limitation
under current fishing practices.

Considering our present and previous results (Jinbo ef al., 2017), smaller males (less
than ~60 mm CL) are not recommended for use as broodstock in larviculture of P.
japonicus. Our results, however, are based on laboratory experiments using a single
male with multiple females and single male and female pairs. Future studies are,
therefore, needed to investigate details of mating systems and reproductive ecology
in actual broodstock tanks stocked with multiple males and females because
reproductive success is likely to be affected by intrasexual and/or intersexual
selection, i.e., male competition, female mate choice, and sex ratio (MacDiarmid,

1989; Kittaka & MacDiarmid, 1994; Debuse et al., 1999, 2003; MacDiarmid &
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Butler, 1999; Gosselin et al., 2003; Vijayakumaran et al., 2005; Galeotti et al., 2006,

2009; Magallon-Gayon et al., 2011).

REFERENCES

Atema, J. 1986. Review of sexual selection and chemical communication in the
lobster Homarus americanus. Canadian Journal of Fisheries and Aquatic Sciences,
43: 2283-2290.

Bates, D., Maechler, M., Bolker, B. & Walker, S. 2015. Fitting linear mixed-effects
models using Ilme4. Journal of Statistical Software, 67: 1-48.

Berry, P.F. 1970. Mating behavior, oviposition and fertilization in the spiny lobster
Panulirus homarus (Linnaeus). South African Association for Marine Biological
Research, Oceanographic Research Institute, Investigational Report, 24: 1-16.

Berry P. F. 1971. The biology of the spiny lobster Panulirus homarus (Linnaeus) off
the East coast of Southern Africa. South African Association for Marine Biological
Research, Oceanographic Research Institute Investigational Report, 28: 1-75.

Butler, M.J. 1V, Heisig-Mitchell, J.S., MacDiarmid, A.B. & Swanson, R.J. 2011. The
effect of male size and spermatophore characteristics on reproduction in the
Caribbean spiny lobster Panulirus argus. New Frontiers in Crustacean Biology, 15:
69-84.

Butler, M.J. IV, MacDiarmid, A. & Gnanalingam, G. 2015. The effect of parental size
on spermatophore production, egg quality, fertilization success, and larval
characteristics in the Caribbean Spiny lobster, Panulirus argus. ICES Journal of

Marine Science, 72 (Supplement 1): i115-1123.
67



Carver, A. M., Wolcott, T. G., Wolcott, D. L. & Hines, A. H. 2005. Unnatural
selection: Effects of a male-focused size-selective fishery on reproductive potential
of a blue crab population. Journal of Experimental Marine Biology and Ecology,
319: 29-41.

Dana, J.D. 1850. Synopsis generum crustaceorum ordinis “Schizopoda”. American
Journal of Science and Arts, 9: 129-133.

Debuse, V.J., Addison, J.T. & Reynolds, J.D. 1999. The effects of sex ratio on sexual
competition in the European lobster. Animal Behaviour, 58: 973-981.

Debuse, V.J., Addison, J.T. & Reynolds, J.D. 2003. Effects of breeding site density on
competition and sexual selection in the European lobster. Behavioral Ecology, 14:
396-402.

Deguchi, Y. 1988. II. Copulation and Spawning, 5. Spiny lobster. In: Seed production
of decapod crustaceans (R. Hirano, ed.), pp. 64-75. Kouseisha Kouseikaku, Tokyo
[in Japanese].

Deguchi, Y., Sugita, H. & Kanemoto, F. 1991. Spawning control of the Japanese
spiny lobster. Memoirs of the Queensland Museum, 31: 449.

Galeotti, P., Rubolini, D., Fea, G., Ghia, D., Nardi, P.A., Gherardi, F. & Fasola, M.
2006. Female freshwater crayfish adjust egg and clutch size in relation to multiple
male traits. Proceeding of the Royal Society B, 273: 1105-1110.

Galeotti, P., Rubolini, D., Pupin, F., Sacchi R., Altobelli, E., Nardi, P. A. & Fasola,
M. 2009. Presence of rivals reduces mating probability but does not affect
ejaculate size in the freshwater crayfish Austropotamobius italicus. Behaviour,

146: 45-68.

68



Gosselin, T., Sainte-Marie, B. & Bernachetz, L. 2003. Patterns of sexual cohabitation
and female ejaculate storage in the American lobster (Homarus americanus).
Behavioral Ecology and Sociobiology, 55: 151-160.

Harada, E. 1957. Ecological observations on the Japanese spiny lobster Panulirus
japonicus (von Siebold), in its larval and adult life. Publications of the Seto
Marine Biological Laboratory, 6: 99—122.

Hutton, F.W. 1875. Descriptions of two new species of Crustacea from New Zealand.
Transactions and Proceedings of the New Zealand Institute, T: 279-280.

Ino, T. 1950. Observation of the spawning cycle of Ise-ebi, (Panulirus japonicus (v.
Siebold)). Nippon Suisan Gakkaishi, 15: 725-727 [in Japanese].

Inoue, M. 1981. Studies on the cultured phyllosoma larvae of the Japanese spiny
lobster, Panulirus japonicus (V. Siebold). Special Report of the Kanagawa
Prefectural Fishery Experimental station, 1: 1-91 [in Japanese with English
abstract].

Jinbo, T., Sugiyama, A., Murakami, K. & Hamasaki, K. 2017. Effects of body size on
mating behavior and spawning success of Japanese spiny lobster Panulirus
japonicus (von Siebold, 1824) (Decapoda: Palinuridae): implications for
broodstock management techniques. Journal of Crustacean Biology, 37: 90-98.

Kendall, M. S., Wolcott, D. L., Wolcott, T. G. & Hines, A. H. 2001. Reproductive
potential of individual male blue crabs, Callinectes sapidus, in a fished population:
depletion and recovery of sperm number and seminal fluid. Canadian Journal of
Fisheries and Aquatic Sciences, 58: 1168-1177.

Kittaka, J. & MacDiarmid, A.B. 1994. Breeding. In: Spiny lobster management (B.F.

Phillips, J.S. Cobb & J. Kittaka, eds.), pp. 384—401. Blackwell, Oxford.

69



Latreille, P.A. 1804. Des langoustes du Museum National d’Histoire Naturelle.
Annales du Muséum national d'Histoire naturelle (Paris), 3: 388-395

Linnaeus, C. 1758. Systema Naturae per Regna Tria Naturae, Secundum Classes,
Ordines, Genera, Species, cum Characteribus, Differentiis, Synonymis, Locis, Vol.
1, Edn.10. Laurentii Salvii, Holmiae [= Stockholm].

Lipcius, R. N. 1985. Size-dependent reproduction and molting in spiny lobsters and
other long-lived decapods. In: Factors in adult growth (A. M. Wenner, ed.).
Crustacean Issues, 3: 129-148. A. A. Balkema, Rotterdam, The Netherlands.

MacDiarmid, A.B. 1989. Size at onset of maturity and size-dependent reproductive
output of female and male spiny lobsters Jasus edwardsii (Hutton) (Decapoda,
Palinuridae) in northern New Zealand. Journal of Experimental Marine Biology
and Ecology, 127: 229-243.

MacDiarmid, A.B. & Butler, M.J. IV. 1999. Sperm economy and limitation in spiny
lobsters. Behavioral Ecology and Sociobiology, 46: 14-24.

MacDiarmid, A.B. & Sainte-Marie, B. 2006. Reproduction. In: Lobsters: biology,
management, aquaculture, and fisheries (B.F. Phillips, ed.), pp. 45-77. Blackwell,
Oxford.

MacDiarmid, A. & Stewart, R. 2005. Male mating capacity in the New Zealand red
rock lobster. The Lobster Newsletter, 18: 7.

Magallon-Gayon, E., Briones-Fourzan, P. & Lozano-Alvarez, E. 2011. Does size
always matter? Mate choice and sperm allocation in Panulirus guttatus, a highly
sedentary, habitat-specialist spiny lobster. Behaviour, 148: 1333-1358.

Matsuda, H. & Takenouchi, T. 2007. Development of technology for larval Panulirus
japonicus culture in Japan: a review. Bulletin of Fisheries Research Agency, 20:

77-84.
70



Matsuda, H., Takenouchi, T. & Yamakawa, T. 2002. Effects of photoperiod and
temperature on ovarian development and spawning of the Japanese spiny lobster
Panulirus japonicus. Aquaculture, 205: 385-398.

Minagawa, M. 1997. Reproductive cycle and size-dependent spawning of female
spiny lobsters (Panulirus japonicus) off Oshima Island, Tokyo, Japan. Marine and
Freshwater Research, 48: 869—-874.

Minagawa, M. 1999. Quantitative analysis of the seasonality of male reproduction in
the spiny lobster Panulirus japonicus (Decapoda: Palinuridae). Journal of
Crustacean Biology, 19: 276-282.

Minagawa, M. & Higuchi, S. 1997. Analysis of size, gonadal maturation, and
functional maturity in the spiny lobster Panulirus japonicus. Journal of
Crustacean Biology, 17: 70-80.

Minagawa, M. & Sano, M. 1997. Oogenesis and ovarian development cycle of the
spiny lobster Panulirus japonicus (Decapoda: Palinuridae). Marine and Freshwater
Research, 48: 875-888.

Mota Alves, M.I. & Paiva, M.P. 1976. Frenquecia de acasalamentos emlagostas do
genero Panulirus White (Decapoda, Palinuridae). Arquivos de Ciéncias do Mar,
16: 61-63.

Murakami, K. 2011. Growth characteristics and improvement in rearing techniques
of phyllosoma larvae in Japanese spiny lobster Panulirus japonicus. Ph.D. thesis,
Tokyo University of Marine Science and Technology, Tokyo [in Japanese].

Murakami, K., Jinbo, T. & Hamasaki, K. 2007. Aspects of the technology of
phyllosoma rearing and metamorphosis from phyllosoma to puerulus in the
Japanese spiny lobster reared in the laboratory. Bulletin of Fisheries Research

Agency, 20: 59-67.
71



Nagai, H. 1956. Copulation and spawning of the Japanese spiny lobster. Aquaculture
Science, 4: 9—11 [in Japanese].

Nakamura, K. 1994. Maturation. In: Spiny lobster management (B. F. Phillips, J. S.
Cobb & J. Kittaka, eds.), pp. 374-383. Blackwell, Cambridge, UK.

Nonaka, M. 1966. Experiments on the habitat selection of the Japanese spiny lobster.
Nippon Suisan Gakkaishi, 32: 630—638 [in Japanese].

Nonaka, M. 1998. 1. Ecology and Maturation, 2. Spiny lobster. In: Seed production of
decapod crustaceans (R. Hirano, ed.), pp. 29-38. Kouseisha Kouseikaku, Tokyo
[in Japanese].

Nonaka, M., Fushimi, H. & Yamakawa, T. 2000. The spiny lobster fishery in Japan
and restocking. In: Spiny lobsters: fisheries and culture, Edn. 2. (B.F. Phillips & J.
Kittaka, eds.), pp. 221-242. Fishing News Books, Oxford.

Powell, G. C., James, K. E. & Hurd, C. H. 1974. Ability of male king crab,
Paralithodes camtschatica, to mate repeatedly, Kodiak, Alaska, 1973. Fishery
Bulletin, 72: 171-179.

Pugh, T. L., Comeau, M., Benhalima, K. & Watson, W. H. 2015. Variation in the size
and composition of ejaculates produced by male American lobsters, Homarus
americanus H. Milne Edwards, 1837 (Decapoda: Nephropidae). Journal of
Crustacean Biology, 35: 593-604.

R Core Team. 2016. R: 4 language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna [http://www.R-project.org/].

Raethke, N., MacDiarmid, A. B. & Montgomery, J. C. 2004. The role of olfaction
during mating in the southern temperate spiny lobster Jasus edwardsii. Hormones

and Behaviour, 46: 311-318.

72



Robertson, D. N. & Butler, IV. M. J. 2013. Mate choice and sperm limitation in the
spotted spiny lobster, Panulirus guttatus. Marine Biology Research, 9: 69-76.

Rondeau, A. & Sainte-Marie, B. 2001. Variable mate-guarding time and sperm
allocation by male snow crabs (Chionoecetes opilio) in response to sexual
competition, and their impact on the mating success of females. Biological
Bulletin, 201: 204-217.

Sato, T. & Goshima, S. 2006. Impacts of male-only fishing and sperm limitation in
manipulated populations of an unfished crab, Hapalogaster dentata. Marine
Ecology Progress Series, 313: 193-204.

Sato, T., Ashidate, M., Wada, S. & Goshima, S. 2005. Effects of male mating
frequency and male size on ejaculate size and reproductive success of female spiny
king crab Paralithodes brevipes. Marine Ecology Progress Series, 296: 251-262.

Sato, T., Ashidate, M., Jinbo, T. & Goshima, S. 2007. Does male-only fishing
influence reproductive success of the female spiny king crab, Paralithodes
brevipes? Canadian Journal of Fisheries and Aquatic Sciences, 64: 735-742.

Sato, T., Yoseda, K., Abe, O. & Shibuno, T. 2008. Male maturity, number of sperm,
and spermatophore size relationships in the coconut crab Birgus latro on Hatoma
island, southern Japan. Journal of Crustacean Biology, 28: 663—668.

Sato, T., Yoseda, K., Okuzawa, K. & Suzuki, N. 2010. Sperm limitation: possible
impacts of large male-selective harvesting on reproduction of the coconut crab
Birgus latro. Aquatic Biology, 10: 23-32.

Seko, S., Abe, F., Tsuchihashi, Y., Ichikawa, K., Arai, N. & Mitamura, H. 2017.
Behavior and migration of artificial produced juveniles of the Japanese spiny

lobster Panulirus japonicus tracked by biotelemetry method. In: Program and

73



Abstract (N. Kanno, ed.), p. 41. The Japanese Society of Fisheries Science, Spring
Meeting 2017, Tokyo [in Japanese].

Sekiguchi, H. 1997. Larval recruitment processes of Japanese spiny lobsters: a
hypothesis. Bulletin of Marine Science, 61: 43-55.

von Siebold, P.F. 1824. De Historiae Naturalis in Japonia statu, nec non de augmento
emolumentisque in decursu perscrutationum exspectandis dissertatio, cui accedunt
Spicilegia Faunae Japonicae, auctore G. T. de Siebold, med. doct. Complurium
Societatum Membro. Batavisch Genootschap van Kunsten en Wetenschappen,
Batavia [= Jakarta].

Vijayakumaran, M., Senthil Murugan, T., Remany, M. C., Mary Leema, T., Dilip
Kumar, J., Santhankumar, J., Venkatesan, R. & Ravindran, M. 2005. Captive
breeding of the spiny lobster, Panulirus homarus. New Zealand Journal of Marine
and Freshwater Research, 39: 325-334.

Yamakawa, T. 1997. Growth, age composition, and recruitment of the Japanese spiny
lobster Panulirus japonicus estimated from multiple length frequency analysis.
Bulletin of the Japanese Society of Fisheries Oceanography, 61: 23-32 [in
Japanese with English abstract].

Zuur, A.F., Ieno, E.N., Walker, N.J., Savaliev, A.A. & Smith, G.M. 2009. Mixed

effects models and extensions in ecology with R. Springer, New York.

74



Table 1 Carapace length (CL) and reproductive condition of the Japanese spiny lobster Panulirus japonicus in the mating experiments.

Male Female stocked Female spawned
Group g(a)mk Number of Number of .
: IDno. CL (mm) lobsters CL (mm) lobsters CL (mm) Days to spawn  Fertility (%)
Large 1 L1 89.5 10 58.2 (55.4-59.7) 9 58.4(55.4-59.7)  29.2 (20-38) 99.1 (94.0-100)
2 L2 88.6 10 58.2 (54.5-60.4) 10 58.2 (54.5-60.4)  31.1 (27-36) 93.5 (73.5-100)
3 L3 90.6 10 57.2 (54.9-58.6) 10 57.2(54.9-58.6)  33.3 (25-44) 99.9 (99.5-100)
Medium 1 Ml 71.1 10 58.0 (55.9-60.2) 10 58.0 (55.9-60.2)  27.6 (22-32) 98.0 (90.0-100)
2 M2 71.9 10 57.6 (54.8-59.7) 10 57.6 (54.8-59.7)  32.4 (24-45) 57.0 (0.0-98.5)
3 M3 69.3 10 57.8 (54.7-59.9) 10 57.8(54.7-59.9)  29.0 (17-44) 99.5 (97.5-100)
Small 1 S1 57.7 10 58.2 (55.2-60.6) 7 58.1(55.2-60.6)  24.9 (18-32) 27.9 (0.0-97.0)
2 S2 57.7 10 58.6 (55.9-60.3) 8 58.5(55.9-60.3)  31.0 (19-53) 72.3 (0.0-99.5)
3 S3 56.1 10 57.6 (55.2-59.4) 3 57.6 (56.4-58.4)  28.3 (26-32) 33.7 (0.5-100)

Data: mean (range).
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Table 2 Evaluation of the effects of body sizes (carapace length, CL), number of elapsed days to oviposition from the
onset of experiments, and fertilization rate of eggs on reproductive aspects of Japanese spiny lobster Panulirus japonicus.

Coefficient

Response variables Explanatory variables estimate Std. error t or z value P

Oviposition rate Male CL 0.0980 0.0376 2.604 0.009

CL of spawned females Male CL —-0.0051 0.0134 -0.379 0.705
Elapsed days to oviposition ~ —0.0199 0.0250 -0.797 0.425

Elapsed days to oviposition Male CL 0.0032 0.0017 1.956 0.051

Fertilization rate Male CL 0.2247 0.0500 4.500 6.91x10°°
Elapsed days to oviposition —0.4289 0.0116 -37.110 2.20x10716

Clutch size Male CL —0.0050 0.0127 -0.396 0.692
Female CL 0.4410 0.0985 4.478 7.53x107°°
Fertilization rate of eggs 1.1634 0.4481 2.596 0.009

Data were analyzed using a generalized linear mixed—effects model. Statistical z—values are shown for CL of spawned
females and clutch size; z—values are provided for the other reproductive aspects.
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Figure 1 Relationship between the number of elapsed days until females spawned from the onset of mating experiments and egg fertilization
rates in large- (A, B, C), medium- (D, E, F), and small-size male groups (G, H, I) of the Japanese spiny lobster Panulirus japonicus (see Table 1
for identity of males).
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of egg mass) of the Japanese spiny lobster Panulirus japonicus. Data points are

plotted by separating either > 50% or < 50% fertilization rates of eggs.
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XERNRER o EMEotE (0.0031, 0.031, 0.31, 3.1, 31, 310 pmol m2s!)
ERRTIZEWT, 7 4u Y —<IEORRITHED EXEOECET~T, 4
TOERRBRIL, [ %A 24-26°C IZTFE LK =N TIT o 72, EER 7L, Hamasaki
etal. (2013) B L O & (2014b) 23, EHENY > H = Birgus latro 3 X 7
A = Erimacrus isenbeckii P)E O & NN Z2 T FIEICHER Lz, EBRICH W
WA, KPEICHBELZE 13em, S 10em, BX 20ecm OFEEDOT 7 U L
TR T, BN E O m X EAAE O Al ZBRE 2T ZIMZ D 72DI28
HLOBEGBLEL, KEOHLNSEFIZI0ecm TOHKD &5 -7, HMlHED
FRNE, BWAT7 7 U AREL, Z2hb ANTHIEZKFEICEKN L, SelEE

21X, KGO RITHEWVREMEZ RS 180W A Z T A RT7 57—/ —
H2E1E (LA-180Me- R, #RIEGFHT3E) 2 Mz, 72, Hao bk s Bar
7 U NEIIEROZET, BREOERT 7 VoMMl ZRET 7 UV VRT, £
NENENTE DML Lz, HEIE, HhEZNAETLIASBPTRTONEFR
R e Kk B3 (LI-192 Underwater Quantum Sensor, LI-COR Inc., Lincoln,
NE, USA) THlZf L, ND 7 4 /L% — (Newport Corp., Irvine, CA, USA) % W
THTE OEICFREE U7 i B ik, M AN E R 2 AT 5 & & BT

B EEICEES Lz, EB, ETEALST 22 LKoo R REICT 7Y

NEDNRA T A, TOFRICHAEZFHEL, T <IT, FEBRKR OFERA M
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D NEARFCIBE 2 EFEBICT 7 UL T EIL, hAEOITE & #52
L7 HERHIRISESL FMad 7T A, m&ns e~ AF AL LT, 5%
B AE DAL E % R LB IR A2 T~ 7o, SO E R T 2B, 10cm
FIRE CAMNZ XG5 & 5 7efbkk & LMk 0BT 7 U L BLE K 2 5012
A, SWAEDMET HXEZHER L, 1 BORITHART T 5EIS, P o
WAIEH LD b DI AN Z T,

FERIIE, S A S L7ghAR 1 (I-IV #)) & 8 Al b L7=ghAERE 2 (VI-
X H) OFERZ KD S EEMEZICHH L AW, 94 S IR I i E
LK okE (K 1, 2011) % Table 1 12779, EBRIZFHAEIE 3 BRI DL AR
WL THLBL, SIEDHSICHZERLRETITo 72, HESREIX, %)
AR TIE, SMen 7 B U#) £TEAEL, TRLRET 9-15 B (1
), 17-23 Hiim & 26-32 His (I #1), XLV 35-43 Hils (IV #) ORI T2
HIC1EEE L, BiERE2 TiX, 86 Hie 91 His (VIHI), 158 Hiis (VI-VII
1), 224-232 Hinoo M (VIILIX #1), 3 KOV 251-308 Hilmo ] (X #1) 1235
ZAT o7, 1 EIOGAT TRANIZINET 29148 %IT 158 HiimE TR RSB L
L, FNHETEF 10 BT HOWELEIT -7, 224-232 HEORMICITANELEL S 3
B ZITV, 1 RIORITT2, 3BLRS BONEELZHNTEE 10 BIZRD
KoL, 72, 158 Bl (VI-VII H#]) & 224-232 Hiis (VII-IX #]) DL

X, SHEBICRY B2 Lind, B DEHOEEELZEDE T 10 2z
RL7o, Ko X2 HWEFERIL, hEDHEOLERIZ L - T 251-308 H
e Bl oeh, ZOMICEESE D 10 EERZITV, X H MR L
DHEZ 1TRIORITTLRTHOHWTER 10 Bx2ffc Lz, ok, X MO
RO DD -T2 b, BFF 26 EEZ VY, [F— 8K %2R % Hlso R
HHEEMGE T THRVIELAVWTEREZIT- 2,
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REREER 400-660 nm O# T 20 nm [ fF D 14 B X L O BX O GG 15
XARE L, FERFE, BHBLOANTHFEICO W TIE, JSeEBIERO L
ICHERL L 7=, 72771, SR CoERICHE LA, A SREE Lz,
FlXx, N FXAx 7 4 v % — (Newport Corp., Irvine, CA, USA) % W CTFHE L
Too REBRIZIE, SiERE2 (X #) oshAEzft L7z (Table 1), JGEIFOGER]E
BRIZEWT 7 Y —vHhAEDEDOEEZRTLNLE L, BaTROYER
ABST 3.1 umolm s  IZFREE L7z, 7272 L, 400nm XKD A, FHKROME T
NEEMETE N>, 1.6 umolm?2s ' & L7, HWIEIX, 0HMEE 4H
W (T8, 9o R (M), 17 Al & 25 B (T H#), 34 B (IV ), 88 H
L 93 Hiin (VIHI), 160 H s (VI-VII #1), 229 A #n & 230 H s (VII-IX #1),
RO 255-306 Ao (X #) 124772, 727210, 229 His& 230 Ak &
O 255-306 B TIlE, ShAERICRY D72 &0vb, 480, 520, 560 35 LW
640 nm X CTOREIZITDLRN -T2, Flo, XM EHWEZER T, SLEBIER
EFRIBRD FIETEF 19 BIEDhAEZ ML 72,

HEETER  HEHARAT & E IS, HEEHENT Y 7 b U = 7 R (R Core Team, 2016)
ML, AEKEL 5%IZHE Lz, JERB X O ENEEROR BIX T

IVENTINES U 7o 25 26 1 AT o eIl & BOGTRM o Z £ 40 3 IXE, Rk
D2 XEICEF L THMmMmLE (Fig. 1), £Z T, HaaNOGNAED MR Z 3
X Z &2 42025 THEFHL, SERDHMO —REMEZIToT2 & 25,

IR IERLIER S e CEEBIERR, »*=262.97, df=3, P<0.0001; &5
B, x*=55.12, df=3, P<0.0001), &= ZC, ARHFETIX, SEHFRMAITLT 3 X[H
oA LTS AR IE O B4, WSR2 & 3\ 3 K340 L 72 g 41

BOENMEEZRLIEbDE L, TRLHMAEDEIGIZKIETON L O RLE % MR
Briiz, fEATICIE, —MILBRIBIRA 2R E T /L (generalized linear mixed effects

model) % I\ (Bolker et al., 2008; McCullagh & Nelder, 1989; Zuur et al., 2009),
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INEEREED D WVITAOIRE (ROGMEEE, FERICEERE), 5L %L
H ObEH D VITEE) LEiE L, MEMGIC THEAMARE Lz, SHE
Bix, WInb ATV AAEHEL W, T2, BEBRAZ LDz bR
—LTCERVEBEILEBENRLELCEET LI LEL, EERAOBLES %
U LYIFICHEE Lz (Zuuretal., 2009), fENTIZIE Ime4 2% > &7 — ¥ D glmer
BH% (Bates et al.,2015) Z MV, car /X &7 — @ Anova BI%t (Fox & Weisberg,

2011) (2L % Wald y* test Z 3@ L TRt A O R A E LT,

o R

XKEBREER 70V —~WEOHENEICHTLIEBLTCADKISROHR
ZHnEABNCEE R L T Fig. 21277, EBXOCAOKIGEOWNTIZYH, HEER
TN G R 2B A 5 272 (Table2), ShAEWMESKEZEL THDL E, N
M R DI EEDORIGENEL LM EZRL, 31 & 310 ymol m? s ' Tl b
B 7o, 0.0031 B XT0.031 pmol m 2 s DIFVKTIE, EDORIGRITEL,
WIZADORIGENE L D EmN A bz, FFiZ, VIHISA T, 0.031 umol
m?2s ! A —7ICmWADENRMEZR L (Fig. 2e),
BREMNER 740V —~vHAEOHFREBIOHREFMFICHT 2EL LA
DFISFEOHER Z W B FEBL L C Fig. 31277, ERBLOEH &L, ER
FOEDRIERICH B R % 5 2 7= (Table 2) . S AEHIM BEEZ B L TH D L,
I #nsh A4 CTlrIfEda 400-620 nm THWIEDEXMEEZ R L, IS IV BRI
TIXIED KSR K E < 1X 400 nm & 480-600 nm Hijf4 T < 72 DA A B 4L
72o VIHILIBRIZIX, EOMKISHET 500 nm LI ETH <, 400-420 nm TlE, K&
B AEDRTE THRWIEOENEZ R LI, —F, AORIGHFEX, hAEHMEKE

ZHELTCEOKIGRIFEDEWVEIZRD SR> 720, 2EMIZIE, 600-660 nm
86



OFMPH T E L RS -7, £/, VIH (88, 93 HEin) & X H4h
A TIE, 420-660 nm O JLWELFH TR OENM A R L, #Fi2 VI IS4 o Kt 23
SR D NFHE)TH - 7=,

z =B

KW TIE, A7 om0y —<hhErSsbhb&KEECHE L, £
FMEEFIRT, T OREE, EXMIERARZIEELERICH LT, Rk
WELT D ERHAL N E R oT, TOZ LT, FBEKEANONEEREZRE T
L2LICEoT, v Y —~HEOTHEHIE T EEE ST LOTH
D, SHICIERRMERICET D7 v Y —~ShAEO B JHREEBCHE A D =
A LD T CTEERMALZRZET 260 TH 5,

WEE s AR 1, — XIS, VORI EOEME, 85WORIITADEMEE R
T Wb TWb 2y (Forward Jr, 1974, 1977, 1987; Forward Jr & Costlow 1974;
Shirley & Shirley, 1988), TR R ERE, BRESM O CICHME DO EIC L -
TET DD, TORINTEZHEEZEZ H1LD (Forward Jr & Costlow 1974 ;
Shirley & Shirley, 1988 ; Adams & Paul, 1999 ; Anger, 2001 ; Epelbaum et al., 2007 ;
Hamasaki et al., 2013 ; i)l &, 2014b), £7=, ADOEXMEITOWVWTIE, KD
—#11%, shadow response & #i 9% EHFICALET HHAEHE S OKBEITE O —
TdhDHEEN TS (Sulkin, 1984; Forward Jr, 1976, 1986), AAFZEICEIT 51 =
7 om Y —<WEE, 2R3 EBET 310 umolm 2 s D TRV IRV IE
DEMZ R U, £, S4EIE, 29I 0.0031 38 LT 0.031 pmol m™2s™! D55
VWEICH L THRWAEOESZ R L2 END, T OIGIE shadow response T &
LABEMENRBZOND, 20X, 17 v Y —<HhEOENMEIR
HETEAT L ENRHLNITR ST,
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FEI, HEEFRBRICHBENDEDENEICEREEE XD 0bILTWVD
(Forward Jr & Costlow 1974 ; Forward Jr & Cronin 1979 ; Forward Jr, 1988, 2009 ;
Anger, 2001 ; Cohen Forward Jr, 2002 ; Hamasaki et al., 2013 ; ; fiJIl 5, 2014b),
AT, A7 vV —vHWEOENMELRENICHRTZEZ A,
WHYIRVIE D ESCVEDR B b Tzl R &I, 1 fshA: Tldiaa 400-620 nm, 11
B D IV ERIZ 221 TUX 400 nm & 480-600 nm Aii#%, VI HALLFEIZIX 500 nm &
i, FFIZ 400-420nm ThH o7, —F, HEHTRWVA O ENPEN 6172 K K
PHIZ VI # (88, 93 Hilin) & X HILISLTIX 600-660 nm, VIH (88, 93 H i)
L X #TIE 420-660 nm Th o7, TDEHIT, AT 40y —<HED
ML, MRERBEEBNOREREELZZTLZEDWALNER-T, £
DMOAEZEHTIX, F—AFNT VT A EDSLT 48 Y —<HEN
470, 555 B L 615 nm IZxf Lm WS4~ L (Ritz, 1972), BV 7 A4 k= b
DT 4 1Y —<HAIE, 400-600 nm DRI LT, M5 IEDENM Z R
L7225, 100 s (F& 10-15mm) U RIS RNl Z L hHESI N TERY
(Butler, 2011), #I#] 7 1 7 YV — < HAEDMEIE W EICIEO E M 2 =3 Rk
AFZEDOA oL~ L TWD,
777 N DA MVIEER, K FEERKRRBAMHT 0, £R
BHROAXT MG =T HEEX LTS (Forward Jr, 1988, 2009;
Cohen & Forward Jr, 2002), WK HIZIB T 5 KGO 5L, WAKOIFEHEE
XD, SREBIOKETMOWVNTAOHTMIZEBNTHHET - RIS D
(Jerlov, 1976), F 7=, WAKIIWE TIXEREN L, MPE D BAFEICHT TILER
MERETHDZEND, BFENE TIEHEA» LG (550-600 nm), 4 Tl
Fan bkt (500-550 nm), SMETIEF A (470 nm 30) OFEEN R &R
T% L nbh TS (Forward Jr, 1987, 1988; Cohen & Forward Jr, 2002; Jerlov,

1976), A T D7 41 Y —<NWENEDOENRMEEZ R LEZKREL, IV #1ET
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TR EN S WAL, VIR D AT MASHICEE L T, &
TEDT 4 vy —<HERIRFE TSI L, VI DI B G 2 P T E~
EBESELTHREL (H/D5, 2010), ZOHRFUCEMAR~HBREAL TS =
WV APE~NE BT D2 R E S TWD Z &5 5 (Yoshimura et al., 1999;
Sekiguchi & Inoue, 2002 ; HAF 5, 2010), £ B ED 7 0 Y —<HhED A
MUV IZARRE DO AT MASAICHHIE L TWD b DRI D, A,
AEZEO7 v Y —<HEIE VI E XHITIX420-660 nm D ISV E THE O
FOSHRDZM <, FFICHIE THRWADOENH LR Lz, £72, VI TIIEENE
BRC B EERAmOA O LR L, 2L, T m Y =< BN A RIKEE
R L, BEARABH LTS T 2178AE2 B LRV, 202 LicH
HL, £ b7 n Y —<HEOREITE L% T AV I —
a U HFFE & FEh L 7= Miyake et al. (2015) (X, $REBENIC X > THORKIREZIRD
HTEN, T 4m Y =< YEORTER N D OIS S 2R L TV D,
BB, AT EDOT v Y —<ET, BEERICED ST 400-420 nm (2 H W
AR MVEKEZA LTV, A0 7 40y —<hAEITRAREBEIZE W
BRI F U EOMY T T 7 b & EEET 5 (Anger, 2001 ;88 5, 2010),

ERRE T T 7 N XA OFEENR S, BABR T TR0 AERITR
% Z L 75 (Johnsen & Widder, 2001; Job & Bellwood, 2007), 7 4 1 Y —~ 44
? 400-420 nm TODEW AT MVEEEITEHZRE T F RO 2 F5 > B
M7 T N ERRL, MRLLT T 0@IicEHEIRD,

AR TIE, 1B EDOT7 v Y —<HhEIIBITEREOREIZHES B
AOMNC LD, ZORIEEEZIEATL2ZLICLVEBEAENOT7 1Y —~
HAEOITE ZHIBE L, 2l - PBESFLZENTE, EFREom LICHBRTE
LATREMEN & 5D ()1 B, 2014a, 2014b, Epelbaum et al.,2007), 5l 1%, KAl

O LR HHRNERLE R R 2, TRALEIREEONEZRI T2 L THhEL
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Table 1 The body sizes of phyllosoma larvae of the Japanese spiny lobster
Panulirus japonicus in two hatching groups used for the phototaxis experiment

Group Stage N Bo%i/nﬁr)lgth

1 I 30 1.58 = 0.03
II 9 1.92 £+ 0.09

I 59 272 + 0.30

1\Y% 30 335 £ 0.10

2 I 24 1.56 + 0.05
I 24 2.07 + 0.06

I 24 273 £ 0.26

v 12 345 =+ 0.18

VI 26 815 + 0.74

VI, VII 12 13.85 £ 1.39

VII - IX 12 1823 + 3.10

X 17 31.05 £+ 2.02

Data: mean + standard deviation.

The staging of phyllosoma larvae was based on Matsuda (2006). Larvae from group
1 (stages [-1V) and group 2 (stages VI-X) were used for light intensity experiment,
and larvae from group 2 (stages [-X) were used for light wavelength experiment.



Table 2 Analysis of deviance table by Wald y? test (type 1I) to evaluate the effects of
explanatory variables (light treatment and stage of phyllosoma larvae) on response variables
(positive and negative phototactic behavior) of phyllosoma larvae of the Japanese spiny
lobster Panulirus japonicus in the light intensity or light wavelength experiments

Explanatory

Experiment Response variables  ° v df Py
Light intensity Positive behavior ~ Light treatment  293.6 6 <2.00x10716
Stage 20.57 7 0.0045
Negative behavior Light treatment 203.3 6 <2.20x10716
Stage 41.42 7 6.72x1077
Light wavelength  Positive behavior Light treatment ~ 91.51 13 7.17x10714
Stage 63.64 7 2.82x1071!
Negative behavior ~ Light treatment ~ 57.25 13 1.62x1077
Stage 138.2 7 <2.20x10716

Data were analyzed using a generalized linear mixed—effects model.
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Figure 1 Proportion of phyllosoma larvae of the Japanese spiny lobster Panulirus
japonicus observed within the respective sections of the horizontal test chamber
under the dark condition in the light intensity experiment (a) and the light wavelength
experiment (b). The test chamber was marked with a 10-cm interval on the bottom
and the sections were numbered as nos.1-6 and —1 to —6 from the center of the
chamber where the larvae were first installed. Light was directed from the side of
section no. 6 under the light condition. The proportion larvae were calculated using
the overall data from all the larval stages. The equation of the calculation is as
follows: (number of larvae found in the designated section) / (number of larvae used

for all experiments).
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Figure 2 Ontogeny of the behavioral response to light intensities by phyllosoma
larvae of the Japanese spiny lobster Panulirus japonicus (o, larvae found in the three
sections near the light source; x, larvae found in the three sections far from the light
source): (a), stage I (0—7 days after hatching; DAH); (b), stage II (every two days
from 9-15 DAH); (c), stage III (every two days from 17-23 DAH and 26-32 DAH);
(d), stage IV (every two days from 35-43 DAH); (e), stage VI (86 and 91 DAH); (),
stage VI and VII (158 DAH); (g), stage VII-IX (224-232 DAH); (h), stage X (251
308 DAH). Ten larvae were used for each light intensity test. Until stage VI (86 and
91 DAH), tests were repeated for 2—8 days in each stage. Symbols and vertical bars

in graphs (a)—(e) indicate means and standard errors of replicates, respectively.
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Figure 3 Ontogeny of the behavioral response to different wavelengths and the dark
by phyllosoma larvae of the Japanese spiny lobster Panulirus japonicus (o, larvae
found in the three sections near the light source; x, larvae found in the three sections
far from the light source): (a), stage I (0 and 4 days after hatching; DAH); (b), stage
IT (9 DAH); (c), stage III (17 and 25 DAH); (d), stage IV (34 DAH); (e), stage VI
(88 and 93 DAH); (f), stage VI and VII (160 DAH); (g), stage VII-I1X (229 and 230
DAH); (h), stage X (255-306 DAH). Five larvae were used for each light wavelength
test. Tests were repeated for two days at stages I, III and VI. Symbols and vertical
bars in graphs (a), (¢), and (e) indicate means and standard errors of replicates,

respectively.
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Effects of Artemia nauplii density on survival, development and
feeding of larvae of the horsehair crab Erimacrus isenbeckii

(Crustacea, Decapoda, Brachyura) reared in the laboratory
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7 7 = Erimacrus isenbeckii 1%, +MIBE 27 VAT =FiZ@L, 77 AH, "=V
VWEIND, MY oY AT, HARTEALEE R R D ACEEE RN E 5,
BEE T, AAREANIIEH, B, BRAOEBEREE CESOMLTND (E
H, 1976) ARFEIL, A CTITRICIME R B, FFICA A — Y 7 MR & B R
FPEMIRICZ < A L, ERTME b m WD EEREENRRE L o TE
(=, 2003), FRFEEELREL TEREENMTbOL TS, LML, %
O E IR AKETHRE L TWD Z D (ME, 1997 ; =5, 2003), FEE K
ML DR R2EREENALEEN TS, 20X RERMDL, ZhE Tl
WL O DOHBIICEWT, REORE AFERNBEE S E S TEn (B -
W, 1978 ; B 3, 1982, 1985, 1991, 1992 ; &/ F 3, 1983, 1986,
1992), JEIE72f6 B BRECEE S OSSR T REICHT 2 AITITE LA LR
<, FREDAERRITIALE T (B HFES, 1991, 1992; B FFEY, 1992),
T A PERMT AN RS L2 S 135 VW,

THENAEDOE BBV TIE, EEENSEOERK, HEEFB X OEETED

CREREEZRITZENRHESNTND (UK, 1960 ; H E, 1965 ;
Gopalakrishnan, 1976 ; Omori, 1979 ; Paul et al., 1979 ; Emmerson, 1980 ; 4K - #2
5, 1982 ; Yufera et al., 1984 ; Yifera & Rodriguez, 1985 ; Chu & Shing, 1986 ;
Loya-Javellana, 1989 ; Minagawa & Murano, 1993 ; &L, 1997 ; Tongetal., 1997 ;
Anger, 2001 ; Suprayudi et al., 2002), 7 W =OF & EE TIL, B E LT AT
ST B LOEREE Thalassiosirasp. PMEH S TE 722 (F i35, 1982, 1985,
1991, 1992 ; JEFH3Y, 1983, 1986, 1992), jil 72 #AEHE EI(C DWW TIXA S
PSR TWRW, £2Z2T, KFFETIE, 7T IT OMGERENT T =554
DEFR, BREBIOCEMAEICKITTEELALNICT L AN THE ZR % £
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L7,

RHBEUHR

HWORME 2001 & 2002 =D 2~3 AIZHNT T, SMEERTORIIRME 198 fE & (F RO
S AR HENR 22, 68.0 = 5.8 mm) & AL IE S 2B AE BRI FF AT IS Lo TA
F U7z, fAIMET B AR e W =R 9265 (B, [E 2T 28R 58 v N K EEMFJE -
BB AR AL EE XK PERF JE AT R ST &) @ 0.5 m® KA ITEBIIC, HDHVVE 4 m® K
I 45~69 ERZINAL, 1 A AKEZ LM LTtk (10 [EHEs / H) THE L,
SMLEHET, EHET I, THIVBIOCAXT IO H%H, B2 BEOM
FETRENAHD K052, WEHESOKEIX 0.5~2.9°C THRE LT,
EREOBRELEN ERX LT, YT7#H (B 1~58) BT 57473
TO) =TV gRMAE (LLF, TATIT) OREEEZ, 025, 0.5, 1, 2,
4R /mL & L7z 5 KEBEREXDOEE 6 KART T, B, AT a/"Moig
BB EE, AR EH 4K/ mL IS — L, TAT IT7IRACKE (RIE7 7
A I AR T, 13 LAY ZWT 26°C, 24 BRI TAHbS R, 5
L7 v 7 7%, UL TI3L N7V ITHEED 100 fH{K /mL & 725 X9
CHINAL, fIRORE (g a2z o) MmieH (VT 7 7,
H{EY A = 2 M) %2 20 mL / L OFE THRIL, JKild 22°C T 18~23 K]
KEMR LT,
PEOFAFFRE FFT X 2LOABKRK) =F LU E—T—42 KX 3EHAV,
0.5 m? /KA CHil B L CUW - f IR L 475 2001 4F 3 A 10 A5 kLg%,
HZE—A =50 EFTONE L, 3HOE—T—D 5L, 2 ITAEKRE LA
B ~ME T2 E COFREREZRD, | MIZEHBOREZHET 572012
fit L7,
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fABICHWMEARE, BABZICSOmESmOI—FY v U7 4L H—
(R T LU RB—h ) oD T 4 NE—, T KT v 7 Rl
TAHABLIEBDOT, 1 HFES KLUTHEHA L, EKRIZY £ —%—N
ZHFATHIRL, SMEMEDONERFICIE 2°C, FHIT °C, #Fx HIZ 12°C £T
EH&EH, Dtk 122 £ 03°C ZMEFF L7, BRI, FE—F—xtLTRRAY
— Ny M AREAWTHE (8 70mL/min) (ZT-72, HEIE, KE2»H
K1 m OEFTIZERE L2 2 RKOEEST (40 W) & THS 19 E TR LT
L2, BEX, ©——0/KimET600~7001x TH 7=,

HAEX, |BHEFRTTIS, B LWilEKE AR/ B — 2 —I12 10 mL 5 O FiiA £
v b (BZGMLIZIERD D) TBLEZRTL, £TOBRIZ, Ak %2 AR
TEEL, EFEEEEFE L, 72, SETMEAITERY BRE, REEL Tl
EHERR LTz, AT APHEA LSS, ZBEVWOREZ T 2572012, %5
YT, WEEADAT e ANBIOREIER DRI e &5 TERENR O
E— N —THE L, S E CoABMEMEEIL, KB ~BE LzhEsT
KL, EWMPORENEROE =T —TI%, AT u ETOmMmYP T &Ik
LR Lz 5 k%, 5%AL~Y T 1 HEE®R, 70%=% / —/LTHRIFL,
Tk ORPEIH Uz, ML, SEEZBMAERIITY, BRO7 VT I 7 ZFTE
DEEIZRD LI —F—IZRM LT, £, 8EEKITIE, SHhE~OKRKM
WOMEZHTZDICT B MY oA (7 ~48) % 10 ppm O ¥
TWM L7z, EBIL, WELZSERRRET D0, ETONENE | HHA =
~PLEE L7 H E Tiro70,

NEBROAEAE SHAEEAOREEBE X, FRFERE, 52 HHNKRE &5

KB, #E, SHREROOCICE IEHMEKE L Lz (Fig. 1), BIEX, FEiK

BAREE (5 =R 25~75 %) B L OEMBMEE (100 %) FTHEIR~A 72 —X

—ZHWTITo7l=, 72720, SREBXOBHMEICOWTIEE 4, S5k o7
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DHTHEL, AHaNXTEHREOLZRE L, 62 HEARE, &, &
WERLRICE IBEHERKEICO VT, EPRICHT 2 (M BRKE X
1078 &, %) ZHEH L7,

EEE HEEE (025 0.5, 1, 2, 4 /mL) BHEOEBHEEICKIZTTE
AT, FEBRIE, 2002 FIZEML, F1, 3BIOSEY =7 &ML,
B =T EsMe 1 B, BI3IMBIOE S =T E, BLE 2 BROSA
ThY, ERICHTZ2ETHIROFIETHE Lz, 2B, 1Yy =7 OfE
AKILIE, SAEZKIE (2°C) 22680 15 BFf# 2210 T 12°C E TLEAE S, B 1
BLOEI@W Y =7 2 HWIZEBRO 0.25 f#4/ mL X TiX 300mL O 7 2A# e
— 71—, 0.5 BXO1.0MEK / mL X TiX[A 100 mL, 2 @& / mL X TIL[FE 50
mL, 4 iR / mL X TIiX20 mL ®OF 7 AREANZ 4K SEERL, 4% 1
EARTOUE LT, KEIX, T4 200mL, 100mL, 50mL, 25mL, 12.5mL
L, AR 7 VT I 7 & SOEET O L CATEDEEZRE Lz, & 5w
YT CIXFEARIZ, 0.25 EA/ mL X CTiX 500mL O A& 7 A® e —5—, 0.5 fH{K
/ mL X CIX[A 300 mL, 13 KO 2 f#{&/ mL X TIELFE 100 mL, 4 f#{&/ mL X T
1350 mL O T ZREARGE 2 54X 5 EEH Lz, KEiX, £ £h 400 mL,
200 mL, 100 mL, 50 mL, 25mL & L, 747 X7 % 100 BRI D60 L7,
FEBFIL, MEKRZ Y+ — % — "2 FKUT LV 11.9~12.1°C THEFF L, M@
K[CHE Lz, ARBIONEMFIL, SHEOFEHIBEICBIT 2R ELFAEE L
Too FEBRITFRET 11 RFICHIa L, 24 RFRIZICHAR L~ U & 5~10%I272 5 L 9T
FBEKRKICHEMLTY =T ETATITEBEELL, 7 H=DY =T H4EIT1#E

EKOTNLNTITEZERICEBHLI-OT, Y7 OEBEEIIERINZOT LT I

T DAEEE DB RO T,
METLEE AR, Kl E ToOmE AL, REICET2AHEER O XHE
mHNTT VT I THEEEE, DEBOIRIC Tukey DGR K D2 EILB 2T
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W, BEKAESHTHELZ, 7272 L, AERRIZOWTIL, ¥ &Sz msric
THEOICWIEEE LTl E AW, £/, 7ATITOREEBEEL Y T

DOTNT I TEEBOREFRICITA M EXEEA L7,

#w R

EMPFETOLERLAMEAY FFERK LY, AL 2o —H— DAk
B IRDUIRAR M 28 Le (Fig. 2). BAREEX TIX, fE 8 HEHMNHIE
CREAENR SN, B2y =7 ~Z LEEITIZO o7, 12 A T
WLz (Fig. 2), —J5, MEILZR T, WEH~OBENRD b, AFER
XTNT I T OREEFEEIZ LT > CE < R DM Z2 L, 0.25 @K /mL X,
0.5~1 & / mL X, 2~4 fE{k / mL XD 3 FEREICHEZNRD b DL EmAN
&Hofo (Tablel), F7z, 0.5~1fH{K /mL X TIX, HSHY =7 b AT s
DB OWWAERDB S o7, B 1 WML =F TOEKRRIT, 2 B8LT 4 H
& /mL X TZNZEI 64.0%E 69.0%DmVMELZ R LTc, 723, faff L3 XT
DENZFBWT, A H BRI IECHEE TR D b AT A FRME R WA (2
~9fER/E—Hh—) THHLR, Thbbikavick s LS D ERERD
BABRONTN, BEEELEORBRRIEIROLNRN-T-Z LG (P>0.05),
TITIET NTHRHCHEE S L TR L,

FWH E COFTE B EIE, REEEICLER > TELS RD5EmExRL, 0.25
i /mL X, 0.5 8K /mL X, 1k /mL X, 2~4 fi{k /mL @ 4 FFECTH
BENPROONAMHM N H o7 (Table2), 7o, KMl E TORTE A KDL H
BB, BEIHBEIZ LN > T/RE <725 (Table2), 3 720 6 i B g 1 23 [F] 5
T HMMmER LT (Fig.2), BlxiE, 1{EE /mLXTIEESEHYy =T " A T

INNDOEEETETITDHETIZML4~IS HEHE LN, 2~4 @K /mL XTIX, B
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X% 6 HICHEM - (Fig. 2),
BE SBWoOBERER, SR RICHT 28 2 8K E, R, MER
HONZH 3 MEHINER R Ot OV 2 SAIAN L D iE Pk £ 4% Table 3 (278 L7z,
R RIT, BEBEICLIER > TRELSRLMBMERL, AT r/NTIE2~4
fE& / mL XA 0~0.5 filf& / mL KiZxt L CHEICKREWEZ R L, —F,
Z Ol E B O FE R 12kt % bhds X ONEVK BRUIAGEE S B O B A =T 7
o lohy, BN L bR nWE L Lz, R RIS T 25N EREOLIT, &
2 BB R TIEEBEIC L b RWEAD T M AR D b, Bk, SR
OO 3 EHEKRE T, B b RWENT2AaRRo bz, &
2 BAMIAM I DR B, 1Y =7 TIL4ARKT, FE2h =7 T 12 KA~R
WACHIIM U 7228, Z OB ZE CHANBEMLZIc T E ol
BEEE F1, F3 BSHYTICBILZTATITREHEESL 1 H 1 EK
b= OB OMSRE Fig. 3128 Lz, FXOEBEKICIE, H1HYy =7 T
T 4R /mL X EZNLSDOXT, 5 5H>Y =7 TiE0.25 057250 1 14
K /mLX&E2ME /mLXTERENAEENHED O (P<0.05), %3 Y
TT TCRABEENRBD Lo (P>0.05), BEKIL, F3mEE sk =
TTRTYINRREVWLDOD, FREFEEIC LN > THEINL, 2 & /mL 2L E
TIXfEM T 2m AR O bz, £, WL BRWEEEIZZL Y, 44
K/ mL ORXMETHEE LI & X OB %L Fig. 3 OB/ LRODH E, H 1
>y =7 TUX 8.8 AR, B 3y =7 Tl 22.2 MR, Sy =7 TlX 42.4 f#

wThHhoT-,
z =B

AREREFRE TNATITOMEEERT T =hEOERR L FEFHREIS
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REREEZRKITL, 2~4 K / mL X THEIZEWATKR & BV T2 H
BarRLle, LER-T, AERBERBFTEELOHE LT VT I 7 O EAA
BRI 2K / mLEETHLIEEZELADND, SRIEFRKOTGIE, 7 I A
J aX U WY I Scylla serrata (Suprayudi et al., 2002), 7 % =74 = Ranina ranina
(Minagawa & Murano, 1993) 3 X X7 7 4 7 )b~ T & Penaeus marginatus
(Gopalakrishnan, 1976) 7R ETHHEINLTWD, L, 7747/~ E
T, MEEEINKRWEASICEREVWARAE L EHRESNLTND

(Gopalakrishnan, 1976), £7-, ¥ ¥ IHOFEE EEICB W T, AT X ~DR
FORFAMEDPMET LTSS, RICHE LA T e "Ry =7 2B+ 584,
TROLERENWICK > TEEEPRESETTLZ LML TWDS (i,
1997 ; Hamasaki et al., 2002) , AKEFRTIL, A Tu ey =7 22 lfE L
ZEmD, MREHEE L EAEWICER T 2 & HESE S L7 S CE A B o I B X
RO bNehole, LanLl, REKEEZHAWCHEEEETIE, Yo7reAldne
NEPAICFHET 2 ZEIXNETH Y, KFETHBEORGFEENET L25GE,
KBV E o TAEREDNRESETT AN TFHEIND, 4E, HBEHEED
B X > TR E COREAROEIHREN /NS 8D, TROLHELD
FFAER < Rolc 2 & D, FEAEIZB T HGEEEOHEINC XL - T,
BVWVHEOCKTIZL2ABEOM ELRIADDLILDEEZ LD,

B NEOERY A XT, BEBEEICLEZRN> TREL RoEmMERL, A AT
2 XOEEM R EIX 2~4 HA/ mL K CHEICKREZWEZRLTE, LERN-T,
RENDHE LT VT I 7 O EAREEE I 2 A/ mLBETHDL LERXD
h5%, 4> RZ <=t Penaeus indicus (Emmerson, 1980) I 7 I A4 =t
Jasus edwardsii (Tong et al., 1997) OAETITHEEHBEENFHWIETERENKE
KA ERL, THEe T=AETHE, BEEENGWVIZEREZEDORKED
REINDH, SMHBROEXKERICGEZ DB TRV ERESINLTWVD
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(Minagawa & Murano, 1993), —J57, 7 I X/ aX U % I TIE, ®HWKEEHE
TY T ZWE LIS, Y27 OREERPBEEICEITL, AT/ A~ER
ICERETE R WBRRZHE I TV 5 (Hamasaki et al., 2002 ; Suprayudi et al.,
2002), AFEERTIX, M RICKT 28R e & O OB B L G ETE E
OIIIZBEEIIRD N, T7I A/ axX U T I L) RiBERBEERKIC
LOBERBITBESN RN 2 200, WMEEEIISNEDOEERMRICITE
BrHEZT, RESDHRIIEBEEZHEZALHDEEZILND,

EHE s V=0 =7, 2K /mL LLEOT AT I TIEEE CRET
LHfmAE R LT, LER ST, 2f 4 /mLE ECTRARICETHZ LB, VYT
DEWVAERE, BEREBIOREDORELEZI LTI bDLHEREIND,
AR E FER R AR L BEE & O BEMRIL, 7 ¥ & U= (Minagawa & Murano,
1993), 4 > R 7 )~= & (Emmerson, 1980), # A U > JI ¥ X Portunus pelagicus

(J\££,1960), A ¥ =¥ Panulirus japonicus (£ 1=, 1965), 3 > = & Metapenaeus
ensis (Chu & Shing, 1986)72 & (NI W 3= & Penaeus monodon (Loya-Javellana,
1989) FDOHMETHEHE SN TN D,

KEBRTIE, BE3WMEFESHY T OEBMEORTYINKEMhoTz, Z0D
JRR & LT, FERPITEERE Lce®d, EREBNICBIT LT LT IT O
MNAE]—ThoTeAENEZE X D, £72, TV I Portunus trituberculatus
TIE, YT OEMETENICE b RVEBHEEIKFE LR 2D, T2bb
VAR L7l k 72 &0 B IS B 217 5 LHER S TR Y (R, 1997), &
v 37 T HEE Pandalus eous TIX, Y =7 OEKATEINIIC & b 2V 28
D HREBIMICE LT D Z B MESINTVD (FHED, 2003), KREBRD 75
SIZBNTS, MEIOETICE B2V =7 QWK NH K L, TN A%
FEOREZZ TS ol bBIbNb, 5% IDOBZLINT 512X
FMOY =T BIOA T a N AV, A XY IR R &

109



RE L, WRIC & DR E OB — WIZELE U THa 8% B & B8 & o B4R 2 3
BT LOULERD D,
BELEEADGE AWIERICE->T, 7T I 7 OREEEN T T =shEok
%, BREBLOEBEHICEEL G XL ENHLNTRY, AFE, BREHER
FOREL YW Lo EAREEE T 2 HA / mL BBETH S & fEmfT T b
%o T =NAEITERED —FL Thalassiosira sp.Z#5EE L CTH 3 #Y =7 £ TH
RE®L2ZENARTHL Z s (I 5, FME), B+ b Lo RAK
W X B = O £ PE TIX, Thalassiosirasp. & 7 V7 2 7 NHFRFRET S,
fo BH B VLR 2 Y = 7 W &8 U T 1000~5000 AR/ mL IZF%XE L, %ED
0.1~0.6 fH{& / mL TEWHIZISLTHMIETWD, EFEHEE#R¥EE &2 —T
X, 20X BRI ERAL, AW /3T 38.8%0D A5 R & 15 7 HHI S H
HINTWD (JEEFZEY, 1986), LavL, £FEFEIL 0.0~38.8%D i TLH)
, BRELTEWAEERENRE LN TWVD L iXWnx T (FdFES, 1991, 1992
JEFHEEY, 1992), Thalassiosirasp.DHEBEAFIC LD REDEE, Y= 7N
REIZECLEFALRO LA TWD (FdiFHES, 1991, 1992), L72H - T,
INETOREEBAETEERERNZELRNS2TZOIX, TvT I 7T OFGEEEN
K<, Thalassiosira sp\ZKAF LTCEERHEAR CTh oo Z LT KRESERTLHD
CHERSN, TORNELETDICET AT I T OREEEOHEMNBMLEATH
HEZERLND, T272L, REKMZMEN LY EEOFRERE 2, RER
THWEE—A—D Xk ICHlET 22 L IZRETH D Z b, KREKEIC
T DA O INIIR B RE OB Z B IR H 5, 51%IL, AFET
FEICH LI L2 T VT X7 O IEAG fE 2 FE 2 RAUKAE 1T & 2 FE 8 A pE L2 0
AL, ZOMREFMT OLENRH D,

X B
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Table 1 Mean survival rate (n=2) required to reach each larval stage of Erimacrus isenbeckii reared at six prey density

levels
Prey density Survival rate (%) to each stage”!
(nauplii /mL) 72 Z3 74 Z5 MG Cl
0 0 (0.0)"2 0 (0.0)*" 0 (0.0)* 0 (0.0)* 0 (0.0)* 0 (0.0)*
0.25 92.0 (2.8)° 84.0 (2.8)° 65.0 (12.7)° 38.0 (0.0)° 14.0 (2.8)° 4.0 (2.8)%®
0.5 100.0 (0.0)° 92.0 (5.7)" 89.0 (4.2)* 71.0 (1.4)° 38.0 (2.8)° 23.0 (4.2)
99.0 (1.4)" 96.0 (0.0)" 92.0 (5.7)" 86.0 (2.8)" 44.0 (11.3)° 29.0 (21.2)bd
99.0 (1.4)> 98.0 (2.8)¢ 97.0 (1.4)° 97.0 (1.4)¢ 71.0 (4.2)¢ 64.0 (0.0)
100.0 (0.0)° 100.0 (0.0)° 97.0 (4.2)° 94.0 (5.7)¢ 84.0 (2.8)¢ 69.0 (9.9)¢

*172-75, second to fifth zoeal stage; MG, megalopal stage; C1, first crab stage.

*2Mean (SD).

*3 Significant differences were found between groups with different superscripts in the same column (P<0.05).
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Table 2 Developmental period (days) from hatching required to reach each larval stage of Erimacrus isenbeckii reared at five prey density
levels

Prey density”! Days to each stage™
(nauplii /mL) 22 Z3 Z4 Z5 MG Cl
0.25 8.6 (23.5)32 18.5 (19.0)*™ 27.2 (15.2)* 36.8 (15.7)? 50.9 (14.0)? 70.3 (5.7)*
0.5 7.4 (13.7)° 14.8 (16.8)° 22.7 (13.1)° 31.1 (15.0)° 45.0 (15.1)° 67.3 (8.6)*
1 6.6 (9.6)° 12.8 (9.1)° 18.9 (10.1)¢ 24.9 (9.6)° 34.0 (8.2)° 60.8 (7.5)°
2 6.1 (4.5)¢ 11.4 (5.5)¢ 16.8 (5.5)¢ 22.7 (5.2)¢ 30.5 (4.2)¢ 55.1 (4.5)°
4 6.0 (2.3)¢ 10.9 (3.5)¢ 15.6 (4.4)° 21.4 (4.0)° 29.0 (3.6)¢ 54.3 (6.5)°

“I'No larvae survived to second zoeal stage (Z2) at 0 nauplius /mL.

*272-75, second to fifth zoeal stage; MG, megalopal stage; C1, first crab stage.

*3Mean (coefficient of variation). N equals the number of larvae which successfully molted from the previous stage in both beakers 1 and 2
(see Fig. 2).

*4 Significant differences were found between groups with different superscripts in the same column (P<0.05).
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Table 3 Variation of carapace length, percent ratio of lengths of several appendages to carapace length and number of setae of exopods
of the second maxilliped of Erimacrus isenbeckii larvae (n = 5) at five prey density levels

.. Prey density” Length (mm)"3 Ratio to carapace length (%)"3
Stage - uplii /mL) CL MA CH P P Number of setac
71 i 1.11 (0.05)™ 471 (2.6)° ; ; 23(0.5) 4.0 (0.0)
0.25 1.34 (0.09)" 42.4 (1.9) - - 5.8 (0.3)° 12.0 (0.0)°
0.5 1.40 (0.07)" 41.7 (1.6)* ] ; 5.3 (0.5)° 12.0 (0.0)*
75 1 1.38 (0.05)? 44.1(2.0)° ; ; 5.4 (0.3)" 12.0 (0.0)°
2 137 (0.08)" 43.4 (2.3) ; ; 5.4 (0.8)" 12.0 (0.0)*
4 1.46 (0.02)" 40.9 (1.5)" ] ; 5.1 (0.3)° 12.0 (0.0)*
0.25 1.58 (0.07)° 413 (1.6)" - . 8.8 (0.7)" 14.0 (0.0)°
0.5 1.67 (0.03) 39.5 (1.2)° ; ; 8.7 (0.3)" 14.2 (0.4)°
73 | 171 (0.05)° 40.4 (1.9 ; ; 9.5 (1.1 14.0 (0.0)*
2 170 (0.04)° 40.5 (0.6)" ] ; 9.3 (1.4) 14.0 (0.0)*
4 1.63 (0.07)° 44.4 (2.8)° ; ; 11.2 (0.6)° 14.0 (0.0)*
025 1.87 (0.07)° 363 (187 223 (0.7)® 273 (1.0) 167 (0.8)° 17.6 (0.5)°
0.5 1.90 (0.12) 384 (3.0 22.5(1.2) 28.1 (1.7) 173 2.2)° 17.6 (0.5)"
74 | 1.99 (0.14)™ 39.6 (277 223 (2.2 27.4(2.3) 17.8 (1.5)* 18.0 (0.0)*
2 2.05 (0.03) 38.1 (1.1) 23.0(09°  285(0.8)°  19.0(0.7)° 17.8 (0.4)*
4 2.07 (0.08) 38.8 (1.3)° 20.1 (0.9  28.1(0.1)7 18.0 (1.6)* 18.0 (0.0)"
0.25 2.15 (0.05)° 35.7 (1.8)° 303(1.6) 356 2.0)® 24420y 19.4 (0.5)"
75 0.5 230 (0.18)™ 344 (160  271Q28)°  332(23) 31.8 (3.9)° 19.2 (1.3)*
1 2.47 (0.08)" 353 (147 277(15%  355(1.5% 266 (13) 20.0 (0.0)?

116



2 2.59 (0.09)°¢ 35.0 (1.7)* 25.6 (1.5)° 32.9 (2.9 27.7 (1.9)* 20.4 (0.5)°
4 2.54 (0.18)" 36.4 (1.7)° 30.5 (2.8)° 39.0 (2.6)° 28.6 (2.4)® 20.2 (0.4)
0.25 2.98 (0.15)° - ; _ ) .
0.5 3.10 (0.16)? ; ; ] ] ]
MG 1 3.53(0.21)° ; : ] ] ]
2 3.62 (0.09)b ; ; ] ] _
4 3.93 (0.20)¢ ; ; ; ] ]

"1 Z1-Z5, first to fifth zoeal stage; MG, megalopal stage.

*2No larvae survived to second zoeal stage (Z2) at 0 nauplius /mL.

3 CL, carapace length; MA, percent ratio of expod length of the second maxilliped to carapace length; CH, percent ratio of chela length to

carapace length; CP, percent ratio of cheliped length to carapace length; P, percent ratio of third pleopod length to carapace length.

*Mean (SD).

*5 Significant differences were found between groups with different superscripts in the same column (P<0.05).

p=3

Th=2
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MAL

SE —

CPL

Figure 1 Diagram showing measurement of body parts for zoeal stages of Erimacrus
isenbeckii. Body parts are illustrated using a fifth stage zoea of preserved specimens
in the experiment. CL, carapace length; CPL, cheliped length; CHL, chela length;

MAL; exopod length of second maxilliped; PL, third pleopod length; SE, setae.
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0 nauplius /mL -1 0 nauplius /mL -2

Number of larvae

Days after hatching

Figure 2 Number of larvae in each larval stage with time after hatching of
Erimacrus isenbeckii reared at six prey density levels. Symbols indicate the larval

stages: Z1-Z5, first to fifth zoeal stage; MG, megalopal stage; C1, first crab stage.
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Figure 3 Number of prey consumed by horsehair crab Erimacrus isenbeckii larvae
reared at five prey density levels for one day. Vertical bars indicate standard

deviation. Z1-Z5, first to fifth zoeal stage.
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Effects of water temperature on survival, development and feeding of
larvae of the horsehair crab Erimacrus isenbeckii (Crustacea, Decapoda,

Brachyura) reared in the laboratory
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r 77 = Erimacrus isenbeckii %, +MH 27 U W =FZJ@ L, AT TITFIcduifE
MR, FRICA R — Y 7k & ORI 2 < i L, BT b &
OICHBERIEEGRE L > T D (B, 1976 5 =5, 2003), L2rL, €D
BERITEKETHRE L D Z b (xR, 2003), T fdlc & 2 fE i
BN L E N TWDH A, FEEERNEE IS Ty (BEREE
i, 1992), EE DI, FA=OMEAEERNZHLT 2 —&E LT, i (4
fR5, 2005) ICBWT, Y H=MhAED4FE, BEBLOCEHICLIEZT T LT
THEBEDOREBIZONTHRH L, MIERMEHEELZHL M L, P ®%
BN AEDOFEEICEWT, KRIIANBREER O T THED LT, KELLOE
SN KX R BB L2 52 5BRO 1 5THY (AH, 1960 ; L, 1965 ; &
kg, 1971 ; 2% « ILF, 1973a, 1973b ; Gopalakrishnan, 1976 ; Johns, 1981 ;
Nakanishi, 1981 ; Cockcroft & Emmerson, 1984 ; Yufera & Rodriguez, 1985 ; H1 7,
1987 ; MacKenzie, 1988 ; Minagawa, 1990 ; Okamoto, 1993 ; {&IR, 1996 ; Matsuda
& Yamakawa, 1997 ; Tong et al., 2000 ; Anger, 2001 ; Anger et al., 2003, 2004 ;
Hamasaki, 2003 ; Liddy et al., 2004 ; /N5, 2005), FEEAEFERINIZHB W TE K
HRPSEEREBEREDO 1 DT D, 7 =HEDOEBFKIEICHONTIE, Z
NETICEEOHBE TR SN TWE R (RS -KE, 1971, BH - 1LT, 1973b),
WT NS AERENZE LR No7- 2 &b EREEKIBEOMFIZIETE > T
R, T, KBTI, A =EEZ KR 6~21°C DFEFTHE L, £O
AR EREBER I OEMICKIETREBIZOVTHAL,
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MHRELUVAE

WENE 2002 F 0 2~3 AICNT T, SMLERTORINEE 145 {84 (Bl F RO
PR AR AR 72, 67.7 5.3 mm) & ALUGEE S A & FERUERAHEF AT IS K o> TA
Flic. 205 b0t s lk%2, BARBBRERSERFEES (B, E
WFFEBH JE 15 N K PEAIFZE « 0B # A AL i 1B XK PEAT ZE TR R T &) @ 0.5 m® KA
(CEBNCINE L, Ak Z2 A LTk (10 B / H) CTREL, b
i, HEHIT A, THIVBLOFXFT 080 HE% v, FRENHLIEED
A 2 [ OB E TRHREEL7C, filE HIH T OKIEIZ-0.1~2.8°CTHR L7,
PWEDODERLEEBICRETKEDNORE FEHRX L LT, MEKEL, 6,9, 12,
15, 18, 21°C& L7=BEt 6 KAaR T2, MHIZIX, 2LOBAARY = F L EB—
N—%AX 3IMEA, KEIFX2L &L, 0.5 m? K CTEE L TWI- IR 1
@A 5 2002 4 3 A 17 BIZSfbL=dhE%E, &8 ——I12 50 BT DUE
L. 3O E—h—D 56, 2ITARR L FHW~BLT 5 ETORERLK
R, 1 X Z LI EDRY A XEREST Hodici Lz, fMEICH
WKL, ABRBZIZSOum ESum DI — ) vV T 4 F— (KR 7 n
BLU ULV RI— R w7 g —, TR T o 78) TABLEZD
DT, ¥ 1 HKED ARLUTHH L, BEKERIZY +—F% =X G THIR
L, SMEHEDONAEREIZIT 2°C, B HIZ 6°C, £DHITFX DK EMRE E T 3°C
/ BT EF&SH, UBEREKRBIZRL T 1.0°CEHMERF L, BRI, &b —
A—ITK L TANAY =Ly b 1 ARZ W THRUE (K 70 mL/ min) (217 2 72,
HEIE, KE2»HH 1m OFEFTICEE L 2 RKO®ESI (40W) & 7S 19
BFE CakT L CRREE L7z, AL, B— 2 — DK £ T 600~7001x TH - 7=,
BEEHTIZALKPEDO T VT X7 (ARG 7 7 A4 7 I A4E8) 2w, 13L A7

YV EHWT 26°C, 24 il AL &=, SMbL7=T7 7 I 70%, BEIRL T 13
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L N7 I ZEEDN 100 fEE /mL &85 X HICHNAL, filkoxRE (=1 =
P H T UER) LA (U TV 7, BIEYA = AtER) A 20mL/L
OFIETHRML, KR 22°CT 18~23 Befil & mmf L7z, A% B, AR (Fh
Ro, 2005) OFRERICESE, HARIRXKE S 4 A /mL kK — L7,

AL, BEFRTHFIE, ATHELALHLWEKE AN THLGL2UOFHEL TE
W E—=A—IZ 10mL ZAOFAE Ny b (20 LIZEADs D) ZHNT
BLEATL, TOBRIC, hEZHIRTHBEL, EREORE ST XY Il 24
ML, ARMEEEEFE UL, £, ACHEETERBRE, Ko —8E23E L
TWOHENENR-ToDT, MEL T2z Lz, AT u "R HBLLY
&, WBVWOBEZ FTF 572012, H5my =7, BEYHO A a EBLY
ERDOATa 237 CENERNOE—H—THE L, FiflETo
TR, KBS BR LoSER TR L, MEE, ShAEEZBER T
W, BIROT AT I T EEOEEIZRD X2 = —ICiRMM L7, fFK
2, hAE~ORKME DO ELZSTZOIZT ) U F R vA (V=
fHEL) & 10 ppm OIRE TR L7z, EBRIL, HELEEMER BT 20, & T
DNEDNE 1V e =~ L7 B E TITo 72,

FOERY A ZPER O —H—TlE, AHa ETOMY I LTI
Wiz Uiz SR A, 5% AR~ U T 1 HEER, 70%=¥ / — /L THRIFL,
BIEICHE U7z, WEHEBIXETHR DL MRS, SR, % 2 SRR & Ek
B, BE, BHEZRSCNCE 3 EHIEKE & Ui, WE, EEBEMSE (ff
B 25~T5 %) B L OAEMBME (100 f5) FTTHIR~A 7o XA =2 —%2 [T
Tot, 7L, EBLOBHEICOWTIEE 4, ES5HYy =7 OLTHE
L, AHaCEIERFEOARAZRE L, 2 HHAEE, kE, BKME:
HUNCH 3 EHIERRIC OV T, BERE RIS T 281G (&85 R x10%/8

&, %) ZHHLE,
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NEDOEBICRIZFTKEBOEE FHEKE (6, 9, 12, 15, 18, 21°C) 1%
A DB JIETRHE LT~ T, FBRIT, 2002 FI2EmL, F1, 3BKU5
sy =7 2t L7, B 1Yy =7 X5k 1 Bi%, B3WMBIOE Sy =7 1%
B 2 A%EDONAETHY, FERICMHT 5 E TRIERD HIEIC LD 12°CTHE L
oo 72720, B 1Yy =735 KE (2°C) OFEME Lo, FEBRXTIL,
20 mL 7 ABRUEAR M2 A SEMEHA L, ShEZ 1 EERT SINE Lz, KEIX
20mL & L, BROT VT I T %258 1k L O 3l =7 Tid 40 EE, 55
i 7 TIE 100 AT SFAEE L7z, ShAE L2 AL 7 A, bBilRog)
AFBEERER — DU+ — 2 — AN (FREKE £0.3°C) [CHBNAL, &
WRTEHE L, BEBIONEMIE, SAEOEREHIEICRBIT 2% E & Rk
U7z EBITAFRT 11 BRICBA L, 24 FHRICH L~ U & 5~10%I1272 % K 9
WEBKICIIMLTCY 2T e T AT I T 2EELE, T =0V =7 HAEIF 1
EHEDOT VT I T 2R RICEBHLZOT, Y27 OBHBITERINEZEO T VT
T OEEED BRI,

BT Ak, S ECOFNERYE, KA XCHETL2EHEEE O
KM ZEZROL T VT I TEEROE VT, — il &0 o #% 2 Tukey-
Kramer O FIEIZ K5 Z BB 2TV, AEKE S%THRE L, 721, £
FIZOWTIE, FHEESBEMNIZT 22O ERERE L-MEE v,

B KR (T) & SME S5l £ TORE A (D) OBRICOW T,
%< O+ HZE (BH, 1960 ; Johns, 1981 ; Nakanishi, 1981 ; 174, 1987 ;
Minagawa, 1990 ; Okamoto, 1993 ; Matsuda & Yamakawa, 1997 ; Anger, 2001 ; Anger
etal.,2003,2004 ; Hamasaki, 2003 ; /N 5, 2005 ; ¥y, 1996) 2 H & T
U TNIERT 3 20HFEMBEET VAR ZHOTHST Lz, 7ok, 18°CK TIIAFRK
PIETL, BEETORBPECLIBMICH -T2 &b, BITICIE 6~15°C
XTHLNT2ERBEERDOT — 2 2 A,
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~xFx . D=aT"’ (1)

Bélehradek D : D=a (T —a)’ 2)
mEREpox: D=al(T —a) 3)

Z Z T Bélehradek O X L HHIEERAORICB T H T A—F a 1%, ThT
AVEW FHIEE LB IRE & X, BENEORELLT TE I3 2 i
MEETH D, X 2) BT, a =00HA, X (1) &KX ) %L,
F7X (2) TBWTh=-1D54, X (2) ¢ Q) F—HTHHKRIZH D,
HETNRDONRT A =2 OHEEIL, itV 7 b R ZHW (R Development Core
Team, 2005), FEMIEIR/NERIETITo 70, £72, FRICREZHW, HE LA
ETFARICOWTRIIE R EILLE (AIC) ZFHE L (dbH, 2001), AIC AM#/h

BEoOXET —XIoxt L CRETNMZ2ET LV EHE LT,

B R

ABEKE AXICBT28EKBROHERE Fig. 1 IZ/RL7Z, 9°CKTIX 2 HH
12, 12°CXTIL3 HEIZ, 15°CKTIL4 HEIZ, 18°CKXTIL5 HEIZ, 21°CK
TIX6 HBIKZNFNREMETHEBELZ, TOBOKEXOFEEKIE (FEAE(R
) 1, 6.1°C (0.1), 9.2°C (0.4), 12.2°C (0.3), 15.3°C (0.3), 18.1°C (0.3)
BELV20.9°C (0.2) THVH, REMEMRFTE T,

EHPETOERE KEBRXEL, AL 2o — T —DAF L BERNR
IR Z R L7z (Fig. 2), 3§ X CORXTE 2 =T ~OBRERED 5
NTeD, 21CKTIEE 2@ OE 3wy =7 ~OMEMICKE S WEL, H4
Wiy =7 PR L EEIIREO b TIC 16 5L 21 HE TR Lz, 18°CX
TIEIWEHICHEZ 2 Z L ICRFERRBD HiL, FICA T e X~OLEE NG
1 W HE T =120 CREICET Lz, £72, 15°CRTIEHE S Y =T b AN
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BRI T, 6CCRTIE AT u "B H 1 EHEN =12 F T, 9~12°CRIZH
L CRERBAEDRO b, AFEERIL, 6~15°CX & 18~21 CX DM TH
BEPRBOONLDMMNH Y, F 1 EWHET =F TOAEKRIE, 9°CB LT 12°C
XTEZNTH 82.0%& 72.0% TrEWMEZ R L7z (Table 1), 728, EXIZEBWT,
A BHE T =1 TR T B R YR 6 T A T AR R A S e
(0O~4 B/ E—H—) T 58S, ThbbitAVIC XD & S D £
DWAHP RO, fFKIEE DRERITRD bR/ Lvd (P>0.05),
CITIEHTRTEFEORTEMRE L TLEL -,
FEHRPFETCOMELYR KW E COREREIL, KRO LRI LR > TH
<72 BEMZRL, 6°C, 9°C, 12°C, B LW 15~18°CK D 4 M CTHEZENE
D HADLMEM M D o 723, 18°CIXLL | TiEiic & < 72 2\ % 7~ L 7= (Table 2)
R DT O EREE LT, Sl E COMERROEZEIREAZFHE L
T Table2 (Z/8 L7z, ZEMREUT, 28 =7 TIX 12°CRAR B /ME L, 15°C
KB bR&EDoT=, 8 3 Yy =7 b AT e TOEBMRKIE, 6~
15°COHIPA TIIARIBIZ LB o THOTNIIKREL 2D OO, BEREHOKE
RNT Y RITR SN2 (Table2), UL, 18~21°CXTIIH 3 #Y =7
T, 18°CX T A H 1/ XT, F7 15°CIX TIETH 1 lifE T = COEBSRIN EF-
L, BRZEHIDONT Y XN RE L RLHMH M%7 Lz (Table 2),
FEKEESHHE TCOFNEARORBAREZERLIZ3 SDOETLVAD/NNT A —
2 OHEENE % Table3 IR LTz, Sk AT m E TOWM TIX, Bélehradek
DB/ D AIC R L, T—HF~OWBEENRKLEN-TZ, —F, SMErb
9L = F ToOMMTIE, REFADRKNDOAICERLELOD, 3L
FIEFBREDETH > 7,
BE SWwHoskHE, BHEEFRICHT 558 2 HEAARE, 8k, SR

HONTE 3 EEEREOEAE R L OE 2 AL OlEk 5 % Table 4 (277 L
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oo BB REIL, 3l Yy =T7LURICBWTKERNESRDITEERVVIEL
AEm AR L, B S E Y =7 T 12~18°CXA 6~9°CKIZxf L THEIZ/)
<, AH e NTIE I8 CRN 6~15°CKRIZx L THEIZ/NEWHEZ R LT,
— 05, ZOMBPEM-OFEF RISk 2EE B X OERERITKIROEEL
ZAT o oAy, R (MRS, 2005) L RERICEBIC S bW EL LD, TH
g Rzt 3 2 & AHE R EORIGIE, 52 EIAMNEER Clamlic & b niEd
TR b, ik, SRR S ONCE 3 EEEEE TIX, fWlic
EBRWIINT 2 AR bive, #2 HIES R OB R EEIL, B 1Y =
TTIEAART, B2y 7 TI12 K~THISHEIMLIZR, ZO®RIIHIEZ Z &
AR ML 72 IC T X 2o T2,
B AKECRBTLHE 1, B3, HswmYy 7o 1 B 1EELHZYOT L
T I T B E Table S 2R L7z, 7272 L, EBREIMPIZ, B 1HE> =7 0 18°C
T 1AM, 21°CT 3K, FHSE =7 O 18°CT I HENELE LIZDT, £h
EOT =X L TR LT, YT OT7 T I TEERKL, NTYIFNRKEE
WHDODKEI & b 6°C, 18°CH L TN 21°CTHA T DM 3G b vz, KT,

H3WNY =7 OFBEEHE, 21°CH 9~15°CIc%t L THEICH A LT,

z =

5% NI TR T=HEDOEEKBIZONTHRF L EGILSH 50

(B - kB, 1971 ; B& - [U'F, 1973b), &EMICHAEDAERNLE L 72D

ST eI, WIEREBFKEIZH OGN > TV RhoTo, RERIZEWT,

BRI T T =hAEDAEFRICREREBEZRTTZENHALNTRY, 6~

15°CIX, FFIZ 9~12°CR TR WAKREEZ R LT, 21CRTIE, F3 W55 4

YIZTAZT TR L, 18°CXTIE, H S5y =7 b AT S~DERHIC
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REFWFEN LN TND Z LD, KIED 18°CLL LT/ b & mAKIRIC X 5 A5k
NORENELDLDEEZOND, £T2, T H=hENEVAEKREZRTK
REF X, FICEmAKEMICB W TR EITT D L LB ICR RN RS
Niz, 2N EREEDOHGE, # T /3 = Paralithodes camtschaticus (B H, 1960 ;
1P, 1987), /NF ¥ % H = Paralithodes brevipes (Nakanishi, 1981), % 57 > %
= Macrocheira kaempferi (Okamoto, 1993), 7 % & # = Ranina ranina (Minagawa,
1990), XU A 5 = Chionoecetes opilio (/N&x5, 1990), A T 7 =J& O —F&
Lithodes santolla (Anger et al., 2004), /X% I =7 =V A /X7 JJ = Paralomis
granulosa (Anger et al., 2003), ~¥ ~ =Y Pandalus hypsinotus (&% « IITF,
1973a), 7 7 4 7 )V~ T B Melicertus marginatus (Gopalakrishnan, 1976), 72 5 O
W27 AU B IV YU A= Homarus americanus (MacKenzie, 1988) % T4 X
THY, FHFBRENE-RKICROONDBRLEEZEZDOND,
HEORLEBREE AMETIE, FV=hAED0KWME TCORNERKITIHEET
KIEA @ RDITEBRWARIZES o2y, MiZ 18°CxEx L RIS
fHmZ R L7Z, 20X 9 RB%IL7 ¥ H= (Minagawa, 1990) B XX v ~=
v (BH - IUF, 1973a) THLE LN TCWD, AlEl, F = =7 hEDEBEE
%, 18°CEB A D LI RE SIKT T 56 m 2 H o7 (Table5), U =HFh/E
O (BBREEE) FKEO LRICEERVEIRDZ I EPMONATND
(Nakanishi, 1981 ; 174, 1987 ; Anger,2001), L7223 > T, 18°CLL LTI, #
=N EDOEBEELERMONRT U APRRNTETEDICEEIRNER SN EE X
HZENTED, LEDZ E0n, FAH=HAENEFIZHRE TE 5 EEMOE
FUREEIT 15°CRIETH L EHLE NS, vk, RFFEICK T 2EE 35 T
VT e NI AT T AR OKIRILE 1l =7 25 2°C, #55 3 #inds L OV 5 Y/
TT N 12°C) ZEBKRICRE LY £ —F =N ACEHENAE LI LD,
B RIRELL DR RICEEEZEZ TCVWDAEERH D, R, B 1E Yy =7
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NI

D21 CRTIFHRA L2 5 HED 5 B 3EENPELT L TN &b, HEZEL
DEBPRENSTZLOEHEIND, KIBED T T = AEOEBEIZ LIFT
oW TIE, KIEBIEOHMZH T 2R E L TABRILICRMNT HILERD D,
FEKRE B E TCOMEIZOBMFEEZR LEEET ARTBNT, Sk
HAHrNETOHM TIE, Bélehradek OB HEFIH 2T T LK &R S h
72, Bélehradek D RUZBIT DT A =% a (EWMFHEE) X, HSkwy =7
FTIE3CHIZOMEZTRL, AT/ NETIEL2CREICK T L, £72, 6 1#
AT =F TCOMMTIX, 3 DOETARNOEAEIXR%EEHBISNTZR, i
TAEMFRIFEN 0°CTHLZ LEFT, LR oT, F W= EDEWFER
BEX, YT Lo ATaRXBLUOHAI=IZNTTRTTS2b0EE X BN,
ZOZ LT A= EOKIBMOEEMENKREICE bRVt hd Z L%
RTHDTH D, ZOBRIL, RARMWHIZE T D0E00MAEER X OHE
MOBIRBIZIRLS 2D, AT a6 H8 1 kT =122 TKIE 20~50 m {13
THEET D (FEE, 1977) Z LICBE L2 AN R B ERZAD N TE D,
A U i+ 22 730 = (AW, 1960) X O /F ¥ &5 = (Nakanishi,
1981) OAEWMFMEEITZNZEIN 0°CE L -1.8~3°ClZitWEHEsNnTEY,
A= IZERBREOREEZRL TV,
RE T H=AEOERY A4 XL, KEMELS 2D L7Rn> TREL RN
L, BSEHY T BLOAT e NOETEEIL, 6 8L ICK THEICK
XWEEZR LT, £72, 18°CXTIX, AT u "ol BB W TRIZKE N
%o TWWe (Tabled), ZAITHBR LI LD, F H=EDOEE L RHFDONT
ZIZEKT DD TH A D, Anger (2001) 1%, < O+ HBRIEHAEITB T,
ZOMEH L WITEH Z L IR R ICREREETKIENH Y, oML &N T 5
EWIZHRENS D E LTWD, fEKEENAEDEY A XDBEKRIZOWTIT,
A Fa v H=J@D T Cancer irroratus (Johns, 1981), ¥ 7 47 L <=t
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(Gopalakrishnan, 1976), 7 A U # 7 I % U 5= (MacKenzie, 1988), 7 /L ~v =Tt
B> —FE Macropetasma africanus (Cockcroft & Emmerson, 1984) % T#is ST
BYO, WFiLb A IR REWEAER G RL2BERZRILTWD, T =
AT, 9CRICEWTRbEWAEKR L BIFREEARLTEY, Zhb ok
REREOMEM 2R LTz, F72, Cancerirroratus AT, KIEIZEY A X
HETLILOO, FH 1, 2HEMONELEL X ORBHBEOBE/EREND, BA

B LW ERE SN TWD N (Johns, 1981), 7 b =TI, KEIEW
b D VITIRWIG A, B F RS ORCE D IIH S5 & RIREC & A E R o liEk R
BHBADT D ENME SN TWD (Minagawa, 1990), AZFEER Cix, HElHF R
(X 2 PR e & OFIE LB MEEIK BE L KR O MIZIZEAEITE D b o
s, KIRIET T=hEDEREIERIZITEEE 52T, A XDHIZ

WBLEZDLDOLEEZLND,

HEEEADIGA AMREICL-T, MBEKENT W =04ED4EF, kb X
ORI EEBELY 525 2 LWL N o1, EFEEIT 6~15°CTIIABEEN
RO BN oTeDy, 18°CL 2ICTITARICIETL, MATHEDOARARL LT
OB DAL N, Lz o T, 18°CLL EOKIRIZF W =5hEDE
IZIEARECHD EHW NG, 7 I A ax VBV I Scyllaserrata O FE T £ FE
TIX, YT b AT "ERMOREFEFHENMET T DL, ATr A8y
TEHETLHHEVICE S TRESBHSTL2LE1HDL LD, BB FM
T LRI EEFH B KR TH D &R S L TV 5 (Hamasaki, 2003), ARFEERIZ
BWTE, XBWICED2WREZE SO, AT Yy =T 2RO E—T—
THEHBELIZLDOD, EEWICKD LHEINDIETORENRE LT, RO
EAEFEAKETIEIAT e R =T 2RIKECRHET S Z L IXRETHY, Ha
WOREEZ T 21201E, MEBOANTZY X2/ NS THMERD L, 4H, &
| EnHE T = F CORFTE H B OZBFEET 15°CUL ETREN -7, BLEDAER,
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Table 1 Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-L beakers (50 per beaker) at
six water temperatures

1 0
Water temperature Mean survival rate (%) to each stage

0 Zoea Il Zoea 11 Zoea IV Zoea V Megalopa First crab
6 99.0 (1.4)* 99.0 (1.4)* 98.0 (2.8)* 95.0 (4.2)® 91.0 (9.9)* 53.0 (18.4)?
9 100.0 (0.0)? 100.0 (0.0)* 99.0 (1.4)* 98.0 (0.0)* 95.0 (1.4)* 82.0 (2.8)*
12 100.0 (0.0)? 99.0 (1.4)* 98.0 (0.0)* 97.0 (1.4)® 87.0 (9.9) 72.0 (14.1)?
15 100.0 (0.0)? 99.0 (1.4)* 99.0 (1.4)* 97.0 (4.2)* 77.0 (4.2)* 63.0 (4.2)*
18 98.0 (2.8)* 93.0 (1.4)* 86.0 (0.0)? 77.0 (4.2)° 31.0 (4.2)° 2.0 (2.8)°
21 99.0 (1.4)* 12.0 (0.0)° 0.0 (0.0)° 0.0 (0.0)¢ 0.0 (0.0)¢ 0.0 (0.0)°

Values in parentheses are standard deviations.

Different superscripts in the same column indicate significant differences between water temperature groups (P < 0.05).
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Table 2 Mean number of days from hatching to each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in 2-L beakers
(50 per beaker) at six water temperatures

Mean number of days to each stage

Water temperature

0 Zoea Il Zoea 11 Zoea IV Zoea V Megalopa First crab
10.5 (4.8)* 19.8 (3.3)* 29.5 (2.0)* 40.4 (3.0)? 56.6 (1.7) 100.4 (3.8)
7.1 (4.7)° 13.1 (3.2)° 19.6 (3.1)° 26.9 (2.8)° 37.7 (2.1)° 68.7 (4.3)°
12 6.0 (1.7)° 10.5 (5.0)° 15.2 (3.7)¢ 20.6 (3.3)¢ 27.9 2.7)¢ 51.0 (5.5)°
15 5.2 (8.2)¢ 9.5 (5.8)¢ 13.6 (4.9)¢ 18.3 (4.2)¢ 24.7 (4.0)¢ 43.8 (7.1)¢
18 5.0 (4.8)° 9.9 (7.9)° 14.2 (5.6)° 18.8 (5.3)° 26.2 (16.1)¢ 41.5 (3.6)¢
21 5.0 (2.0)° 10.8 (12.7)° - - - -

Mean values were calculated by using data for all larvae that successfully molted from the previous stage in both beaker 1 and beaker 2

(see Fig. 2).

Values in parentheses are coefficients of variation (%).

Different superscripts in the same column indicate significant differences between water temperature groups (P < 0.05).
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Table 3 Parameters estimated by non-linear least-squares method for power function (P, D = aT?), Bélehradek’s equation (B, D = a(T-a)")
and an equation from heat summation theory (H, D = a/(7T-a)) between number of days (D) from hatching to each larval stage and mean
water temperature (7) in horsehair crab Erimacrus isenbeckii larvae reared at 6 to 15 °C

Akaike Information

Period Equation n A b o ..
Criterion

P 399 85.59 (2.03)* -1.15(0.01)* — 429.1

Zoea Il B 399 28.54 (6.42)* —0.77 (0.08)* 2.58 (0.56)* 420.3
H 399 54.64 (0.59)* — 1.03 (0.07)* 423.4

P 397 125.81 (2.34)* —1.03 (0.01)* - 836.5

Zoea III B 397 31.44 (2.48)* —0.54 (0.03)* 3.76 (0.23)* 754.5
H 397 115.04 (1.11)* — 0.27 (0.07)* 830.9

P 393 184.72 (2.60)* —-1.02 (0.01)* - 945.9

Zoea IV B 393 60.32 (4.79)* —0.64 (0.03)* 3.04 (0.23)* 871.8
H 393 174.15 (1.30)* — 0.18 (0.05)* 941.0
P 390 246.75 (3.38)* —1.00 (0.01)* — 1171.9
Zoea 'V B 390 84.71 (6.45)* —0.65 (0.03)* 2.96 (0.22)* 1096.3
H 390 242.58 (1.79)* — 0.08 (0.05)NS 1170.2
P 352 361.23 (4.08)* —-1.03 (0.01)* - 1124.0
Megalopa B 352 159.07 (13.11)* —0.76 (0.03)* 2.19 (0.23)* 1073.2
H 352 330.50 (2.00)* — 0.25 (0.04)* 1116.0
P 268 569.65 (11.20)* —0.96 (0.01)* — 1369.1
First crab B 268 527.47 (123.49)* —0.94 (0.07)* 0.22 (0.66)N 1371.0
H 268 642.48 (86.75)* — —0.33 (0.08)* 1369.7

Parameter a is known as “biological zero” in Bélehradek’s equation and as the “threshold temperature” for development in the equation from

heat summation theory.

* P <0.05; N5 P> 0.05. Standard errors of each estimated parameter are shown in parentheses.
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Table 4 Mean values of carapace length, lengths of several appendages as ratios to carapace length, and number of setae on exopod of the
second maxilliped in horsehair crab Erimacrus isenbeckii larvae reared at six water temperatures

Water Carapace Ratio to carapace length (%)
Stage temperature length Exopod . Number of
°C) (mm) of 2nd maxilliped Chela Cheliped 3rd pleopod setae
Zoecal — 1.29 (0.03) 42.9 (2.3) — — 2.3(0.2) 4.0 (0.0)
6 1.55(0.12)? 43.8 (4.0)* — — 6.0 (0.7) 12.0 (0.0)*
9 1.62 (0.06)* 42.1 (2.0)* - - 5.0 (0.5)* 12.0 (0.0)*
Zoea Il 12 1.54 (0.03)? 43.1 (1.3)* — — 5.3 (0.8)* 12.0 (0.0)*
15 1.53 (0.05)* 42.4 (0.5 - - 6.0 (0.6)* 11.8 (0.4)
18 1.52 (0.03)* 43.3 (1.5)* - - 5.8 (0.6)* 12.0 (0.7)*
21 1.50 (0.03)* 43.5 (1.0)* — — 5.6 (0.5)* 12.0 (0.0)*
6 1.95 (0.08)? 41.7 (1.3)* - - 12.9 (2.1)* 14.0 (0.0)*
9 1.95 (0.08)? 40.1 (1.9)* - - 10.8 (2.1)* 14.6 (0.5)*
Zoea III 12 1.85 (0.06)? 42.3 (1.4)* — — 12.5 (1.4)* 14.0 (0.7)*
15 1.83 (0.04)* 41.7 (1.7)* - - 10.5 (1.4)* 14.8 (0.8)*
18 1.87 (0.08)? 38.9 (2.3)* — — 11.8 (1.3)* 15.0 (1.0)*
21 1.84 (0.04)* 39.0 (2.4)* — — 10.7 (0.6)* 16.0 (1.0)*
6 2.33(0.08)? 39.6 (1.1)® 22.9 (0.7)* 27.8 (1.3)* 21.3 (1.1)* 18.6 (0.5)*
9 2.25(0.10)? 40.4 (1.7)* 21.9 (2.0)* 28.1 (2.8)* 22.2 (1.4)? 18.8 (0.8)*
Zoea IV 12 2.28 (0.12)* 39.4 (1.0)® 23.5(2.5)* 29.7 (3.3)* 21.0 (1.9)* 17.8 (0.4)*
15 2.21 (0.05)* 37.7 (1.7)° 22.0 (1.3)* 27.9 (1.9)* 20.5 (1.2)* 17.8 (1.1)*
18 2.14 (0.05)* 39.7 (0.6)™ 22.3 (2.2)* 28.1 (1.2)? 21.8 (2.0)* 17.8 (0.4)*
21 — — — — — —
6 2.88 (0.14)* 37.7 (2.2)* 26.7 (2.5)* 33.3(1.8)* 29.9 (2.0)* 20.8 (0.8)*
9 2.82 (0.09) 37.2 (1.5)* 26.7 (1.1)* 33.7(1.4)* 30.3 (2.0)* 20.8 (0.4)*
Zoea V 12 2.64 (0.04)° 37.3 (1.8)* 28.0 (2.2)* 36.0 (1.4)* 32.3(0.9)* 19.2 (0.8)*
15 2.68 (0.05)° 36.2 (1.4)* 27.5 (0.6)* 355 (1.1)* 29.6 (1.2)* 20.2 (0.4)?
18 2.55(0.07)° 36.7 (2.4)* 28.7 (2.2)* 36.2 (2.1)* 29.8 (1.5)* 19.6 (0.9)*
21 — — — — — —
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6 4.16 (0.09)*¢ - - - - —

9 4.28 (0.09)" - - - - -
12 4.00 (0.11)° - - - - -
Megalopa 15 3.81 (0.14)° - - - - -
18 3.40 (0.11)° - - - - -
21 - - - — - -

Number of samples was five for each group, except for the 21 °C group of the third zoeal stage, in which only three larvae could be
measured. Values in parentheses are standard deviations.

Different superscripts in the same column at each larval stage indicate significant differences between water temperature groups (P < 0.05).
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Table 5 Mean number of prey (Artemia nauplii) consumed by horsehair crab Erimacrus isenbeckii larvae reared at six water temperatures

Water temperature (°C)

Stage

6 9 12 15 18 21
Zoea | 6.4 (1.8) 7.4 (3.7 5.6 (3.7) 6.6 (1.1)° 3.5 (3.9)° 0.5 (0.7)*

Zoea Il 17.4 (3.5)® 23.0 (6.0)° 24.8 (5.3)° 23.8 (2.4) 17.0 (2.9)® 12.0 (4.6)?
Zoea V 47.4 (13.4) 60.6 (8.7)? 59.8 (13.6)? 61.4 (12.8)° 60.3 (16.0)? 42.2 (11.8)?

Larvae at the first zoeal stage reared at 2 °C for 1 day after hatching were individually stocked in 20-mL seawater bottles with the designated
number of Artemia nauplii and were exposed to the test temperature for 24 h; five larvae were used per temperature. The numbers of Artemia
nauplii remaining in the bottles were then counted. Larvae at the third and fifth zoeal stages reared at 12 °C for 2 days after molting were
treated similarly to those at the first zoeal stage. Because of larval deaths during the experiment, only four values were used to calculate the
mean number of prey consumed by larvae in the 18 °C groups at the first zoeal and fifth zoeal stages, and only two values were used for the
21 °C group at the first zoeal stage. Values in parentheses are standard deviations.

Different superscripts in the same row indicate significant differences between water temperature groups (P < 0.05).
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7o TOONMEE A AR R ERH SR REEY (B, [ESLAFSERR 5 5 A KEN A -
BB A AL E XK FERFZE TR )T &) @ 0.1 m® K ICEANCINE L, &5
MK EMAL TRk (100EE / H) CTRBE L, SMbawiz, fikhxsn, 79
VB IOAF7 I 080 &2 vy, FREENH 5RO &% 8 2 [\ 08 E THET
L7, fE M F OKIRIZ-1.2~24°CTHB L T1-,

EBRROREEHEDRATAZ EBRX L LT, myae, 10, 15, 20, 25, 30,
35, 40, 45psu & L7eAFEF 8 XAk T, fHICIE, 2LOABARY = F L b
— = AKX 3T O, 0.1 m’ K THEF L TWIaIRME 1 {87425 2003
3 H 25 Hicsb Lot %, FSe—h—IC 50 R TORAELEZ, 3oL
— =05, 2EIFEREL KW~ T 5 ETOREREEZRD, 1 # X
B O R 2 ET Dol Lz, SEICH WKL, 5% I 50 pm
ES5um DI —F) T gNE— (R T L UAL L NI—F) vP7
ANE—, TR Ty 78 TABL, 1 HBED S LTEEM LT,
Wy oL, ARBKEANTHAERABER (VY — K, m— KR
AR LT Lz, WooREIZIZEERE (£7 /L 135A, Orion Research
Inc. ) BIOMEAKRERSF (V=71 SMill-g, 7% TH) ZHEH LT,
FBEKBIZ Y A —%— "2 FXNTHRIE L, SMESHEOAERFZIX 2°C, FHIC
7, ZOERIZHEEMBE KR (MRS, 2007) THDH 12°CET LEH I, D#E
123+ 04°CHMaFF L 7=, BRI, FE—D = LTRAY—LEXy b 1A

ZEREICHOTHE (KW70mL/ 47) TiT-7, ARIE, KE2PASK 1m &

Hll

=
WICRRE L2 2 KOEXIT (40 W) Z2 TEED 1I9FFE TR LTI L, IR

K

FEIX, B—F—®KiE ET 600~700 Ix TH o7, fHEHIZILKED T LT
7 Artemiasp. (H{E7 7 A4 > /7 I W 48) # v, 13L N7 % T 26°C
—24 B CHfbS®=, SMELET A7 I 7L, B 13 L 237712 100 38
K/mL L7222 L9CHAEL, MRKOKE (A a2 U@k kAl
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(VTN 7 7, BIGYA = Z4E8) 2 20 mL /L OFE THML, Kl

22°CTC 18~23 B2k Z AL L7z, #afls B, Al (fifR 5, 2005) ORER
IS E, H£XED 4K / mLCHE— Lz, A, &B PR, 8iA s
CHWAABE LI LWIEKEAND Z EICXVHFHRLZE—D—IT, 10 mL &
DEAE Ny b (EEGIILIZIAODOLD) ZHWTEBLE AT, ORI,
MAEZNIECTEIZEL, REERORESICL M Z L, EREEEFEL
oo Flo, HRUMEEITERORE, REL CHMEZMHIE Lz, AH e 3B HEL
e, EBVOREEZ TF A0, BSMETOY T, BEYHDO AT
BNRNBLOMEZEADOA T XESCERENNOE——TEHE L, %
v E COERMMAEEIL, S ~BE LB TR L, KX, 9hE%x
B L7247V, BIRO 7 VT I 7 2EDEEIZ/RD X I —H —ITH
MU=, £7=, SMEKICIE, HE~ORRMEO N EZEZSTmDIZT el
YF RV UL (Y7 ) & 10ppm THRM L, EBRIL, fE LESERE
W 270y, RTONENE 1 HET =~Biz Lz H £ TITo 7z,

WM OEY A APEAOE —H—TIE, AHa X TOEY Z LIRS
Bipe Uiz S k% s%pPEdrr~D > T 1 HEE®R, 710%T% / —/LVTHR{FL,
BIEIC i Uz, B B IEAT~ ) (PR 5, 2005) 3 K OV (FRER 5, 2007)
CRERIC, BEMF R, 2 HEMAMEERE & kB, BRE, SRR L NCE 3
JEHiER R & Uiz, WIER, FEERBEMED (53R 25~75 %) B L OAEWERME
(100 f5) FTTEER~A 78X =2 —2H\TIToTz, 127201, kB LUK
MREIZOWTIEE 4, By =7 ORTHEL, A A v/ TILEEMF RO R
FWE LT, 82 AR, Bk, SR 0 ONCE 3 EEEK R IOV T
X, IR RICHTL2HE (BMBEE X107/ ERFE, %) #HH Lk,
MEDEEIZRIZTIESDEE /5 (15, 20, 25, 30, 35, 40, 45psu) 2%
A KIETHE LR T2, ERICITE 1I~3Yy =7 24 L7, 1
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YETIW, SMEANLEENICTHE L EE KT EROFETHEL, BAHIC
MTTI°CECRBEAKIEAY ERH b0 L, H2ly =7 TR L
AL, SMEA 26 SiliEAK (M4 32 psu) 2 AW T Lo HETEHE L,
2 T ICBE LB A o EBREA 3 RS, &S 0WKE AN
72| e —H— (100mL) (Z 5 AEFOEZINAL, FHEI BB, &5
3 WY =7 T, FEAROKRENERE—I—TEHEL TV DEHERL
oo 72720, 45 psu R CIEE 3y =TI Lo Tz, EBREITOR
oz, B E PN ERAERIL 20mL F T A RBEANR T, SH4 TS EE
M U7, &M OWEKEFEAREIZ 20 mL AfL, 747 7 % 40 HET 2K
L7ctk, A —H— "2 (123+0.4°C) (230 pMEE LTz, 20k, k%
1 AT OIE L CHEEXORETCELZMO CHEL, ER2MBLEZ, AR
BILOEMEL, EROMEFIECBTIHRE LKL Lz, EBRITFRT 11 F
Bt L, 24 BEEIRICA L~ U & 5~10%I27e 5 K o ICfBEKICHRIIML T
TV ETATITEEE L, £V T THAEZIEEOT VT 27 25420
FEL72Z & h, ZOBEEITERMEOT LT I T OEEHOENBRD I,
HMEAHLE AR, S ECONERYE, RRICET2ENEHRH 0K ZE
2B NTT VT X T HEEEIT, —Juhl & ) 0 AT 72 1 Tukey-Kramer @ 55T X
5L ELEIT, HAEAKES%HTRE Lz, 72720, AERICO VT, ¥iE

WEBLUTEE W,
#® B

EHPETOER KEBRREL, AL 2o — D —ICBIT D EK L%

BARPLILXFEIARICHERS L7 (Fig. 1), 10 psu KTiE, H 1Yy =7 ITIREL7=F

HICRKRESWAEL, Fx BICIZEE LT, 15 psu K Tik, wmInETLIC>N T
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REZREHICEE L, a4y =7 ETROOLNTZHDOD 25 HH TR LTz, 45
psulXTlX, B 1Yy =T D4~THEHBIOFE 1LYy =T 008 2 kY =7 ~
OB T TRELSBFEL, E—F—1 BFE2MY =T DOEE 42 HET,
E——2 RNE 4y =7 ETRDOLNT b DD 45 A HITEWE L2, 20~35
psul X TlX, Sy =7 EF TRWAERIRBD LN, LaL, 20psu X Tl
FHSEY T NO AT B NASOEEICKREBHFEL, BREL AT o I
FEFIZ34 B L35 HE TR LT, 25psu 38 LV 40 psu X TIE, 5 5>
TN ATaNRBLOATa )L H T =200 T, £ Z4 30 psu
BEL35psu KIZH#E L TR ERBPFEDH O bLTc, & 1 T = CTOAEFER
1%L, 30, 35, 25 BLO 40 psu DIEIZHE: S, £HLH 72.0, 63.0, 53.0 BLW
13.0%% R L, RKEBICABEZENRD LUz (Table 1), 7235, 25~40 psu X I
BWT, AT "8 1T =120 T, RTHEEIED L nItgn
ZE D EHER S DIEE (0~7 Bk / ©—F—) BALNZR, Hy L OBF
IROLNRPoTZ LG (P>005), T2 TIEHETNTHETEMEKE LR
L7,
ERMPBETOMERY S ETCONMEREL, 25psu KIZBW TR b AL,
ZNEVES, HO5VIEELSRLICHEVNERLS RDMHAZR L. (Table2), % 3
W = 7B AT RS T T, 25 psu KMo XiCxk L CHEICEL, 20
BLU30 psu X2 158 LV 35~45 psu KICKk L CTHEICHNMN 7=, LaL,
51 WHEN = TUiX 25~30psu DX CTHEZIIRD R0 o7, B E R M
DIEE LR 2K MW E CORRERBOZEIREIL, 25 psu KIZBWT/HhE L,
FNEVIELS, HOHVIEFRE LS R DIV RELS R M AR L7 (Table2), L
22U, B 1EHET =TIiX, 25 psu KOZBEREN LA L, MoOXICKH L THE

K& Mmoo,
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BE SwHoBliE, BHEEFRICHT 558 2 HARE, &, sfR2
5ONZHE 3 IEHIERE Dbl KO 2 IR Ol vk B % Table 3 (27 LTz,
SH R R 1L, & 2~5# Y =7 TiX 40 psu RO O XIZxF L CTHEIZ /N S W
R LT, £72, AH 08T 20 psu L O 40 psu KA K% LT/ & <
mAEM AR Lz, —J7, BRMPRICHTI28MBREOKIT, kK, SHE
D ONTH 3 IEET SRR T, IS VI 2B 23580 b e s, Moy
DRBIIRBO DN o7, 5§ 2 FHAMNEE TIX, e E i IV
DR BAFRD HATZA, H 2~5 WMlIcB W TN EL R DIV REL 2
DA Z R L, 35psu £721F 40 psu XA 15~25psu KIZH L CTHEICRKE W E
o Lic, FB2HMABOEKRERTIE, FH 1l =7 TIX4ART, F2m/
TT T2 ARASEWMICHINL, ZOBIIME T EICEANEMLE, £72, §3
WY =7 T 35psu KO KICHK L THEIZDRWEZ R LR, o<
THEEEZETRD N -T2,

EEY SXICBUAE I~3 WYy T70 1 Hbizvo7r Ly I 7EEHE
Table 4 IR L7z, 72720, FEBREIMFIZ, 26 =7 O 15psu X T 5 fE{k4
T, HIWMY =T DO 15psu KT2EKELELIZDT, ZRHDOT —XIEERIL
TR L, BEEIZOWTE, NIYIRKENLOD, HICHENEL 25
W 2R L7y, &I 15 psu 38 £ O 45 psu K T 2 A R 51
2o FIZ, B1IRBLOE 2 Y =7 I2B W TIE, 45 psu K2BMXKICKH L CTHE

WA L,

% B

% OB (1968, 1977) 11X, EHMIRICB T 27 =0 &HEMEICB VT,

WA O RIRAEBIEIRICE T 5513 29.0~323% CTh o7~ &b, ShAEITE
150



HHEMETHHEL TS, L2L, TNETIZTIT=DHEMREICB T 28 IE
BT DWW THRE L7228 F 011372 <, REBRIZEB W THID THADAEKITK
XREBERIFITZERRALNI RS T, FH=41E, 25~40 psu XKiZEB W
T 1T =F CTHAIEDFETH Y, FFIZ 30 psu 3 LT 35 psu X TiE W AFK
R L, REBMEIZIKIT 2855 (BIES, 1968, 1977) LiFiF—EH L7,
10 psu RCIEE 1l =7 TEBL, 15psu s X O 45 psu X Tl o 1T
PEWVAEFREMNMETNL, ThENFE 4y =7 TERBE L, 20 X5, @IER
WHREANTEHEBE LGS S OEITE L BICAEBRNKR T T 28401, 71
b 7] = Ranina ranina (Minagawa, 1992), XU A Jj = Chionoecetes opilio (4,
1973), % 7 /3\H = Paralithodes camtschaticus (8 H, 1960), £ &= ¥ Panulirus
japonicu (¥ E, 1988 ; fAH, 2006), A U H = EF O —F Sesarma curacaoense
(Anger & Charmantier, 2000), >4~ R ¥ J& D —F Uca subcylindrica (Rabalalis &
Cameron, 1985), 4 U 4 = LB D —Ff Armases miersii (Anger, 1996), 7 7 4 7 /L
~ T Y Melicertus marginatus (Gopalakrishnan, 1976), 7 I A / a2 X U JH# 3
Scylla serrata (Dan & Hamasaki, 2011) 72 E D% < O+ IHFZRIES 4 T H H b &
TR, —BHRBARLEZZ N, £72, 20 psu I K40 psu X TILE 5
WY =T D AT AN S~OBEHNCKRERFENBO bz, TORRE LT,
Anger (2001,2003) %, A A v SECH MM OFEFH K< 705 0%, FilEH )
OAEESOITEN AR RZITHIE L T LY ESZEE) O D72 WK T OETE~
DWFEISTZ EFETL TWD 2 b, FH=IZBWTYH, FEROITEIERER L
b (B35, 1968, 1977) AR L CTHe Z A THEDO KR FICER T2 b D & &
oD, TOXDREREIAIRIZEIT 2ESTHEOK TIZHE D EREORKT
%, 7IAaxXx IV HFITHLHE SN TS (Dan & Hamasaki, 2011),

REABEESE T HNEDOAH o NFE COFEAIT 25 psu KR HE
<, 25psu LKL HDZWVIEFELSBRDICHEVWARICELS 2oz, 2D LI,
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WIERE SN OANTEE LIEGAICHEDOREARPIER T 285X, 74
b 7 =(Minagawa, 1992), XU A # = (4, 1973), 4 B & ({2 H, 2006), Sesarma
curacaoense (Anger & Charmantier, 2000), 7 I A / 2 ¥ U ¥ I (Dan &
Hamasaki, 2011) ETCTbHMESNTWD, =L, AROF 1 #iH AT =TlX 25
psu X & 30 psu K CHERZITRONT, 25 psu K TIFEIBRIARE 2D
AFRBELIR T LEZ, ZORERIE, Y72 0a K0 88 1EHET =057
W 2 MG HEAN RS o TWVWDH 22 RTHOTH D, — 5, HBHE
IZ DWW TIX 15 psu i KOV 45 psu R TR E KT T 2@mN R 6,
20~40 psu K CTIIREREZEI R ONRD o7, 15psu B L 45 psu K TiEL
NENF 4y =7 TRBELTND I LD, ZOHESTIERSICEET S Z
EIMTERNPSTEZENBEDO—KREEZEZALND, £z, —RICTHHFBRIEL
AT, HERE D EZNNTIRE S TIIEBEERN B T2 26N TED
(Minagawa, 1992; Anger, 2001, 2003), 7 ¥ t % = (Minagawa, 1992) {25\ T %
B X ORES TITEBEENBD Lo Z 0, EEEEOK T 23 fn ) 8] ) % It
REELIHEREEZOND,

BE 7 H=3A0ERbA4 X, Y27 HICBW TEEESICRDICLEN-
T/hEL b BEmMAER LR, Zhuk, Y7 T oETICE > TEY
OIS IT R 2D b o0, @iy L i U CRE SIS A mEOIE 5 2
mWEHEEZLND, TV =H= (Minagawa, 1992) TI%, #4523 LAl X v
VD D WITRWG S, BT REORRESIH S D L FRICES B 0l
KEELEAD TR, 4k (GFE, 1988 ; M, 2006) TIXKiE
FEBWTHEREORESMGI SN2 L BHESRTHD, —FH, AHa o
A A RSB W TR, 20 8L TN 40 psu K T/HEWEZ R LD, Zhux, A0
2 AT OIS OESFENELS Rolcled B 2 biv, FREHOAEKD
BWMARIKTE—HLTWD, 52 FMSEIEL Y = 7 #IZ I 0k o 72 IS e
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LN, AAu A "HIZIZR&EO—HE LTHET S (R, 1997), 7 =440
o5 2 BRI AN o FE M R o x9S id, BES (MR D, 2005, 2007) B XL OUK
WRTH Y =T OEATICHENWNS SR TWNDH Z b, ZOMEIEDOZE
B AT B RA~OERIZHITERERRPSEITLTNWDLZ L2 RLTND, £
DFREIEL, A7 TIHERE S THNESL R EmR AN Z LG, KRS
NIEEERZEEL TWD2bDEEXbND, 2O X5, KtEnrs, By
INT T =NEDEY A XBL OB ELHE XD ERHALNE T,
BHEEADIGRA AHEICEL-T, HONTZ W =hEDAERE, RERLIOE
BRICRBE 5252 ERH LR o7, B 1 T = CoOAFEFEIT 30, 35,
25, 40 psu DETHEIZE D2 7205, 40 psu XTI A B v 812 KERFEE R
DO, REIZOWTIE, 40psu K TA A r NI EBIT 5 EO R RN

I, SHICHESPELS RDIFEREBRRIZKIETTEZENRKE L 2 LM ARD
bz, £/, BB HEICHOWTIEZ 25psu BL N 30psu TH 1 Y =F TD
AT H N bV o7=08, 25psu B LN 40 psu T | IHES =% TOPF
EABOEIMBERNRKEL Ro722 D, BEONRT YRR RE L EHENN
IO TWnEEXOLND, LER-T, EEWVICEZEEE (MRS, 2005,
2007) ZRRICHSEOICHL 2D DOESIEr T =h/EOREICIIAMEE B X
bivd, —5T, HHFBENEOHESTEIIEE KROREBLMZIT 52
ENHIHILTUW S D (Costlow et al., 1960 ; Johns, 1981 ; Anger, 1991), AAHF%E 1L
Al =S E O IEREEKIE (PR 5, 2007) THEELZZI b, ZIZTH
DN REFEAEICBIT2@EMIERE D LTIRADZENTED, LIRS
T, AEFk, REBLOBEFEMRICIZ, f&EHHOERIC X D EEOBRE R
AEERTDE, A= AEEICKT 26 EMATHE S 30~35psu &t T
LD, BEFETEDABWEARKDOEFITK 32psu THDLZ LG, T H=HED

fll BB WTIE, B OS5 KEENTHITERCEBICEEZS A5
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X782\, 7272 L, I T & Metapenaeus ensis T, il B K&K (2/3 HEK)
ICHET 5 2 LIC RV BEFEEAMIET 2 FIERBE S Tnd 2 &b Gk
5, 1996 ; Wi « &5, 1997, 1999), 4t&, S A =OME/EEICBN TS, K
BE & DRIR D HEAE LIc G B~ O3t i iED —> & LT, i IEfFE & o
P CERE DI L DEFEONREMANTELTHA I,

X

BrTERSEIG. 1968, THAUK IR F ISR T 2 A HEF . JLKFUA #H, 864: 14—
30.

BTSSR, 1977, JEHRGIWEIC I 2 7 = O, KEWFENESH, 31
14-19.

JEREEEYy. 1992, MW AESIN OB OME 7= AAREHRERSF
AR 9 A, pp. 229-231. H AR REm =, H.

Anger, K. 1991. Effect of temperature and salinity on the larval development of the
Chinese mitten crab Eriocheir sinensis (Decapoda: Grapsidae). Marine. Ecology.
Progress. Series, 72: 103—-110.

Anger, K. 1996. Salinity tolerance of the larvae and first juveniles of a semiterrestrial
grapsid crab, Armases miersii (Rathbum). Journal of Experimental Marine Biology
and Ecology, 202: 205-223.

Anger, K. 2001. The Biology of Decapod Crustacean. Crustacean issues 14, A.A.
Balkema, The Netherlands.

Anger, K. 2003. Salinity as a key parameter in the larval biology of decapod

crustaceans. Invertebrate Reproduction & Development, 43: 29—-45.

154



Anger, K. & Charmantier, G. 2000. Ontogeny of osmoregulation and salinity tolerance
in a mangrove crab, Sesarma curacaoense (Decapoda: Grapsidae). Journal of
Experimental Marine Biology and Ecology, 251: 265-274.

Costlow, Jr. D. C., Bookhout, C. G. & Monroe, R. 1960. The effect of salinity and
temperature on larval development of Sesarma Cinereum (Bosc) reared in the
laboratory. Biological Bulletin, 118: 183-202.

HEIEWRE. 1998, A=, [KEFET Y —X 71 =t - I =FHOM 4 PE

CEEF ALK ER#R) , pp. 119-133. 1EEALEAR, .

Dan, S. & Hamasaki, K. 2011. Effect of salinity and dietary n-3 highly unsaturated
fatty acids on the survival, development, and morphogenesis of the larvae of
laboratory-reared mud crab Scylla serrata (Decapoda, Portunidae). Aquaculture
International, 19: 323-338.

Gopalakrishnan, K. 1976. Larval rearing of red shrimp Penaeus Marginatus
(Crustacea). Aquaculture, 9: 145—154.

EIRTE ==, 1997, SAEDOIREEF. THEEESIN S U — X No. 3 ¥ I M EpES,
oo & ) (T I M EEMNESIR), pp. 38-45. fHHE AN H ARRS:
M=, At

MH Y, ®AM—. 1997, AR KEFICL D I 2 CEREEONHE. [l
WK ERBRGH S, 12: 12-14.

o, &AM, 1999, AR TORE N I = EEBEIE DR A

FOAE I 52788 B 1L B oK pE

k=113

AR, 14: 61-63.

i oR e, IRIGTESE, AN B —. 2005. A =ShAEDERER, BEBIOEHIC
RETTNT I TR E DR, A AKEFRFE, 71:563-570.

PR IE, MRIGTESE, ANLE . 2007. U =SAEOER, BER L OEHIIC
MAZTAKIRDOFE. A AKEFSEFE, 73:1081-1089.

155



Johns, D. M. 1981. Physiological studies on Cancer irroratus larvae. 1. Effects of
temperature and salinity on survival, development rate and size. Marine Ecology
Progress Series, 5: 75-83.

A M 19730 XU AT =TT LW ENRIE -V RIERS A RIE
THOREDRE. HAKEFREE, 39:945-950.

UTRRIESE, Uz, wHE . 1996, ABRMEAKIZL D I o= & O A RE.
] 1L Rk pE R B s A, 11 115-116.

BH . 1960. XTI AT=OE LT =T LM% MHEDAESKD
ERBHE LI LTI KA Lo RREORE. dbifEiE KoK NI ET i 58 )
&, 21: 9-14.

g —. 2006. A &= 8 (Panulirus) $4E 0O LY R & FIZBE T 50758,
—HEBEEINIREL > F —KENT TR TR, 14: 47-51.

SIREERIR. 2003, A= DAL o S e b (EEE =, fiEER, BH X,
JE RiEAR), pp. 380-385. AbiffiEBritk, ki,

Minagawa, M. 1992. Effect of salinity on survival, feeding and development of larvae
of the red frog crab, Ranina ranina (Crustacea, Decapoda, Raninidae). Nippon
Suisan Gakkaishi, 58: 1855-1860.

Rabalalis, N. N. & Cameron, J. N. 1985. The effects of factors important in semi-arid
environments on the early development of Uca subcylindrica. Biological Bulletin,
168: 147-160.

WH fE. 1976, =, HARPEEIHE. pp. 190-191. FHFkFL, HAL.

e 2 AR, 2003, LV EJE DO 7 = T= - = FHE&FEOZEM (RE H,
JEBRE W), pp.31-44. THEMEARM, HIT.

156



Table 1  Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-L beakers (50 per
beaker) at eight salinity levels

Salinity Mean survival rate (%) to each stage
(psu) Zoeall Zoea III Zoea IV ZoeaV Megalopa Crab I
10 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)*
15 77.0 (24.0)° 50.0 (14.1)° 2.0 (2.8)° 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)*
20 99.0 (1.4)° 97.0 (1.4)° 96.0 (0.0)° 91.0 (1.4)" 20.0 (2.8)° 0.0 (0.0
25 97.0 (1.4)° 97.0 (1.4)° 93.0 (1.4)° 91.0 (1.4)" 77.0 (1.4)° 53.0 (4.2)°
30 98.0 (2.8)" 97.0 (1.4)¢ 96.0 (2.8)" 95.0 (1.4)° 87.0 (4.2)° 72.0 (0.0)°
35 99.0 (1.4)" 98.0 (2.8)¢ 96.0 (0.0)" 96.0 (0.0)° 83.0 (4.2)° 63.0 (4.2)¢
40 93.0 (4.2)" 87.0 (7.1)* 86.0 (5.7)" 85.0 (7.1)" 56.0 (8.5) 13.0 (1.4)°
45 18.0 (8.5)° 7.0 (9.9)* 2.0 (2.8)° 0.0 (0.0)* 0.0 (0.0)* 0.0 (0.0)*

Values in parentheses are standard deviations.

Different superscripts in the same column indicate significant differences between salinity groups (P < 0.05).
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Table 2 Mean number of days from hatching to each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in 2-L beakers (50 per beaker) at seven salinity levels

Mean number of days to each stage

S?rl)isr:li)ty Zoea Il Zoea I1I Zoea IV ZoeaV Megalopa Crab I

Mean (SD™) CV™(SD) Mean (SD)  CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD) Mean (SD) CV (SD)
15 7.5(0.4)° 8.1 (1.8)* 14.7 (0.0)* 4.1 (1.3 22.07%0 0.0* - - - - - -
20 5.2(0.1)° 7.9 (0.6)* 9.9 (0.1 5.4 (0.8)® 14.8 (0.3)° 6.0 (0.6)° 20.4 (0.2)* 4.3 (1.4)® 27.7(0.2) 3.2(0.1) - -
25 50 (0.0°  3.9(0.0) 92(0.1)°  4.5(13) 13.8(0.1)° 3.6 (0.2)° 192(02)° 2.7 (0.0 265(0.00 2.7 (0.6) 503 (0.0¢ 113 (0.2)
30 53 (0.0  83(0.3) 98(0.00°  5.1(0.1y 145(0.1)°  3.8(02)% 200 (0.00 3.6 (0.6)" 276 (02° 3.3 (0.4)° 513 (047  7.0(0.7°
35 6.1 (0.0F  6.0(0.1) 1.0 (0.1 7.4 2.6)" 158 (0.0 5.2(0.0) 21.8(0.0°  3.8(02)® 29.8(0.1F  3.0(3.2) 574097  7.4(1.6)
40 7.7 (0.1y" 6.6 (0.9)" 13.9(0.0¢  5.5(0.8)® 199(0.1¢  5.6(1.0)0 266(0.1)°  6.4(03) 358(0.5)°  5.1(1.6) 726 (3.4 85 (0.6)°
45 10.8 (0.1)¢ 8.4 (5.6)° 20.173¢ 10.1° 37.0%f 0.0* - - - - - -

Mean values were calculated by using mean number of days from hatching to each larval stage in both beaker 1 and beaker 2 (n = 2, see Fig. 1).
No larvae survived to the second zoeal stage (Zoea II) at 10 psu.

Different superscripts in the same column indicate significant differences between salinity groups (P < 0.05).

"1 SD: standard deviation.

*2CV: coefficients of variation (%).

n=1.
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Table 3 Mean values of carapace length, lengths of several appendages as ratios of carapace length, and number of setae on exopod of the
second maxilliped in horsehair crab Erimacrus isenbeckii larvae reared at seven salinity levels

Carapace

Ratio to carapace length (%)

Salinity Number of
Stage (psu) length Exopod of _ setae
(mm) 2nd maxilliped Chela Cheliped 3rd pleopod
Zoea | - 1.28 (0.04) 42.9 (2.3) — — 2.3(0.2) 4.0 (0.0)
15 1.59 (0.09)* 40.8 (1.5) - - 5.3 (0.4)® 12.0 (0.0)*
20 1.55 (0.04)® 42.8 (1.6) - - 5.0 (0.5)* 12.4 (0.9)
25 1.54 (0.03)® 43.8 (0.2)™ - - 5.0 (0.8)* 12.8 (0.5)*
Zoea Il 30 1.57 (0.08)® 43.4 (2.2) - - 5.8 (0.7)% 12.2 (0.5)*
35 1.52 (0.06)® 43.2 (1.9) - - 5.1 (0.5)® 12.2 (0.5)*
40 1.47 (0.05)° 46.6 (2.3)° - - 6.1 (0.5)° 12.4 (0.6)*
45 1.51 (0.03)® 43.1 (0.5) — — 6.1 (0.4)° 12.2 (0.5)*
15 1.84 (0.09)® 37.7 (0.4) - - 8.9 (2.7) 15.0 (0.0)™
20 1.90 (0.09)* 39.6 (1.8) - - 10.1 (1.3) 15.2 (0.5)®
25 1.84 (0.06)® 40.5 (1.7)® — — 11.3(1.1) 15.6 (0.9)
Zoea 111 30 1.91 (0.04)* 39.3 (1.8) - - 11.6 (1.1)* 15.6 (0.6)*
35 1.86 (0.05)® 41.1 (1.4)® - - 11.8 (1.2)2 14.2 (0.8)°
40 1.76 (0.06)° 43.1 (1.4)° - - 11.2 (0.8)* 15.0 (0.7)™®
45 — — — — — —
15 - — - - - -
Zoea IV 20 2.26 (0.06)* 35.0 (1.9) 22.5(1.5) 28.4 (1.5) 19.4 (2.2) 18.2 (0.5)*
25 2.23 (0.04)® 37.0 (1.0)® 21.7 (1.4) 27.7 (2.5) 19.9 (1.8)* 18.8 (0.8)*
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30 2.20 (0.05)® 37.7 (1.8)® 21.7 (1.0) 28.0 (0.8)° 222 (1.4) 18.4 (0.9
35 2.15 (0.09)® 39.5 (1.8)° 23.3 (1.0)" 29.1(0.7)* 21.6 (2.3)* 18.2 (0.8)
40 2.13 (0.09)° 39.3 (2.1)° 22.4 (1.4) 28.2 (1.4) 22.6 (1.1)* 18.2 (1.3)*
45 - - - - - -
15 - - - - - -
20 2.68 (0.06)" 33.6 (0.5)* 27.8 (4.6)° 35.8 (5.2)* 28.6 (1.8)° 21.2 (0.8)*
25 2.66 (0.04)* 34.1 (2.1)* 27.3 (0.9)° 34.1 (2.5 28.8 (2.8)* 20.8 (0.8)?
Zoca V 30 2.62 (0.05)* 35.5 (1.2)* 29.2 (3.4) 37.8 (4.8)* 31.0 (2.9)* 21.4 (0.9)*
35 2.65 (0.07)* 36.3 (1.1)® 27.5 (1.5)" 34.5 (2.1)* 31.3 (2.6)* 22.2 (1.5
40 2.31(0.27)° 38.3 (2.9)° 28.1 (2.1)° 35.6 (1.2)* 29.7 2.1y 20.8 (1.6)*
45 - - - - - -
15 - - - - - -
20 3.11 (0.29)° - - - - -
25 3.74 (0.17)° - - - - -
Megalopa 30 3.77 (0.14)° - - - - -
35 3.67 (0.20)° - - - - -
40 3.49 (0.16)" - - - - -
45 - - - - - -

Number of samples was five for each group, except for the 15 psu group of the third zoeal stage, in which only three larvae could be measured
for the ratio of carapace length (%) for the exopod of 2nd maxilliped and 3rd pleopod and the number of setae. Values in parentheses are
standard deviations.

No larvae survived to the second zoeal stage (Zoea II) in the 10 psu group.
Different superscripts in the same column at each larval stage indicate significant differences between salinity groups (P < 0.05).
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Table 4 Mean number of prey (Artemia nauplii) consumed by horsehair crab Erimacrus isenbeckii larvae reared at seven salinity levels

Salinity (psu)
Stage
15 20 25 30 35 40 45
Zoeal 3.6 (2.6)® 5.4 (3.0)? 5.2(1.9) 5.6 (1.5) 3.2 (4.1)® 1.2 (0.4)® 0.4 (0.5)°
Zoea Il - 7.6 (5.9) 16.2 (3.3) 15.6 (1.5)¢ 13.0 (4.8)* 11.4 (2.7)* 3.8 (2.2)¢
Zoea 11l 5.7 (3.2) 12.2 (4.9) 9.6 (2.6) 12.6 (7.2)* 8.4 (2.1 9.6 (2.6)* -

Values in parentheses are standard deviations.

Different superscripts in the same row indicate significant differences between salinity groups (P < 0.05).
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Figure 1 Changes in number of each larval stage of the horsehair crab Erimacrus
isenbeckii reared in 2-L beakers 1 and 2 for each salinity level, each initially

containing 50 larvae at eight salinity levels.
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INTRODUCTION

The horsehair crab Erimacrus isenbeckii is distributed widely throughout the North
Pacific, near Japan, mainly along the Hokkaido coast (Abe, 1992; Sasaki, 2003). The
stock of this species, which is an important fishery resource because of its high
commercial value and its tastiness, has been declining significantly for several
decades (Abe, 1992; Sasaki, 2003). These circumstances have spurred efforts to
preserve and manage them as a resource for sustainable utilization. Stock
enhancement through the release of artificially produced juveniles into the natural
habitat is an attractive option for horsehair crab stock management. Nevertheless, the
technical skill required for the mass seed production of this species has not yet been
established. Several studies have been conducted to investigate larval culture
technologies of the horsehair crab larvae. Jinbo et al. (2005, 2007, 2012) conducted
larval rearing experiments on horsehair crab and reported suitable environmental
conditions, such as prey density (Jinbo et al., 2005), water temperature (Jinbo ef al.,
2007), and salinity (Jinbo et al., 2012). Even although larval mass cultures to produce
horsehair crab juveniles were conducted under these appropriate environmental
conditions, mass mortality occasionally occurred from the zoeal to megalopal stages
(Jinbo, 2001). Moreover, the causes of larval mass mortality remain unknown.

It has been documented that n-3 highly unsaturated fatty acids (n-3 HUFA) are
necessary for the growth and survival of crustacean larvae (Jones et al., 1979;
Hamasaki et al., 1998; Takeuchi et al., 1998a, 1999, 2000; Sulkin & Mckeen, 1999;
Anger, 2001; Suprayudi et al., 2002, 2004a, 2004b; Kogane et al., 2007, 2009; Sui et
al., 2007). Artemia are used as live food for horsehair crab larvae (Jinbo et al., 2005,

2007, 2012), but they have low n-3 HUFA contents, particularly of docosahexaenoic
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(DHA) and eicosapentaenoic (EPA) acids (Watanabe et al., 1978). The benefits of
dietary enrichment of Artemia fed on crustacean larvae have been demonstrated. In
swimming crab Portunus trituberculatus and mud crab Scylla paramamosain larvae,
dietary EPA was effective at maintaining the survival rate; DHA accelerated the
developmental period and improved carapace growth (Takeuchi et al., 1998b;
Kobayashi et al., 2000, 2002). Ichikawa et al. (2013) examined the effects of feeding
Artemia enriched with n-3 HUFA and adding diatoms (Thalassiosira sp.) to rearing
water on the survival and developmental period of zoeae of the horsehair crab. Their
results demonstrated that larval survival and developmental period were significantly
influenced by the diatom supplementation, not the n-3 HUFA enrichment. However,
in their rearing experiments, the feeding density of Artemia (0.3—0.5 ind. / ml) was
lower than the optimal density (4 ind. / ml) for rearing horsehair crabs (Jinbo et al.,
2005). Therefore, to clarify the demand of horsehair crab larvae for n-3 HUFA under
appropriate feeding conditions, this study was conducted to examine the survival,
developmental period, growth, and morphogenesis of horsehair crab larvae fed on
Artemia enriched with materials of different kinds that have various contents of n-3

HUFA.

MATERIALS AND METHODS

Broodstock and larvae
Five berried female crabs were collected from the northern Pacific off Kushiro,
Hokkaido, Japan during January—March 2004. They were transferred to the Akkeshi

Station of the Hokkaido National Fisheries Research Institute, Fisheries Research
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Agency, Hokkaido, Japan, and individually held in five 30 1 polycarbonate tanks.
Sand-filtered seawater was supplied to the tank with a flow-through water system.
The mean water temperature was 1.0 + 1.0°C (mean + SD) during the culture period.
Larvae hatched from one female (78.0 mm carapace length) on March 31, 2004 were

used in the larval culture experiment.

Experimental design and preparation of Artemia as a diet for culturing larvae
Artemia sp. (North American Strain; The Nisshin OilliO Group Ltd., Yokohama,
Japan) was used as a prey organism. Artemia cysts were incubated in a 13 I bucket
with sand-filtered seawater (26°C) for 24 h. After hatching, Artemia nauplii were
stocked in 13 I buckets (22°C) at a density of 100 ind. / ml and reared for 18-23 h
according to the experimental design (see below).

Seven treatment groups were prepared for Artemia enrichment (Table 1). In
treatment 1 (T1), Artemia were not enriched. In other treatments, Artemia were
enriched with the following materials: treatment 2 (T2), a commercially available
condensed phytoplankton Nannochloropsis sp. (Marine a, Marine Tech Co., Aichi,
Japan) at a level of 2 ml / I; treatment 3 (T3), ethyl oleate (EO; Wako Pure Chemical
Industries Ltd., Osaka, Japan) at a level of 100 pul / I; treatments 4 and 5 (T4, T5),
EPA28G oil (containing 28.7% EPA and 12.7% DHA; Nippon Kagaku Shiryo Co.,
Ltd., Hakodate, Japan) at the two levels of 35 ul /1 (T4) and 100 ul /1 (T5); and
treatments 6 and 7 (T6, T7), DHA70G oil (containing 4.6% EPA and 70.9% DHA;
Nippon Kagaku Shiryo Co., Ltd., Hakodate, Japan) at the two levels of 25 ul /1 (T6)
and 75 pul /1 (T7). In groups T4, T6, and T7, the total amount of oil used for Artemia
enrichment was adjusted to 100 pl / 1 by adding EO (Table 1). In the groups T4 and

TS5 as well as T6 and T7, the calculated DHA/EPA ratios were, respectively, 0.4 and
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15.4. In groups T3-T7, 500 pl of oil with 100 pul of raw hen egg yolk and 100 ml of
distilled water were emulsified for 5 min. The resulting mixture was then added

directly to the Artemia culture medium.

Larval rearing and biological measurements
Newly hatched first-stage zoeae (Z1) were introduced into 2-1 polyethylene white
beakers placed in shallow water baths. The stocking density of Z1 was 50 ind. /
beaker. Three beakers were prepared in each treatment group, in which two beakers
were used to determine the survival rate (the ratio of the number of larvae that had
molted to the next stage to the initial number of larvae) and the mean number of days
from hatching to reach each larval stage. One beaker was used to measure larval
growth and morphogenesis in each stage. Seawater (31.2%) filtered through sand and
50-5 um cartridge filters (Advantec Toyo Kaisha Ltd., Tokyo, Japan) were used to
rear larvae. The water temperature of the shallow water baths was increased gradually
from 2 to 7°C from the first to the second day of Z1; then it was maintained at the
optimum temperature for culturing horsehair crab larvae (12.3 = 0.3°C) (Jinbo et al.,
2007) using heaters connected to thermostats. Slight aeration (70 ml / min) was
employed in each beaker to provide oxygen saturation and to prevent the Artemia
from settling. The photoperiod was regulated at 12 h from 0700 to 1900 hours using
two fluorescent lights (40 W) that were held 1 m above the surfaces of the rearing
beakers. The intensity of surface illumination was 600—700 Ix. The larvae were fed
Artemia prepared for each treatment group at the optimal density of 4 ind. / ml (Jinbo
et al., 2005) for feeding horsehair crab larvae.

The larvae were observed daily and transferred into new beakers with new culture

media using a large-mouthed (8 mm) pipette (10 ml) in the morning. During the
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larval transfer, the larvae were counted and their respective developmental stages
were noted. Dead larvae were removed and observed for their respective stages.
When a newly metamorphosed megalopa (MG) was observed, fifthstage zoea (Z5),
newly metamorphosed MG, and older-aged MG were temporarily placed in separate
beakers to reduce cannibalism. After the larvae had been transferred, ampicillin
sodium (Sigma-Aldrich Japan K.K., Tokyo, Japan) was added to the rearing water at
a concentration of 10 mg / | to prevent bacterial proliferation. Larval rearing was
terminated when all larvae had molted to the first-stage crab (C1).

In each treatment group, five larvae were sampled from one rearing beaker at each
stage until MG. The larvae were fixed with 5% neutral formalin for 1 day and then
preserved in 70% ethanol solution. The lengths of the carapace and appendages
(exopod of second maxilliped, chela, cheliped and third pleopod) were measured, and
the setae of the exopod of the second maxilliped were counted under a microscope.
Chela and cheliped lengths were measured for Z4 and Z5. Only the carapace length
was measured for MG. The percentage ratio of each measurement to the carapace
length (relative length) was calculated, as in our previous studies (Jinbo et al., 2005,

2007, 2012).

Lipid and fatty acid analysis

Artemia were sampled from each treatment group once every 5 days to analyze their
total lipid contents and fatty acid compositions. They were washed with fresh water
and then stored at —80°C until analysis (n = 2 for each treatment group). Total lipid
contents were determined using the chloroform—methanol (2:1, v/ v) method
according to Folch ef al. (1957). To analyze the fatty acid compositions, the total

lipids were saponified with 1 ml of 50% KOH in 15 ml of ethanol. The saponifiable
168



matter was then esterified with BFs—methanol. The fatty acid methyl esters were
diluted in n-hexane and subsequently analyzed with a gas—liquid chromatograph (GC-
17A; Shimadzu Corp., Kyoto, Japan) equipped with a silica capillary column (30 m X
0.25 mm x 0.25 pm film thickness; Supelco, Bellefonte, PA, USA). Helium was used
as the carrier gas, with pressure adjusted to 80 kPa. The injection port and detector
temperature were, respectively, 250 and 270°C. The column temperature was initially
held at 175°C and then increased at a rate of 1°C / min to a final temperature of
225°C. The individual fatty acids were identified by comparison with commercial
standards (Supelco 37 Component FAME Mix; Supelco) and quantified with a C-R8A

Chromatopac data processor (Shimadzu Corp.).

Statistical analysis

Differences in the mean values for the total lipid contents and fatty acid compositions
of Artemia, larval survival rates, number of days required to reach each larval stage,
and larval growth and morphogenesis measurements were compared among treatment
groups with Tukey—Kramer’s multiple range test at the 5% significance level.
Arcsinetransformed data of the total lipid contents and fatty acid compositions of
Artemia, survival rates, and the relative ratio of each appendage length to carapace

length were used for the comparison.

RESULTS
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Lipid contents and fatty acid profiles of Artemia

Total lipid contents and fatty acid compositions of the T1-T7 Artemia are presented
in Table 2. Lipid contents of the Artemia did not differ significantly among groups.
No significant difference was found in the fatty acid profiles of the T1-T3 Artemia
except for myristic acid (14:0). However, the concentrations of EPA (20:5n-3) and n-
3 HUFA tended to be higher in the T2 Artemia enriched with Nannochloropsis,
followed by T1 Artemia without enrichment, and T3 Artemia enriched with EO. In
the T4-T7 Artemia enriched with EPA28G and DHA70G oil, the concentrations of n-
3 HUFA were significantly higher than in the T1 and T3 Artemia. The T4-T7 Artemia
showed fatty acid profiles that depended on the enrichment materials and their
amounts. The proportions of n-3 HUFA in the T4 and T6 Artemia, and those in the T5
and T7 Artemia, were similar, but those of the latter groups were higher than those of

the former groups. The DHA / EPA ratios tended to increase from T4 to T7 Artemia.

Survival, developmental period, growth, and morphogenesis of larvae
The mean survival rates for the respective larval stages are shown in Table 3.
Although no significant difference was found in the survival rates among the
treatment groups, larvae fed the T3 Artemia tended to show higher mortality (19%)
during the metamorphosis to MG by Z5 (Figs. 1, 2a), and showed significantly higher
mortalities than the other treatment groups during molting to C1 by MG (Figs. 1, 2b,
P <0.05).

The mean numbers of days from hatching to each larval stage are presented in Table
4. Larvae fed with the T5 Artemia tended to show a higher velocity of development to
reach Z5 and MG. In addition, the mean number of days needed to reach C1 was

significantly less for the TS5 group than for the T3 group.
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The mean values for carapace length, several appendage lengths as ratios of
carapace length, and the number of setae on the exopod of the second maxilliped are
shown in Table 5. No significant difference was found for them among treatment
groups.

The vitality of megalopae appeared to differ between the T1-T3 and the T4-T7

groups; megalopae actively moved on the bottom of the T4-T7 beakers.

DISCUSSION

The amount of n-3 HUFA in live prey is known to affect the survival rates of larvae
of several crustacean species. Larvae fed prey organisms with lower n-3 HUFA
contents showed lower survival rates in four cancrid Cancer species (Sulkin &
Mckeen, 1999), swimming crab (Hamasaki et al., 1998; Takeuchi et al., 1998a,
1999), the mud crabs Scylla paramamosain (Takeuchi et al., 2000) and S. serrata
(Suprayudi et al., 2002, 2004a, 2004b), snow crab Chionoecetes opilio (Kogane et
al., 2007, 2009), and Chinese mitten crab Eriocheir sinensis (Sui et al., 2007). In this
study, fatty acid profiles of Artemia also were influenced by the enrichment
treatments. We prepared Artemia containing DHA (T4-T7) or no DHA (T1-T3).
Although the enrichment treatments of Artemia did not affect the larval survival rates
significantly, the megalopae mortality was significantly higher when larvae were fed
EO-enriched Artemia (T3) with the lowest n-3 HUFA content. However, larvae fed
unenriched Artemia (T1) showed a mean survival rate of C1 (67%), which was
similar to those found in our previous studies conducted under suitable environmental

conditions (69-82%) (Jinbo et al., 2005, 2007, 2012). The n-3 HUFA content in T1
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Artemia, which was calculated as approximately 0.6 % by multiplying the total lipid
content by the area percent of n-3 HUFA in the fatty acid composition, might be
regarded as a minimum level needed to sustain the high survival rate of the horsehair
crab larvae until C1. The n-3 HUFA content of Artemia in the rearing experiments of
horsehair crab larvae performed by Ichikawa et al. (2013) was reported as 1.0-2.5%,
satisfying the minimum level of dietary n-3 HUFA requirement of the horsehair crab
larvae inferred in the present study. This suggests that the low survival rates to MG
(3—8%) in the treatment groups in which Thalassiosira sp. were not supplemented in
their experiments can be attributed to lower feeding densities of Artemia (0.3—0.5
ind. / ml) than the optimal density (4 ind. / ml) (Jinbo ef al., 2005) for rearing
horsehair crabs. Furthermore, higher n-3 HUFA contents (3.1%) of Thalassiosira sp.
may have contributed to the high survival rates until MG (45-65%) in the treatment
groups with supplementation of Thalassiosira sp. The level of dietary n-3 HUFA
required by horsehair crab larvae for survival is lower than that required by
swimming crab (0.9-1.7%) (Takeuchi et al., 1999), mud crab (0.8%) (Suprayudi et
al., 2002), snow crab (2.3%) (Kogane ef al., 2009), and Chinese mitten crab (1.7—
1.8%) larvae (Sui ef al., 2007). Furthermore, our results suggest that DHA did not
play an important role in aiding the survival of horsehair crab larvae, as has also been
found for mud crab larvae (Kobayashi et al., 2000, 2001; Takeuchi et al., 2000). In
addition, EPA is known to be superior to DHA for maintaining high survival rates of
swimming crab larvae (Takeuchi et al., 1998b).

The rate of development of brachyuran larvae is influenced by the level of dietary n-
3 HUFA. Mud crab larvae fed Artemia containing low (0.41-0.45% EPA and trace
DHA) or high (1.36 and 0.95% EPA and 0.16 and 1.38% DHA) amounts of EPA and

DHA showed delayed development (Suprayudi et al., 2004b). In swimming crabs, a
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high content of DHA in Artemia engendered rapid development of larvae (Takeuchi et
al., 1998b). Furthermore, in snow crabs, high dietary n-3 HUFA in the rotifer
Brachionus plicatilis sp. complex induced rapid development of larvae (Kogane et
al., 2009). Fatty acid profiles of the Artemia affected the larval development rate of
the horsehair crab larvae, showing a higher velocity of development to reach Z5 and
MG in the T5 group and a significantly greater number of days from hatching to C1
in the T3 group than in the T5 group, which suggests that the high content of EPA in
Artemia accelerates the larval development of horsehair crab larvae, but that DHA
does not affect it. Consequently, the effects of DHA content in Artemia on the larval
developmental velocity of the horsehair crab differed from those of portunid crabs.

In swimming crabs, a high content of DHA in Artemia reportedly promotes carapace
length development of the first-stage crab (Takeuchi et al., 1998b). Although the
growth of larval mud crabs is improved by feeding them live foods with high contents
of n-3 HUFA (Kobayashi et al., 2000, 2001; Takeuchi et al., 2000; Suprayudi et al.,
2004a, 2004Db), the higher dietary n-3 HUFA (especially DHA) accelerated the
morphogenesis of last-stage zoeae with large chelipeds, similarly to megalopae,
which led to mass mortality because these last-stage zoeae failed to metamorphose to
MG (Hamasaki et al., 2002a, 2002b; Dan & Hamasaki, 2011). No such phenomenon
occurred in horsehair crabs. The enrichment treatment for Artemia did not affect the
larval growth or morphogenesis, so similar measurements to those we have reported
previously were obtained (Jinbo et al., 2005, 2007, 2012).

In conclusion, although the amount of n-3 HUFA in an unenriched North American
strain of Artemia might meet the demands of horsehair crab larvae for their survival,
growth, and morphogenesis, it is recommended that the Artemia should be enriched

according to the fatty acid profile in the treatment TS5, as it improves the larval
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development rate. Furthermore, DHA in enriched Artemia could stimulate the vitality
of megalopae, as observed in this study, which may keep the larvae from sinking to
the bottom of a mass seed production tank, where they could be infected with
pathogenic bacteria that propagate in the organic debris originating from dead larvae,
food organisms, and their feces (Hamasaki ef al., 2011). This may improve the larval

survival rate of the horsehair crab.
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Table 1 Protocol for lipid enrichment of the Artemia used in the larval rearing experiment of the horsehair crab Erimacrus isenbeckii

Concentration of enrichment material in the Calculated DHA/EPA
Treatment Artemia sp. culture tank (ul/l) Calculated amount of EPA and DHA (ul/1) e et
group )
i material
EPA28G? DHA70G" Ethyl oleate = Marine of EPA DHA EPA + DHA

Tl 0 0 0 0 0 0 0 —

T2 0 0 0 2000 0 0 0 —

T3 0 0 100 0 0 0 0 -

T4 35 0 65 0 10 4.4 14.4 0.4

T5 100 0 0 0 28.7 12.7 414 0.4

T6 0 25 75 0 1.2 17.7 18.9 15.4

T7 0 75 25 0 35 53.2 58.7 154

*EPA28G oil contains 28.7% eicosapentaenoic acid (EPA) and 12.7% docosahexaenoic acid (DHA) (Nippon Kagaku Shiryo Co., Ltd.,
Hakodate, Japan)

®DHA70G oil contains 4.6% EPA and 70.9% DHA (Nippon Kagaku Shiryo Co., Ltd., Hakodate, Japan)

¢ Commercially available condensed phytoplankton Nannochloropsis sp. (Marine Tech Co., Aichi, Japan)
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Table 2 Mean values of total lipid content and fatty acid composition of Artemia fed to each treatment group (n=2)

Analyzed items

Treatment group

T1 T2 T3 T4 T5 T6 T7
Total lipid (%, dw) 18.35 =+ 0.85 19.04 + 0.07 2074 + 1.18 2084 + 0.31 22.07 + 049 2169 =+ 1.23 2133 £ 0.81
Fatty acid (area %)
12:0 035 £ 0.09 030 =+ 0.10 023 £ 0.00 0.19 + 0.09 0.05 + 0.05 009 =+ 0.01 0.08 =+ 0.01
14:0 132 £ 0.27a 645 + 0.05a 032 =+ 0.01Ib 028 + 0.04b 0.26 + 0.02b 024 £ 0.00b 023 £ 0.00b
16:0 043 + 0.05 038 =+ 0.10 040 =+ 0.06 034 =+ 0.03 036 =+ 0.02 030 =+ 0.01 032 =+ 0.00
16:1 6.61 + 0.67 7.67 =  0.09 6.55 + 0.63 599 + 028 643 + 034 647 + 0.08 635 + 0.03
16:3n-6 260 =+ 045 306 £ 0.17 270 £ 024 247 £ 0.19 248 £+ 0.06 223 £ 0.05 228 + 0.01
18:0 336 £ 022 325 + 0.05 312 + 0.16 320 = 0.14 334 + 0.05 349 £ 0.02 356 = 0.02
18:01 31.87 + 1.46ab 29.77 £+ 0.80a 3625 +  2.13ab 3642 + 2.66ab 31.18 + 047a 3945 + 0.85b 34.68 + 0.22ab
18:2n-6 406 =+ 0.15ab 3.84 + 0.04a 420 £ 0.05ab 420 £ 0.09ab 4.03 =+ 0.08ab 433 =+ 0.02b 416 £ 0.05ab
18:3n-3 1899 + 049 1763 £+ 0.18 17.06 + 0.02 1685 =+ 1.05 16.44 + 0.58 1641 £ 043 1721 £ 0.33
18:4n-3 394 + 0.07a 387 + 0.14a 359 £ 0.02a 348 + 0.55a 342 + 0.05a 284 £ 0.09a 299 =+ 0.08a
20:01 0.44 <+ 0.07ab 037 =+ 0.00a 038 =+ 0.06a 0.52 + 0.09ab 0.61 =+ 0.08ab 0.70 + 0.0lab 072 £ 0.01b
20:4n-6 089 =+ 0.12ab 095 =+ 0.02ab 077 £+ 0.09a 089 =+ 0.02ab 1.06 + 0.0lab 099 =+ 0.00ab 123 £ 0.02b
20:3n-3 0.12 + 0.03 009 =+ 001 0.10 =+ 0.02 0.12 + 0.00 0.14 + 0.01 0.14 £ 0.00 0.15 + 0.01
20:4n-3 023 <+ 0.05a 0.18 = 0.0la 020 =+ 0.03a 027 + 0.0lab 038 + 0.01b 023 £ 0.0lab 026 =+ 0.0lab
20:5n-3 293 + 0.35a 334 +  0.20ab 248 £ 025 413 £ 0.05b 690 + 0.38c 301 =+ 0.0lab 3.61 + 0.04b
22:6n-3 - - - 051 + 0.10a 1.45 + 0.13ab 1.66 += 0.27b 424 £ 0.48¢
X saturated 546 + 0.19a 1038 + 0.10a 407 £ 0.10b 401 £ 0.03b 401 £ 0.06b 413 £ 0.04b 419 + 0.01b
> monoene 3891 + 0.87a 3782 £+ 0.72a 4318 £ 1.57ab 4294 + 2.48ab 3822 + 0.20a 46.62 =+ 0.76b 41775 £ 0.20a
X n-3 HUFA 328 + 043a 3.61 + 0.2lab 278 £ 0.30a 503 + 0.16bc 8.86 + 0.50d 504 + 0.27bc 825 + 0.50d
X n-6 754 + 0.17 785 = 0.15 767 £+ 0.10 756 = 0.07 758 + 0.03 755 + 0.08 768 + 0.02
~n-3 2621 + 0.85abc 25.1 £  0.54abc 2343 £+ 0.26a 2536 + 1.44abc 2872 £ 0.12bc 2429 £ 0.24a 2844 £ 0.09c
DHA / EPA - - - 0.12 + 0.02a 021 =+ 0.0la 055 £ 0.09a 1.17 £+ 0.12b

Values are the mean + standard error of the mean. Significant differences were found between the treatment groups with different letters in the same row (P<0.05). See Table 1 for treatment groups and Artemia

enrichment conditions
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Table 3 Mean survival rates of horsehair crab Erimacrus isenbeckii larvae reared to each larval stage in two 2-1 beakers (50 per beaker) in
the treatment groups

Treatment Mean survival rate (%) to each stage
group 72? 73? 74° 75% MGP C1°¢
T1 96.0 (0.0) 96.0 (0.0) 96.0 (0.0) 94.0 (2.0) 83.0 (3.0) 67.0 (3.0)
T2 97.0 (1.0) 96.0 (2.0) 96.0 (2.0) 94.0 (2.0) 87.0 (3.0) 71.0 (1.0)
T3 100.0 (0.0) 100.0 (0.0) 100.0 (0.0) 99.0 (1.0) 80.0 (14.0) 49.0 (9.0)
T4 99.0 (1.0) 97.0 (1.0) 97.0 (1.0) 96.0 (0.0) 82.0 (4.0) 73.0 (7.0)
T5 99.0 (1.0) 97.0 (3.0) 96.0 (2.0) 96.0 (2.0) 83.0 (3.0) 75.0 (1.0)
T6 97.0 (1.0) 97.0 (1.0) 96.0 (2.0) 95.0 (1.0) 77.0 (3.0) 68.0 (2.0)
T7 98.0 (0.0) 98.0 (0.0) 97.0 (1.0) 97.0 (1.0) 79.0 (5.0) 66.0 (6.0)

Values in parentheses are standard error of the mean. No significant difference was found among the rearing groups (P > 0.05)
# Second to fifth zoea

® Megalopa
¢ First-stage crab
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Table 4 Mean number of days taken from hatching to reach each larval stage in horsehair crab Erimacrus isenbeckii larvae reared in two 2-1 beakers (50 per beaker) in treatment groups

Mean number of days to reach each stage

Treatment

group z2* z3* z4* 75 MG® Cl°
Mean cve Mean Ccv Mean (0\% Mean Cv Mean Ccv Mean Ccv
T1 5.5(0.0)a 9.0 (0.1) 10.0 (0.0) 0.7 (0.7) 147(0.1)  3.7(0.2) 20.4 (0.1)ab 3.7(0.1) 28.0 (0.3)ab 2.8(0.2) 52.5 (0.1)ab 7.3(1.1)
T2 5.5(0.1)ab 9.1 (0.0) 10.0 (0.0) 0.7 (0.7) 14.9(0.0)  3.3(0.1) 20.5 (0.1)ab 3.0(0.2) 28.3(0.0)a 2.8(0.2) 52.5 (0.6)ab 5.2(1.3)
T3 5.2(0.1)ab 8.1(0.4) 10.1 (0.0)  2.2(0.2) 149(0.1)  3.3(0.1) 20.6 (0.1)a 3.9(0.4) 28.2(0.0)a 3.0(0.1) 54.2 (0.4)a 7.3 (0.6)
T4 5.3 (0.1)ab 8.1 (1.0) 10.1(0.1)  1.6(1.6) 14.8(0.1)  4.2(0.3) 20.6 (0.1)ab 4.0 (0.6) 28.3(0.2)a 3.3(0.2) 52.5(0.2)ab 4.0(0.1)
T5 5.1 (0.0)b 6.4 (1.0) 10.0 (0.0)  3.4(0.3) 145(0.2) 43(1.2) 20.1 (0.0)b 4.5 (0.6) 27.4 (0.0)b 3.2(0.3) 50.7 (0.6)b 4.0 (0.6)
T6 5.2(0.1)b 6.9 (0.9) 10.1(0.0)  2.1(0.7) 15.1(0.0)  3.9(0.0) 20.8(0.1)a 3.9(0.5) 28.4 (0.0)a 3.1(0.2) 52.2(0.2)ab 3.6 (0.4)
T7 5.3 (0.1)ab 8.2(0.8) 10.1(0.1)  1.8(1.8) 15.0(0.1)  5.0(0.2) 20.8 (0.1)ab 4.3(0.5) 28.3(0.2)a 3.3(0.3) 52.6 (0.3)ab 4.3(0.4)

Mean values were calculated using the mean number of days taken from hatching to reach each larval stage in both beaker 1 and beaker 2 (n=2). Different letters in the same column indicate significant differences
between treatment groups (P < 0.05). Values in parentheses are standard errors of the mean

* Second to fifth zoea
® Megalopa
¢ First-stage crab

d Coefficients of variation (%)
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Table 5 Mean values of carapace length, lengths of several appendages as ratios of carapace length, and number of setae on the exopod of the second
maxilliped in horsehair crab Erimacrus isenbeckii larvae reared in the treatment groups (#=5)

Carapace Ratio to carapace length (%)

Treatment Number of
Stage aroup length setae
(mm) Exopod of 2nd maxilliped Chela Cheliped Third pleopod
Z1* - 1.32 (0.01) 43.8 (0.3) - - 2.2(0.1) 4.0 (0.0)
T1 1.62 (0.01) 40.9 (0.5) - - 6.4 (0.2) 12.0 (0.0)
T2 1.61 (0.02) 42.1 (0.4) - - 6.1 (0.1) 12.0 (0.0)
T3 1.61 (0.03) 40.5 (0.5) - - 6.2 (0.4) 12.2 (0.2)
z2* T4 1.60 (0.02) 41.8 (0.6) - - 6.4 (0.2) 12.4 (0.4)
TS 1.60 (0.03) 41.3 (0.8) - - 6.2 (0.3) 12.2 (0.2)
T6 1.60 (0.02) 41.3(0.5) - - 5.9(0.2) 12.2 (0.2)
T7 1.61 (0.03) 41.3(0.9) - - 6.3 (0.1) 12.4 (0.2)
T1 1.88 (0.01) 40.3 (0.5) - - 11.8 (0.3) 14.6 (0.5)
T2 1.85(0.01) 41.4 (0.6) - - 12.2 (0.2) 14.4 (0.2)
T3 1.87 (0.01) 40.7 (0.1) - - 12.0 (0.4) 15.0 (0.3)
z3° T4 1.83 (0.02) 42.1 (0.5) - - 11.8 (0.3) 15.2(0.5)
T5 1.82 (0.01) 41.7 (0.3) - - 11.4(0.5) 15.0 (0.0)
T6 1.85 (0.02) 41.1 (0.6) - - 12.8 (0.2) 15.0 (0.3)
T7 1.85(0.01) 40.9 (0.2) - - 12.0 (0.3) 15.0 (0.3)
T1 2.30 (0.02) 37.7(0.4) 22.1(0.1) 27.4(0.2) 21.3(0.5) 18.4 (0.2)
74"
T2 2.23(0.02) 38.6 (0.1) 22.1(0.5) 28.1(0.3) 22.2(0.4) 18.2 (0.4)
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T3 2.27(0.02) 38.4(0.7) 22.6 (0.5) 27.4(0.7) 23.0(0.7) 18.6 (0.4)

T4 2.29 (0.05) 38.3 (0.6) 21.8(0.7)  26.8(0.6) 21.7(0.7) 18.2 (0.3)

TS 2.25(0.01) 38.0 (0.4) 224(0.5)  27.6(0.5) 21.2 (0.4) 18.8 (0.3)

T6 2.30 (0.04) 38.1(0.5) 22.0(0.5)  27.1(0.5) 22.4(0.7) 19.0 (0.4)

T7 2.29 (0.02) 38.7(0.6) 22.0(0.3)  27.4(0.2) 20.8 (0.5) 19.0 (0.3)

T1 2.72 (0.03) 35.5(0.6) 277(13)  349(1.1) 29.5 (0.6) 21.4 (0.4)

T2 2.71 (0.04) 37.7(0.5) 278(0.3)  35.9(0.4) 31.2(0.7) 20.6 (0.5)

T3 2.64 (0.04) 37.3(0.5) 29.6 (0.6)  37.2(0.9) 30.7 (0.7) 20.8 (0.7)
Z5° T4 2.66 (0.02) 37.4 (0.6) 272(0.7)  34.7(0.8) 30.5 (0.9) 21.2(0.5)

TS 2.61 (0.05) 37.0 (0.8) 26.9(0.6)  35.0(0.6) 30.5 (0.7) 21.4 (0.4)

T6 2.72 (0.03) 35.7(0.3) 272(0.5)  34.3(0.6) 29.0 (0.9) 21.6 (0.2)

T7 2.69 (0.05) 36.6 (0.8) 26.5(0.9)  34.7(L.1) 30.1 (0.5) 21.6 (0.2)

Tl 3.91 (0.04) - - - - -

T2 3.91(0.07) - - - - -

T3 3.86 (0.04) = = = = =
MGP T4 3.94 (0.03) = = = = =

TS 3.79 (0.07) - - - - -

T6 3.82 (0.07) - - - - -

T7 3.92 (0.06) - - - - -

The number of samples was five for each group. Values in parentheses are standard error of the mean. No significant difference was found among the
treatment groups (P > 0.05)

2 First to fifth zoea
® Megalopa
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Figure 1 Number of each larval stage of horsehair crab Erimacrus isenbeckii reared
in two 2-1 beakers for each treatment group, each of which initially contained 50

larvae. Z1-Z5 first to fifth zoea, MG megalopa, C! first-stage crab.
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Figure 2 Mean survival rates from the fifth zoeal stage to the megalopal stage (a)
and from the megalopal stage to the first crab stage (b) of horsehair crab Erimacrus
isenbeckii reared in two 2-1 beakers for each treatment group (n = 2). Vertical bars

indicate the standard error of the mean. Significant differences were found between

treatment groups with different letters (P < 0.05).

186



4=

187



AWFETIE, TPEOKE FEERRBFBRATOLIA B =% %t
R, NLAPELEEEZHWCHEBMAHEST M S LT, ANLEME
WOBRIZEY AT, A= EIZo50TIE, BEOSMENAEEZZERNOK
B0 0BT CBREIN A ML T DML LT, MREOERY) A X LB
ARREDOBMRICOVWTHAEL (F2EIBLO2H), £/, 1 B DH4E
B TIE, 748 Y —<HAENKMEICLEE L TR T 5 B8 0 6 F B & L
FEITLERELoTWD, 22T, 740 Y —~HEORBIRS LR EHE )
EERABRTLORMEE LT, SMELOAERERIETOT v Y —<EL AL,
ENRMEDORHRRICHS ZbEaMAE L7 (B3EIH), ry =250 TiE, Hmk
PERINN OBTICE T D10 O R 2R & LT, ShA D@ EREE S, T
b bLREEE, MEKR, FEHY, WOICHEREMEZH S ST HF
EEBICE D A (53 3 2-5 1),

IR, RFRETHRONTREOME L LT, FEOH I LIZENEN T
LIEMFZRICONWTER L, 4% OEE BRI DWW TR,

BROBE

F2EHE1H AEIEICETS2G0 A AN RBITBESLIUVERIIREITEE
AT IR DMBEDIRY A XHRERITEI R L OPEINIC R IF T RE IO

TN, RV A Xzl bR, F, DO3EBEICHREL, &2 TOMAED

B CHERE 1 EET S DONT ZKMICIUE L, RIMRT A T 2 v THEE O B
TEZBR L, WINLESEIE, RIS LOZKEReM T, TO/RRER,

FABATENC 1T 4 DDA F — 3R S, HMEHED RS A X2 X - TE OBE N

AL L, BEDARY A XN S 72 513 EAZBIFRITE <, ZZHEREEITHI L 7=,
188



TN BT ME DR Y 4 AR KR EVIEEWIN L2, ZRRIIERS A X2k 2 P8
BT lehole, £, HEMMFEN SSmm L TFTOREE T U > 7 LoD
FEPRVMEM Z R~ L7722 &b, NBTEBEICAF THD EEX BT,
F2EF 28 AEIEOHBEIEICHITSKIERNODFM

BT IR T DR A ARNEFHRENICH 2 DR BICOVWTHAE L, K,
i, INOFRYS A XORE 1 RIZx LT, (KA XERix oM 10 BEIRARETE
L, MEORINR, EIIEBLOZBERICOVWTHAE L, TOME, Mok
WEZRRIL, ORI A XORELZ T ERRALMNCRY, NIORET
I ZE B DO BABRATENC L > TEIRR 2R T Lc, £72, —HAKRT L7 %hHnEE
XEFEHIMPICIEEE L2V ERHA LN o7z,

BIEFIH ALIET QYV—IHEOREICHESEXEOEL

A EOMEAEIZBNT, 7ou Y —<HEOKMEE~DOLRE - HEIC
LD CEBSHMEZRETEME LT, HED (0-310 umol m2s7!) &k
Fhll (400660 nm) (ZHAED KK D ENMEDOELZ R T, ARG
BECIHEOENMEEZ, B ARETITAOENEEZ R L, £, EOoENXEE
BT 5 EIXHM S AL TIE 400-620 nm TIADN- 7273, FHILLFE 21X 500 nm
R OBEFEMCEA LT, M T, VI#ShAIL 420-620 nm O LW E TH
DEXMZ RT ORERNTH - 7=,
BI3RE 2 TA-HEOER - RERUVBHICRIETZLTI7HERE
DEE

TOT T OREEEE (0, 0.25, 0.5, 1, 2, 48K /mL) N7 T =hAEDE
7%, BEHASHKT2ETORERR, REBIOCEHEICRTTHELTHA
oo EERBIOAT OB EL, 2-4 @& / mL A 0-0.5 fE{& / mL %t L
AEICEL, FHYE COFMERHIL 2-4 88 / mL 2% 0.25-1 {8{£ / mL %f L
AREIZEP- T, £z, SBHEITREEEL XOCHBHOETICE b2 THEM

189



L, 2fE & /mL U ECaBET MM ERLE, LEDORERNL, TALTITO
WIEAAETEE T2 A / mLEETHDL EEZ LN,
EIFFEIH THHEDER RESLVELGICRIETKEOEZE

—HAEOHEERBARKIRZHAONCT2EMNT, SMedh4Ex 2L E—0—
[ZIZ L, Kl 6-21°C (3°Cl#IfRE) THEIHE L7z, AR IT 6-15°CTHREZ =L,
21°CTIXE 3D H 4T T T, 18 CTIX AT B N ~OEREMNSE 1
HEH =2 CREICHFEL 72, Bl £ TORE AT 15°CE TKRIRD L5
ZELRWEA L, BN = F TOFTE A O LEMEHEIT 15°CLL E TR E
Moz, Fio, R RITAKEMEWDIZ ERE <, BEEEKIX 9-15°CTE 0o 7z,
b Z Edb, jiEfEKIRIE9-12°C &b fm T 72,
BIFEEIH TH-HEOER RESLUVEHICRETESIOEE

=HAEOEBIZE LEESZHONCT 52 EMT, SMEAEEZE S 10—
45psu CHIHE L=, AEFEEIT30-35psu THEIMEAZ AL, 10psu I KV 15, 45psu
TIHFEIBLOC4ETEBEL, 20 psu T AV O R~DOEREI CREITHFEL
Too BMHEIE COFTEHEIL 25psu THR/NEZ R LT, 81 lnHET = F Copr
2 H B O EHRENL 25 psu TEIN o 7o, MR 40 psu T/ E L, BEEIT
25-35 psu CEnolz, LEDOREREND, @IEH /71X 30-35 psu &b imfh i) 7=,
EIRESH THA-HYEDERBLURETICRET n-3nETRNBHED
o

WA E, KREOREBRMA (EiERl, Fr /ey v X, F LA U,

& IRIE O BPA 3B X UVDHA) Tk L7727 V7 I 7 8k E LTHIF LT,
BT, KA XB LB RBIEHKIZIE, RERICID2ABEZEITRD bR
5775, DHA THlAL L7-ETEFC A B SOE AN E L, 55 UL O &
FCOFTEHA KX DHA # & &R E EPA Tilfb L7k < e o7z, LI E

190



OGRS, RO A ETIEL, Z O&EIRE EPA MAGETE D 5 15 Fe ki ik & <
RS2 LD T T I T OREBIENLANTH D &RimA T 72,

SBEORBELERA

A BT EICE T 2B B DORMBAMBAR TIE, MEHEDERY A XN BRI RRIC
B2 22 BIZOWTHLZL, MRRE (FHE 60mm LA T) ITBEIHIZAHNTD
L, BRXORMOMEMKL L L TEIMBENINS D EEZ 2 bhvic, AR THE
i L7 BEHHAROMEICB T ORETIX, ME1IRTS>OTHLWITH 1 E

It L THEIO B L L7c7e®, BIBRERICE W THITHEM TH > 72, EROHE
BGIZB WL, FHTEMZIEBOLNTWLIHANRZN &b, FhERM
ICZE L TCREOSCEEHED 2O, HHEOEM ToMEEH 5L
REBRANTOIMLEND D, BIEDO L 25, FMEISICE O TIE, ATk
BINT-MEREZ, EARICHE 1 1 2 OFISG CTARMEICFESE CTHEEHET S
FEPHOLN TWD MO A BT, K CHEZEREAE LS A,
[FMER L ORI OFWRREAEL TR, REOBENAEIZEIHEICKII L TV
% HE B2 A S TV D (MacDiarmid, 1989; Kittaka & MacDiarmid, 1994;
MacDiarmid & Butler, 1999; Vijayakumaran et al., 2005; Magallén-Gayén et al., 2011),
L2L, A B EOEHEEF F TORMBITENCOWTIEARHTH D, fil 213K
NORBOMEL R UNEHEICEEG L TWiWnWEo, K4 XIchkd 5%
NIAELTWDHAREER D D, LER->T, 4%I1%, RoNME ThRmMIC
SMENEEG LTI, EHET TR D E RO A A Z B S

T 2RERDH Y, ZODITITEREGE T30 Tl kED BRI T8 %51
N O WTHET HDLENDH D,

AT BT OMEEERMEREICENTIE, 7orY—~SECBITD

SEN B ELHTE TORRERAE ) LD AL 2 f ~ TG R, A DA
191



TR RN EBEBIOERIZK LT, kRt TEIET D L2 BN
L7z A BT EDOHERTE T, 740 Y —<SAENRKE L TR ERm~TLRE-
ML L, TORE, WEETHIC X2 RSO BESCHEMRRF NI A L CERK
FERE T T HMEN AL TS (Murakami et al., 2007, # F, 2011), Z DIk
e - WHEBLG 2B Z &%, SIAEMEBENOR LICHIT-HERBREL 2> T
BY, KFETHLNCLEEENREERATL2Z2LI2L-T, MEKEHNOL)
EOITE A S L, EFilE - WSS TEETEHEZHE, AkELrm bEsE 50
RN D EEX NI, BRMZRGESE LT, Bl 2 KO BRI 6 5t
REEELY, TAPOEEREREORZBF T2 Ik T, ShELRESE
HIEWARMNL LAY, £, 5%, EROMERBR CLEL KRN T
AR = PEDEREFETICRETREF IOV THRATOILERDH D, —
T, ARETHONC R 7 0 —<hEOEREOELORI & LT
X, WEZEERICMA SN TWRWRARBIKIZE T L7 1Y —<HhEDOHH
EIEER~OWE, T 72bbHEMEEHCREA V=2 (M6, 2010;
Miyake et al., 2015) OfEREIZWIT T, EERMA L L it - HECTE 5 7]
REMENH D,

AT =R DR AR E BB R TIX, R AR E BT B O 72 00 O FERERY 72
MR E LT, WEDHEERERMTHL T VT I THREEEE, KR, Hy, 7
WNT I T OREBBHLIZONWT, TNEFREERSFELZH LN L, —KIZ
A =FAD RN 2 o AEPEBR I W TR, LIE LIFFREEEIC L 5
BREOEADHKEZZAONDIREFLTNEELTBY, BELEE~OLT
Lo T\WD (IS, 2006 ; #Elky, 2015), xf LT, /IWRERREHWIZfHE T
X, BmASAEERE U CHE K e IR 2 5 2, 6 2B REZ MR L,
MEN = F CHBBEWEREGEDL Z LN TH D Z &6 (I, 2001, 2015;
Hamasaki, 2003 ; /&5, 2009), 7 =FHOGNAEFEERBRIZI W T, FEMAREMHE

192



REEZVBEETIGEIIIEEITHNRTETHDL L F XD, RIFERICENT
b, IUIREERWIEEERREZERLUZD, FH=4EITBNTH D/
Bawmw W E HIEL, ABOILRIETHIEOURICA THL LEX
bILD, o, KA THE O EARMEFRESRMIL, 3 CIi2iils (2014a,
2014b) I X o FEEAERRICTICH I 225 Y, & HITAKRITHE T £ ERIN
FAFA~EISHL, =0 N TEBMBIFROMENIZER Y MHATHWIBRERD D,
UbED X512, AR TIE, KELEHEQRBABZBETOHLA LT T
=D NTEEAN, T720bBEMI L OFE EERIr OfELIZmi T, K
MWCTEERMALEZGD Z LN TE I, HF, 1960 FRD2 5 A6 FE o 7o T i it F
(L TFRET HHFHEITERMEZ DX, ZOFEL L TOLEESREELS
B L7 BFEOKL YV IARENFEm SN T D (&K, 2015 ; dLH, 2016), =D
T, N LB B o0 78 53, #IHEECRRELBICHIT 54
RO B L OMDHEOREEEE I CEHNOREZ AT TS ZEDRREESINT
W5 (g, 2015 ; )i, 2014 ; JbH, 2016), 7K pE 8 2 HE O & P58 & 0 5
bC, PRI DD TE N LB ORBEIX, 4% b0 ERAIK
ThV, mxZOEIEEPHL TN bDEEZILND, RIFFETH LT
Rl LT, MPMs GO+ WP B N BT B3 2 B8 B % 2
SHICERT LI ENEIFFIND,

PRl TE =2, 2001, FEE AEPED O AT F BN A D RBEER—FTHF IFHIZ OV T.
WES R EHIN R R FZE, KGR — AT A MME XIV—RAITENAE D%
FYR LR O g MmA, pp. 1-21. B ARIERERS, H.

Hamasaki, K. 2003. Effects of temperature on the egg incubation period, survival and

193



developmental period of larvae of the mud crab Scylla serrata (Forskal) (Brachyura:
Portunidae) reared in the laboratory. Aquaculture, 219: 561-572.

ERFE=E. 2015 BEANEOEHEERNORELEREBE~DIEAICEYT
SR, BARKEFREE, 81:393-39.

RS =g, habez, PRORIEHE, HAE. 2006, U = O AEDAN 0 K
BIET LT OPER. HAKETFRGE, 72:263-266.

il g5 2014, 7 =0 N TEHIZE 2 ERERITTE. L0, F e
MR RS, O

il 5, A REAN, REE=, A LB, ERESE. 2014a. 7 4 =T A pE
(BT DNBRE NN AEDILRE L BT ITTE. KEMI, 62: 65-73.

Il 5, IR, IEIRTEsE, B S, 2014b. SE L7 T =40 EN
PE, SRIEL AT, (R LAVERTERE DR B IS K O &AMk, HAKEFRREE, 80: 349
359.

AL HHME —. 2016. T & i OB R & B AL M~ ORE. HAKEFRGE, 82:241-
250.

Kittaka, J. & MacDiarmid, A.B. 1994. Breeding. In: Spiny lobster management (B.F.
Phillips, J.S. Cobb & J. Kittaka, eds.), pp. 384—401. Blackwell, Oxford.

N, B M, EIBTESE. 2009, XU H=AEOAFE LR - REIC

NN

FIET n-3 EERETAEIEE OB, HAKEFESEE, 75:1004-1010.

AS

MacDiarmid, A.B. 1989. Size at onset of maturity and size-dependent reproductive
output of female and male spiny lobsters Jasus edwardsii (Hutton) (Decapoda,
Palinuridae) in northern New Zealand. Journal of Experimental Marine Biology and
Ecology, 127: 229-243.

MacDiarmid, A.B. & Butler, M.J. IV. 1999. Sperm economy and limitation in spiny

lobsters. Behavioral Ecology and Sociobiology, 46: 14-24.
194



Magallon-Gayon, E., Briones-Fourzan, P. & Lozano-Alvarez, E. 2011. Does size
always matter? Mate choice and sperm allocation in Panulirus guttatus, a highly
sedentary, habitat-specialist spiny lobster. Behaviour, 148: 1333-1358.

Miyake, Y., Kimura, S., Itoh, S., Chow, S., Murakami, K., Katayama, S., Takeshige, A.
& Nakata, H. 2015. Roles of vertical behavior in the open-ocean migration of
teleplanic larvae: a modeling approach to the larval transport of Japanese spiny
lobster. Marine Ecology Progress Serie, 539: 93—109.

M EER. 2011, A B2 EORRREE L EEHEIFOM LICET 20758, s
ALam 3, HWOREE RS, BT,

Murakami, K., Jinbo, T. & Hamasaki, K. 2007. Aspects of the technology of
phyllosoma rearing and metamorphosis from phyllosoma to puerulus in the Japanese
spiny lobster reared in the laboratory. Bulletin of Fisheries Research Agency, 20:
59-67.

A AR, AROKGER], TEANOBE, O RS, BEEfET. 20100 KRT 4w Y —=
OFFWMEL NERRERMEOMIA. BEMOKESBRMHOKESRTSH#ET R
Y FFFERCR YU — X 48010 - KON & v oo Fl i AR RE Bl o B
J&1, pp.47-55. FRMOKPEL BMOKEBINSEFE R, WAt

Vijayakumaran, M., Senthil Murugan, T., Remany, M. C., Mary Leema, T., Dilip Kumar,
J., Santhankumar, J., Venkatesan, R. & Ravindran, M. 2005. Captive breeding of the
spiny lobster, Panulirus homarus. New Zealand Journal of Marine and Freshwater

Research, 39: 325-334.

195



wEF

RiwCix, FHEDBAEAN AR REG SR R FEYS (BUE 5B %
WENOKPERRTE - BB BAE - AL XOK ERFSEITR )T H) 3B X ORI AT BUk
NKFERRETIE v 2 — ROt Ok o & — (BLE SLHF 0B 38 15 A K ZE A
I - B - BT EFETE) CTEMLEMEORREZED D
DTT, ZOWREZEDDHITHTEY, FLRMLEMDLHITHY, ZOKE
%52 THWEREZE Cb 5 WAUFE KT ORG-S Z0Z 120X, Kasu) T
B IS L IKEEBDE L, TJCEROEEERLET, £, B L
LT, WRWERFEDORA MRS AT AT 77 A NRER, H2EKIEH
B, MEHBRHEIRICIIARR2IWE 2B 2 SITEHBHLET,

I =W IR e LR EEEY (SR T, SEEROEMENS BE
EBICBNTHLITHEEZHL E LA LE K, AR EREB L O RELHTE
TARIICO LT H2UROBE R L ORNE DO 2, FT-, KEBENIEE
F— IR X — O FIBERE RPN R T — L D F 2, BR UYL
MEERFOMERRFAETH Il KE LTI R0 ZH e ZREL
B0 E L, 7z, WAIHET = OMRIZIE, YREOHI HRERFMAGOKE
DI L 38 Ko - HABOLK, 2 L CYRFOR T EEERRMEOBE D
eI, ZREL2IRNDEZHEE L, ZZIXEHROEEZERLE T,

AT O E FEh L -MPORERERE S — (M) TIX, 7onr Y
—~HAEL W) EE S A REERPF IR LT, fEERO LD B
BN THHF I TIHRE L TREZHY £ LA EEME L, 2L T
FOERKADLCICMESR K2 I L LT I2UHOME S X OROKE D
Uik, BEERHERFZOZLAETR > - HA KK, AR REK, JISGHEK,
TP HI, PFEHEFR, L RO VR FHEZRIZIEIZ R ZWH

196



NETREEZWHY £ L, Bl ORI, HEoFEiRERFES MG E
XATORBE O S %2 B X ORE N TROA &= Il RIS, £K25
IRMWZTHEE L, ZZCEBHOEZRLET, £, AFRO—MIZ, 2
MAKEHM BB D ORFAEEIT T B LA v O R A4 PE T O B %
I CEBIECHEELLE, 2R LTEHOEZERLET,

Fo, EME IZBWTAMXZODIZHTED, ¥EB L FHimTIRE
ZTEW B A B S HEE R &, W TERIRHER R, 1L © - X B pEbT
e A —R, P AMEEER 7 LV—TERL VTR V—TORE D )«
WEBRIRELZEDD IO, AR RS R EELHWET)I At H &
gL, IWAEDSE LR CICHAR HELZICO & 5 HmARENEE
BtREDO 2, Z L TCXUEBEHRED ZH N EZTHAWTEHFEAFREZIZICLD ETD
EMEITEOMEBL LOENBE DO H 212X, 2R THAHEZRIEEZIHY
Fll, ZZXRHOEZRLET,

BT, EFFITHENEFAO T ROFEEIZR D F L2, L T
SNTEFBRIZLP B LT,

197



