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Abstract

The spawning area of Japanese eels (Anguilla japonica) has been found to be west of the Marianas, close to the North Equatorial
Current. After 5 to 8 years growing at sea off eastern and northeastern Asia, adult eels migrate thousands of kilometers to their
spawning area.

This study was carried out to obtain evidence for the hypothesis that Japanese eels are sensitive to magnetic fields and that they can
use the geomagnetic field as a cue for long distance migration to the spawning area. Magnetosensitivity of the Japanese eel was
determined by conditioning and electrocardiography. Marine eels, river eels, farmed eels and glass eels showed typical conditioned
cardiac responses to the artificial magnetic fields, indicating that these Japanese eels may also be highly magnetosensitive and
probably acquire geomagnetic information early in life. Japanese eels made anosmic by injection of boiling petroleum jelly into their
nares lost the magnetosensitivity, suggesting that they have a magnetosensitive organ in or around the nares. Yellow eels conditioned
to choose a north shelter in an indoor testing tank placed under geomagnetic field. The conditioned eels were shifted their preference
to north-east shelter or showed shelter choice in random directions when the geomagnetic field was shifted easterly by the application
of an artificial magnetic field. Glass eels released in a testing tank preferred to escape in the north-east direction under the
geomagnetic field, and showed random orientation when the direction of the geomagnetic field was artificially shifted. These results
indicate that the Japanese eel is able to orient itself by means of geomagnetic cues. From these results, it can be hypothesized that
silver-phase adult eels find their way back to their oceanic spawning ground by reversing the geomagnetic direction that had been
detected and ‘memorized’ during their glass eel phase, when migrating from the open ocean towards the continental shelf and coastal

waters.
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1. ARDEEELEH

HUFF R FF) O EERISFELHDL
1960 4F1Z13#7 2,865 t Td o 7243, 2000 4FIZ13HI 765 t &
TSI LTV,

HARIZ BT %7 FF Anguilla japonica DFEFHE LI FE
RICEAIZIE D72, URFZEE 15 cm B E OS2
ELUTEMZETo e T AT T FNEENITHEIN
R &L THWS A -0, RIEFRBINS TH
LEEbND (FrhREAKRIEAW DY, hitp://www.
orange.ne.jp/~ulotto/unagi.htm) , 5l 2E PE &1L 1960 £ D
6,152 t 7% 1990 41213 38,865 t 12 F TIZ 72> TIEFITH
7o UL LUERIE. AL 2000 F13 24,118t LT
2002 4E1T1E. 21,112 t &£ 1990 4E D 54% £ THEBIAALT
W5 (RBMKEAREHERES, 2002 ;2004) ., AL HE
BOWDOREIE. I AT FFOHEREORDNKE
WweEEbhtnwsg (&, 2000), HFEOT T ATFF
DEROIMNII—0O v /)N T FF 4. anguilla T AV
NI FF A rostrata |2 HIET 2B Td 5 (Dekker, 2003 ;
Casselman, 2003), 7 7 D7 FF TIEZDIHEK DO
EDE L TEMMREBETEEEDEDNEDNTNS
(Tseng et al., 2003) .

K40 ITOZ> TUF T HRBEET OERDIZDIZ,
I AT FFONTHE EEOTEDITHN TN S, K
TV > TRERGIILE > & —BIAFUNII R T
WDHTL T AT FFDONLEFEICHRS L TEY FF DB
M THE Lz (BHEEHRS, 2005). £20EEE
FEETH LN, ORI > T FFOYMEES
IZBIT 5 AW FR R A R OBRNSIEICED Z &R
IND, IHIT. HIFTEHEBEDOAKEDE MM E LT
ERSNAD, BIERAEICE > TYFFOEINGIEE
INDHIZED (Tsukamoto, 1992; Kimura et al., 1994;
Tsukamoto, 2006), 7 F DAERERFTLAHT L WERREIC A
SlENWAS,

I AT FFORERDWAINT FFERDHEANT X
550 THNR, WEREFRERNBLESLRD, BFE
HICIIRBEOAERZND ZENARARTHD, IFF
JEREOAEIEROMMD DD K E/REIL, UVFFE
FHEOWBHEICB T B EED AN Z AL EMHHTHZET
Hd, TOMIATY FFEAIEOEERIPMICERT 5 &
EZOND, AR, U FIIHIRRERZEFH0IC
U CREINRENEZTT D EWSEEKH O S &I, UFFN

WHAEREEH DI EE, BRI /NAI X o TEMMN
WHETHDHZEEZHSNILEHDTH S,

1-2. O F F DBl R D HERR

FOEGEDHFEICT L A B OFARNI D AR S 7z
DIF 1950 AN 5 1960 FEARUTNIFTTH > 72 (Jones,
1959; Stasko, 1971), T3 FE TOMMEEE DHFFEIT I
T ERIITON TV, TOREHIZ, fET—513
RO - BEILDD, BESHEONHEZRLTNDS
EOHHIR, WIS EERARICHESNS &
IS MEMND > 7= (Leggett, 1977), 7 FFDEGEICDNT
b, MENRFEENE IXSMETHESINS Y I AY
FFEHETFF (FOUFFEFL) Tholkizd, 4
PERLE O FEIC BB T — TR 5N Tz, LaL,
WA/ T BENZEZ H E Lz - TR O
ENE NN T, U FOYIER & BB EE
KOWTOAIERNEHREELS<EEINTE 2,

U FFOFHEITEABMOEERTL T v T 7 IV A &
IFEN5, TNETOENGFAETHESNZIRTOL
Th Ty ZAOREREEERT—5 . BIOVEEH
BROMKE LD, UFFOEINGIT~<Y 7 b ol
K200 AL DHEICH D 3 DDMEILTH S S EHES
7= (Tsukamoto et al., 2003), T35 3 DDOUELIMNE F
NAHFE<Y Y FHEEIL. HROKLIDNEIICE < #g 5
EEWEBEILIRTH S, TR (1996) 1T (TFFnsL
BN S /NERWERICE S T K95 &3 UL O
IIROEREE LTS NDOHREZREZTHDOEEZ SN
5, EZOWHEIZIZ, TR - TG SCET DR
WERECTWL RN D 2, T FFITIIWEER D H
5ENDONTNEDOT, WHEOMKEEEZEDICH T
LulfetEbd D, LRI E L TS, 51T,
L7 b7y VAOEADH il S b H Z2H#E L7z
IC &0, UFFOERNNZ4 ANS 11 A (E—21F
7H) T. L2BHHOHIZFEL T—FIEWNTS 2 &
EH S MZ 785 72 (Tsukamoto, 1990), & 512 Tsukamoto
(2006) 1ZPEING A< ) 7 FEEEVE IR S 1FIFE 2R A
> MTREE LTz,

TFFOL T M7 v )L AR E RIS TS THE S
WCERL. 740U EWTRBICEO#Z T ELRN
AL T T AIZ 5 (Kimura, 2003), A5 (1959)
W ra—oy N FFiRIEEBEH P HE TEET 0,
AR FFRLTIRETITON, EREREEZDO D DN
Mg 5] ikl =0, WERECLZ Y FFoL 7
YT 7IVA LT T ADREMDHITEBMAN TOLEE R
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LT3 (Tsukamoto and Umezawa,1990 ; Tsukamoto et
al., 2003), HiERFNE P KO HAFNEICZ > TIHICHN
HEMZBDL L 723 2 A E. 8, JiffEs. B&
OHADMENEBHT 5, ZOEFD S OBER & [m 5
BENI AT FFORIVTHEEZEZASNTNDS (K
A, 1996; Otake, 2003) .

— MR, UFFOEERIIUTOLS ICHFESN TN
Be I AFMNNZAS T, REICRAZRZILESET
r70a&iRD, IHIEHEYFFEALREL, BRYFFE
M5 ETlREL. B L CEWNEZ iEL THMEE
FESRENES 5, LAl FEEIZEYFFITE, 2oL
TSR 22X S OLSMT, EERIEORRD 2 D04
ENEIES 2. RITRIEL 728810, )12 89
Il THEET 24AEER, BEY, BEEKOMZEH
ADURMERRET 2 EERTH D (Tsukamoto and Arai,
2001; Jessop et al., 2002; Tzeng et al., 2000; Tzeng et al.,
2002), TDZ EF. TFF (A japonica) IS D 2 FE (4.
anguilla, A. rostrala) \ZDWTHHE L T 5, Tsukamoto
et al(1998) 12 D55 2F/BHDEIEHMD V)V —T N, b
SES, EAREICEML TWD EHIIL T,

70 NI NGEA B2 S EFEAETEICBRITT 5T, 7«
DIEDEDFEE L TREEIE 206 % (Chiba er al., 2002) .
COERZ ORI (P ERE) 1C3Es CREEE
T2EAPVARINVEZDRUWNE L. TNDRHENDIY
bzl ., 1 FE A EDMEADIEC/2% (Chiba ef al., 2002).
ZO&IIEEFAEOEERKTI -0y XY FFTHH
5N TW5 (Laffaille ef al., 2005), 3 FifFP HARF
MO T L7 FFHADPEINGICE LRI 2O D
AREMENEZEZ SN TS, A (1972) ITXBD L, TD
=D&, WIS MR L ZHAIRE RN 2K
IR W R, WITREDR EFIR LU CHE S AN EhE
LEVSRHTH D, MOFEKIT, BEzfHLAT
TR T, BWloh e Bt ELUzd &, HRE 145°
fHEZME N 5/NEFMERICEDIZ, U7 T
FHDEIFNEDLENSI D TH D (FA, 1996). L
ML, NS DRFORFEITEZ TN TWRN,

1-3. R DER L ZEE)

HERIIWR TEDNTB O, KEENSHER EDEY
BEEo TS, K<HBENTWS KD ITHEKMEE TIE
BONMITIFIFILEET. BAONBIIMOKED S
MBI N5, Tiabb. HERIZARMEIEIZ B CIEAYS Ml
FANMIZ/Z > TWDd, BAERRKIE, WH TS vy
—%EC. 77 —5IC&> TIREINZ., #iEkos/E &

RUIEZ RN ET D) KBTDHRHMILDEHEZD
RS 1 T BHEGHIC &K > THIERI R ICHEN 2 BHRTH
LEINTWEN (HEk 1974), MR OKERY (1
i) DT S G Y 1 RIS S DT RI)VF—
HAFHHEZ 5N TS (Yamazaki and Oda, 2002)

WA D MG D BFZE T RS S A 21T k% el
EBRETOY A FEER, 20 3XLIEa—%F
P al—ra ik B MBERDIEE &L DR DU
FERRITD I L <. N5 OMEIEH Glatzmaier  and
Olsen(2005) IZ &> THMEHEIN TS, IR &
A3 DRSNS BREN DX, 37 - > MUVEROH
WROBENHNHRTH DI ETHD, IHIT, 1F&
A EDREHIIMER T OFFEERD 5 HTILHERITAS T
WB, —E O TIZFNNHIT D> T B W B
INEBAFAEL . K 20 R O I B WL BE D B
SHEICAB L., ISITHUWEREKRNFEEL TS,
a7 - X2 MIVERD ZOBHRIIMERK O IEEZ S
O TREREENND D, BHIROHBLKIRE 750 138
Y OBSEK I DT RRITIZUFE S & BN S5 70Y, LA
D BHE 72N O AR FE a5 3 > )X X B I i
@< I3 AN,

HWHRELKOBRIIEIT (7AF) ENWSWHREEDHAT
HEHTHN, LI NZDTL TD10° THBnT (F-
JTFAT) THHDHT, i Whm> G (H7R) 2
FANWBND Z ENBH DM (50,000 nT =0.5 G). [FEFSEAL
RTETZEZHEHAL TV S,

1nT=10"T=10° Wb/m*> =107 G

LSRR S EMEEZH DN MUETHD, ZD
M) AR E TIIFIFAL A & TRFEISGE WD, EfEE T
MBI 785, TD=OAKFERMI L TIREET
W<, BRETHEH A>TV, MIREKOEBITIZAD
BEMNMEDND « 2F7 (R ). dLmE ks, HEm
ERSr. FIRIERS. KERRS . RA (Ebh 5 Hibn
ZOME), KA KFEENS FHEOME), —HIC3
RKIENY MV ELIR T 55E132m7. KA. RAD 3
BERMEODN TS, £ D58 S 132 T 23,000 —
61,000 nT < 5WT I E T < SfEE TR,
H 2 J8 30 D 4 /1 D8 X 13 45,000-50,000 nT. KERR
DER X1 20,000-35,000 nT TRMAIZILIE E R E S FEIT 5-
10/ 0 . SRIE AR5 D3R X 13 35,000-40,000 nT THRAI
40-60°TH 5.

UFFNENET Y Y SR AINS T 0 UE
W2 U TREMNRN S H AT T OMRER D KR
TR 125° #ROALHE 20° T 36,100nT L% 30° T 33,250 nT,
—AEMDZEALIE-10 ~ 20 nT, {RAIZ0~5° WHETD
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% (ENLRKXXH, 2005),

MR HIER D N KB 7 AT OTEENIC L > TE
95, KEBEESNERNOBSETIX. —RIC. FFA
TF=IVE1THASEH, ZFRIFEEIRE/RHDT 100 —
500 nTREETH B, T/, 19954E 10 A K4 S E R 8
LNz BV 2 KR O 22 LRI iR K T 200 nT %
ATz (R4t 2002),

MRV ELL LI ENZ BB H D, 5TH
K2R EBL B A TR @ g & R i 2 > & —
BRHC & D &, BEHE R - THET 23— 0w /NAD
HAZHND XD TUBOHARDT—4 2 HTH,
HIMI00ELS S5NT14° B LTZ, WEDDEODRF
I3 E T THERITIR S TWAH 200 FELL EFTIEHERIC
5o Tz, K FNRTFIETHANERIT. B
7,600 JI DRI 171 WO AWK fE (HIERD N fR & S #
EOANED) DU, ‘EmbBHLWKERIEK 70 5 Fai
THolEHHETNTND, HIREEIIIKERSD 72T T
SENERD HAERIET D, BIEICB 2 EHLRER
2t D BN BN 2 L P RS AE12 3B3 W THIE L 721
T, 2001 4B 5 2003 4E D 2 4B 5 O Mg AL 7] & Bl
13 +5 nTry. HREIEERS -5 nTly. $HE FIME ks +28
nTly DAFELELERTEN Mo 72 (B, IEEF. 2005),
Thbb, M SNTWZEIER OF E13.
HIRE SR TE R 5> DIEINICIK 2 H D TH %,

U FIEAFIIN 1 EER O D iAARINCEED 1 >
RERI 7HAHICEBEL., TR ERTZEZEZS
7= (Aoyama et al., 2001), FIHREHE 2,000 741
EDMMEEIET > EHELFR CME THEIRD RN - 72
WIS 5 EE N, BKREN, ZOREHICIZEGZDDH
0. Minegishi et al. (2005) 3V FFREOEFIZT 7V
AEETEHEWNERELTWS, YFFHOHPTHD
&L RIS PEING & B DRI & A E Y R BTY
Wi <L ANEEIT PEDRIE 2 DRI | AR & AMEERE LR
MENTH LW EM > TS (Inoue et al. 2004),
T F N U 7RI S TR ns, i Ok 4E
AEh & Bl OB OBEE B AT OMEBENDEEES
A5HE, UFENRHRLRI D NADH D WISz D
ELTHEN S IR IS S TUREAICEE SN
ZHDTH2EEFERIT Y,

1-4. @ HR E R
BHE DM SHIE T, FER DR —IVRZFRIH L

TWRZHETD [TATA—=F ], FE IR RE K
BOWERICE>TLEbDZEZ2AMLE [T7O bk o #h

g1 FUTHEa A VIcd 2 01 a1 )V DE 50
[QOEEBEZTHIEEFHL THAZNETS (75
w7 AT — NG NEH) (o9 0F A—=%) b T
W5, 70 BIGHIRAOERS 2EEL RO 5N
LR DM E TN SN, ZAUTRHLT T Iy T A
=R T 0 S IR R TREERS 2 DR D
RIZTTRMEERDZ ZENTES, BlEtoH
EHIPIL, T AT A= PHERRKRO®RE, 7Tv T A
F— MIgGHENE 7O N DB EHIMAEEETTH
LM, HREDENWT AT A—413 150-7,500 nT OHipH F
THETESLD T, MIEOMBEETL IV DOREIZH
FIHTE %,

TAT A= 1 R—IZNR LT ERMELI RO —FET,
BRPBLOWRBEDOREI EZNS DRTAEIIKE
LT, BRANT MV EHREENT MLIZL>TDL5
NDEHOERAMICBEBRNRET 2R TH S, T4
FA—FITEE, R ELIPFERICEROF M EEE
FINTHER 2 A T Z O&E G &S O 5 1 T 7275 [
DOBIEEF—IVEEH E L THET S (Fig. 1-1).

70 b UG 0 s S oME R BT EEA
HBZIEALEZBDTHD, YOk OKFEDRTE)
WBAE > ZERF>TB0., AE > OISR NTE 4
LT3, AEBOBENZNEZRENET > ¥ Az iR
BHNWTWDD, SN SMERMER T2 E852E 1T
ZONBRKREREAFMICMEEZZAZALDET D, &
ZL. iz DAL NINEBHREK DS M ZEHLITAE D
FI0 EEALT BGKAD B S ITHF L 72 E i chiRT 5,
INZEIT—ETHRAEE (HNTHS TSI DL
ICRONDHHEES) (O~ OAHFT 0ES) EFEE) &
I S0 U AR D S s & 8> T 5 & Bk i3I E
%, EERICIIIEME DR BITKERF &S AT mE
Wk 272 LA O FE B R—F RO E R 2
BN NOAYNVEIOA N EEN - B EFN, B
BIRICKDMEZET 5, TH O 70 b 3 ERER) 2
TOMIEERICES TS, TOX ERIEERZ D DT
O IVICHFERBEZEZFRLT 20T, ZNaBEiEL TH
WA & —TeHAT %, g, F1k. B3 EIC
75 (Fig. 1-2),

75w A5 — NG ZOWNEo& B,
EBRRGIEM R THISRZa 7T, — KRR Tk AL
MEPNIZHDTH D, — KA IIIRRETRT Z &I
Lo TaA7 &ML, AEOERMAICEI->TEL S 2
KB D H T ETRDZAL S BT % 3RD B DS — i) J5
Thbs,

Bk Siz, WIResBig 2 A U7 RIER TR
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DR MV ZEBZINEREE THET 5 2 LMNalRETH
%, —F. BEHBLE I DR ADERIEI 7251 SO
SBHER T, MRABILIZED R 735 1 D DORERPEHS
IR RICBESNDHEMANEZ SN TSN, £
FIEIN TR, S TIIBE T > /N AR 2
B2 &Moo TLSk, Y7351 hanIizni
L[IADNNAPIRBEIN TS (Nemec et al., 2005), Ak
WEERHINDLAFT T NI DA, AUTL Y
>y UF LR EDREBRITN, EREOIRIINF—%
WX U CIASEEE L. o A oSl s it 5 2 &
BHEZDE, RITRIARENIRVEKRAI S /NAD
AIREMEII A E TE R,

Fig. 1-1. Principle of magnetic field detection by Hall effect.
I, electric current; ¥, induced voltage; H, magnetic field.

]/ Geomagnetic field
Frequency counter
: Amplifier

oo

Power for excitation

Fig. 1-2. Principle of proton magnetometer.
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$28 AHOBSRBREESEAETIVNRICETSE
FmR

% < DEMNKE A Ik OB T - BEIREfTVL. OB
@y - AR D D WIE AR TREE R TR TSI
ENAND, BE - BIROBEIL, Alerstam er al. (2003)
IZEBE mAFERBENE ONooranNs 7y ogy
Sterna paradiasaea) @ 19,000 km THIER D& I1Z J X,
FIETII Y 0~ &0 Thunnus thynnus 0 12,000 km TH %,
INSOEWNED X S IRREIERITK > THA EALE
DERZEHE DN E < D SEFNEEOHRITE> TE
Jeo Flz. IRETIIIMRE S NS BENS BBE - [
i DBREIC DO W T OHIANKE L XN TS (Groombridge
etal,2004), I EAEZEHD IRTARY MLOLTH
LSRN 5O NOIUIHE D HERZ VT Tl < pLiE
BRE/GDIENTED, FOTr, I YNFREIIK
WIZA 2N ADE ST/ b > TWT, MiEkig&R %
BAILFAZHNDEND ZEITHINSEEZEZ SN TV,
INETEENMCOATRUABREDRE. SYNFheE
ORH, H2ravuAdeyIAREDOWARE. BX
O 2 R RIT BT S N THIRSUIE Ik 2%
B - BRICDONTE S DHIENESNT NS, T TR
FICABEOBMEIRE EEMITONTINETHESNTWY
DHRADOHEZ & D E LD,

2-1. HAEAORREHES I /NRE

ERTEA D FE R OB S TSN 1971 i a—x)b
KD William T. Keeton 23T o ZAZEHMBIT LD THDH
MEE | OIFFETH S, Keetonld, KEYE. HELIE.
Z LTSI AR S WSR3z D SICERIChZ
DEBRZITOT2. NFOWR T 2 /S AFN 1 L LS
A SIRIB I NN S BE S N T 7= D13, IO EER
TN MO ZEET DI EICX > TRESMZLED
GTENTERNSTEMSETH S, Keeton (1974a) D
KB >N A KD EMZRE L ZEBR T, WAzl
BN MNIBRTIRELSRBETZN2KTIIRES
MIWNIED T EAVURS Nz ZDIED FHIANZEIN * U 7=
K[QDMEICEL>TRASD I EE. NMOWRI /SRR
ITHE DR MIVPFIHEINTWDE I EERT, ZDHE
BIC k> THID THRE D > /S A K D IR BITE &~ 34
WNESNT=DTH D,

ZDORBHOMENFHERNICEIAINL S E LS >»
JE. B Z A Cryprochiton stelleri D i O Hi I FE K
INZEYHKDOT 73251 T (Lowenstam,1962) T
Holz. S 5HIT 1975 41T Blakemore (1975) 73¥EEDIE
NEWEEOEMEME R AL IzEbR T 5N5, £
D, 1979 FITWEZONI TU TS THEEBAG] N
BOonolz, N7 TU 7 HOEREAIIMN LT T35
A bhiF (8L (Fes0,) ZIEIFBNEOMEZ D> T
W5) PEAHEERIKICESIL TTETNWT (InEY
7%~V — /A magnetsome EWVND), DA DTZDIC
IR > TS D TH 5., B OHSIREZIFE Z
OFDO/NT TV T IIHERIE K DR AT K > TR IZEN
NBHEMAITIR > TWND, ZDLD BRHREICRT 2 E
P& EmMEE NS,

ZOHDOWR T ZOAEBREAIINT TV T DAHIRST,
NEREDS, T OEBICHEETH2HNON > TE
7=,

2-2. RERIBICH T 2 EBHADHERE

BHETERBAPRNICAE DN > ZDIRFNSY
Thunnus albacares T. EALIZEEEDfHiH TH 5 (Walker,
1984), TO#H M~ DA THF XS54, Hanson and
Westerberg (1987) 13 Fit® 7 fli &2 X TWITNTHEEER
KHARBODOEREZMHMAL TWVWDS  HERHOD
Gnathonemus petersi, 3 —T v )N™7 FF Anguilla anguilla,
KVGHEZ S > Clupea harrengus, - Cyprinus carpio.
FAVTFRID Zoarces viviparus, KIGEEDH)N Scomber scombrus.
IN—=FFBLD Perca fluviatilis % &H\FTn5, HBREIZHBITF
LW TIE, ALREFEEEMET 273U YRS A
Pseudopentaceros wheeleri TIZERH & MHFRIC UMK - 12,
1993), A7V 55 DR EMHRIC UK - Ei%. 1993),
WHEAEIEH OB 7 (XZH Onchorynchus nerka,
B O. keta, F 27 O. kisutch, 7157 W< A O. gorbuscha,
XA AT O. tshawytscha, AF—Ib Ny R (FEgRl—
R A) O. mykiss. %3 a X Salvelinus malma malma) .
F4 J 5w 5 Pleurogrammus monopterygius., X173
Sardinops melanostictus. X7 3 Trachurus japonicus, -
7 F Carassius auratus TOIEF EMFRIC (TN HHIE.
1992), 7~ 3 O. masou macrostomus THEEPIZ (A, 1991)
ICRDM > TS, DI TIEY A 2 4 A Chelonia
mydas THAGFREAREIC (EA. 1991). RN O
I XFF RY Puffinus griseus E LY NYU N Lunda cirrata

* AP F 2 IREBITMA S N2 BIECBFRZEINEE (impressed voltage) . FIINFER (impressed current) &V D, ZIUTTR S WA

Tl ALK ZES A% I EZHM (impress) EWD 2 EITT %,
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TIFEEERIC (BH. 1991) BDOMoTWws,
FHEOAERBEAOH E LT, XY OFTEEE %
FIZADD o &R R & 2 5 5l % 4
RGA OFE T EFUHME T E % Fig. 2-1 TR L7z,
ZDOEDIT, INETHARSNZMIED L T THEER
ANEDMMo TS, ZNSIIEEEL R WAESEE
NTHO, \EESIGEDLD AHE - RICERKGZD
DEITH 5,

2-3. (TEIRERICK BT EE DELEA

WSR3 > N A X B EMIFITEERR TREH s i n
13725780, TOHIEZ. ATHRKEHML T, 50
DITENELE A2 HD T, TEERRHNL. ZDOEY
FATHSZEC, TNITRINMTEIZ L22 &12/20,
BRERZDDENZ D, KITRTLDIT, TNETHA
ITEERMTON TN S,

B O.keta % > 721783257 1E Quinn and Groot (1983)
MR TH%, SMMEEOHBA CEHFL 51 mm O fry)
O L IR G E AL 2 TR (AR . MY
A ZXDBIETEMALZ2 HE BE) . MHEAER
W2 (CHD) ZHWT, ANLBEZL 7zKil &
RN L 72 WK AE N © O G I 2 3R 7o, s Hh o
QUHRRE VS SR B PN TR PR 7 1) & B P 7 AT sk U 72 i
MaERLUZ. ZOHMITHEAORINBE AR &IFI1E 3K
T %, B ERITHAALERDPELAEZ TR THATHNA
< THRHTEANOEE RN >z, A LB X
> TR OBALIZ I (EEEHE D I12) 90 EZE 1
SN, B G R HE 0 1Tk 25 AL .
ZDOMHICK T B HER ORI TEmMh o -,

JEAIfl (1985) WEMEREREL > ¥ —IZBWT,
MK AN YA 13-16 B (&2EK 7.5cm) N
ANTHEKOHNINC K > TITEIR ED X DIk T 50 %
FARTzo KD FPFITIIAKEICE W za1 )V EEEL T
HBHDOT, NTHRKIIHEH AR S Nz, ZORER,
SIS A TREZRNT 2 Z &2k > T, KiENOH
FRA AR DKL P 2 TR VT 7

FRRESE IR DK T A2 FENT ISP H OGS TR A Z D
DEATYA (1FAL3FM) 2N, FEHHE AT
R, OKEHENZ 11G (110,000 nT) DRER) . HELA:H
HELTEREANWTEEMTZITo 72 (BB, 1996).,
WERFIAKEANTEMARLNH 2D T, dlfziiRd =
EIT & o THEAREEAY, SR EN N2V TEAM DR N
(BT N) IOz EE 45 2 Enfliffansg,
UL, Fllf#Z 600 mIGR U7z, BEadiE iR 13k 2 2

Bllzhholk, 2O EXD., AT BERIIRE
R ZFZT, BRERIIE <R S Nz EEESHA
G T TOBEEET 2 TREM 2B L /2.

BEA (1995) 1FALVE R Z (el ik o v O EH
WWEE LA E > THREKERE ZELL T, [
INBAET 2NENDOEREE 199449 Bicfro7, B L
B SEEB DRI ANEL & N7z B DN ) % [ 2 3UEH
R 2 INAZ Mo TWAAREEIVRE N5, IKOE -
WCEEFELZAAMIIC3 VU FULBMMNS 15512
LN KRS D RSN E NS OB D T, F
ARLNE TNV OH TR 6 H 7 X (600,000 nT), I
V5 2 em BENZALE T 2.8 17 A (280,000 nT) TH D,
KRB O 2W71130.5 77 X (50,000 nT) THo7=D
THT OWKRERZELTIC T TH D, ZOEBEEBE
WRIREG E 25 LY r 2 F 8K < 1 7 2 ffi-> TEF
L7zo TRUIMEA 78 NEEZ M 72 KBUR7ZEBRTH - 2
N, BEERIC A THES & N U 7= 8k & SEET AR D i
HEKATEI DB VIR 5 N> Fz,

Taylor (1986) 13~ A/ A Hifa, (CEIEEKE 29 mm) %
i > TATHEITHT 2 KINMTEHZFAX7z, %2H W
B ERKHIARBOMEWS DT, EBEOHETEHHIC[H
FTENM . FENEE ISR OB 0N S Thi.
BICZ O EPESE e, TORICTU—FTX
hT. MR EEMEDEBERNZ, 7 —FTHHES
FINDOENMNRD 5N, BKRDOAMEEZ D EEM AN
INED S T2 IS E T AL & B W TE O BRI T H
0. NLWES TS ZHEE LR TIEM AN S
CHFNZIRD Tz, Fie, WK DH MBI D B DEN
ZIIZ 1 — 3 HORLENMN S o 72. T DB & XA
DEMIL, BERUERIT K D EMITHEAM /R RA DE X
TN EE2RET 5,

Quinn (1980) &7 > b i & F IV big 1o 2
HONZY Mz Ak (76 x 76 cm) DHRIC
U, ZORIZmND HRZEFAR, EBRI RO
S OHNTHo /. MKRELEZDZDHIT112 cm AD
FRIOA)L (ElEAMOMKRZEDLS %) Z%EEL, HiEk
WREDERNRY N2 KFEEDI1290° Z{hEE/-,
Z DGR, BRI TRAGER U =S I~ 0
FAmME KUz, WKAMEEZ D ERENEEM M
INEAL U Tz, BRNGIKAE 28 > 72356 O HEL M
27z,

Quinn and Brannon (1982) 13754 O/NE A THHH =
NN ORI EE R EORXZ YA Hf (smolt) 2
o TR CEMNITENZ AR, T DOIKAEZ 215cm M D5
a4 OHFIZAN, WK ZEKKEIEIDIZ90° 2
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B2 (NWAFEME), 22N RZ DIRETIE, HEREA
EANTHATRMER L 72 m OS5I 5
FhrE—H Uiz, KEICEWENWEZT S &, HERKK T
SEEER G R Gl S B A E A B HN) &
AU, ALK TR L 0 56° KREHA D I221L
L7z,
PDEoXsiz, 7Y —FF A MTRRZY 7 HifldHE
BRIz & F U AMICEM L. ZDOEMATIFAT
WROEHMTEI L 2. —FH, RS TORBERTH S
b AR 2Dk % - BRI E R Tl BRUERIC
KB RHIERIEE SNz, Ueda er al. (1998) 13, ALifE
HEOTF T, EENTZHAAEIR Lz AT Az,
REHERE I— MR DO ZIRICEN L5 HEE.
FF UL - #% (NdFe) Wi & BEEBICH RS L THEKUE
REILUZEE NS 2HOUEZ U=8E, A EFE
DEHY) 7B LUEREL. INSZEENZEM
M5 < BENTZ IO P S HR U CRE £ N2 B (el
L=z, —HMoMICIIFRERZ2EE L T
B L 7z, B - BT BRI & OB IR
HRTI19/43, HHY > VHEEMT 1545, §HMATSL20
&, IEFADMAG 820 EAEAIALNBN Tz, Ez.
BIERR TR A AR EHWY > 7 EERITBOR S
SIZITEBMICEENZEGICRED .. AE2EELLEE
Hf L5 L WE BAIEZEENZSINCRENLN S 72,
McCleave and Power (1978) {37 AU AT FFD T X
MERDANTHEROBS EAHMELZ T, T AMMAAS
MEIS ZETHRNICEL 2B ERICHEEZ T 5D
ENEFN, WROTHRS &2 BRREO NAE 052G (52,00
nT). FTOWHRAO LME 052 G, 1FF0 G (<002 G
(2,000 nT)). BIUEE FMIXIZ2.00 G (200,000 nT) D
430 T, 2T AR DGR FE & VKIREE 2 50
7=, ALK OEZEIIRD SNRhoTz, TOERKIX
B EALALZERD L TB., HEOREITIIBEY
EBROEREMHITFEMICFR I N TV BN, BKERS
BOFELWERIZENTWARW, =720, H52MF1F0
G & U722,000 nT I3 FIEA M RERERADRE Th 5.
Souza et al. (1988) 127 AU AT +F (CEHEE33.8
cm) &> THIEE O ENM S NN THKDEITE
DEDITEDDIN TN, HEIINED 8 HICK TS5
N7z 8 AARME & H W, ORI T ER N E DK
PDIZABZNEBR LD T, I)VEMEILARICE
INNT= DTN LEESKITFEALKRE L RNCETIE 11, s
(0.5 G, 50,000 nT) 2%&(LE 31T 1.0 G (100,000 nT). X
HEINT-05 G&-1.0 G, HDWITHIERES & AN TS
EHRSINTO GOFHTERZIT>z. REZM-

T 1,620 [ L 72 kR Tl myloa > ~ao—Jb (0.5
G) THLEA, 1.0 G TIEA, -05G &-1.0 G THEAD
femtEE R L7z, 0 G TIAEADIFmEEZRLIZNED
RUIDIZHASBEN GG, oL DK2- 4
%<, UFFRIEILLEZLD THhHoTz., £z, mED
a2 ha—)LTiAEE S dEA DRt EZ R LUz, I
TRV S N 2 & DEEIE CTh 5 &ML
LTwWwas,

YT OES KIEGET DO THRSE D > /N A & OBtk THE
hEHZNTNBATH DN, ¥/ OETHERENT
FHEBRICK > THARSNZDIEFNY (EARAE DD,
b)) ME—DEITH D, Walker (1984) 1ZFNTHEFA (B
X 40-50 cm) ZHEE 6 m OMJEKREHNT 60 x 30 cm D
Pra< <HE2ICHEmIBL. NLREKZEL /=R
5252 TZO¥ETHZRILL TATRIDOE
TR E B 2 Hie U7z, JKAESEEEICIE No. 18AWG
A2 100 BIEEWTH D, HEIT K > TKMERETIL 50
© T (50,000 nT). /KHEEHFHTIZ10 £ T (10,000 nT) @
HEMEANE Tz, PR, FHLZRBOF
NG BN TRER 2 FIIN U 7= IRE I P 2 5 S % B
MWAERBIZHEMU 7z, 72720, ALK D5 N HEREEA
EWDRFITIZFE DR S NN o Tee T DEEKERD
5 Walker |58 5 ST & 2 MM RREHIRE Z SE L,

BN ARG &2 f > THAZH S E WS BEE D >N
AMELEHT 21213, ZOHPRLEREZD S, KR
a4 & K & OMRREIE VRFE S . E OIRR BRI AR
OEFDTE. I SITEHYDOEN B S WILIENEE I UK
BEHNEDo TS I EZEHL TR S0, Th
SOETHMEHINZDIIZIY A 0. mykiss 7215 T,
NTHEK DI K> TEEAFETE EEE2RFDEMS
M) MBS D&, MRS S (R EETHED I
HDHTE. BRUOHRERL &K & DORIREEAE 2 R
INTWD (Walker et al., 1997), LWL =P XA DA,
BREEMEEOEDLDIIELFEHEHANCNTEST, Lk
WU7LDITH T &b AT ZDENER EOEAKRTIE, %
EWO THERREEILT I &Ik THERAMZILT Z
LINTERMNSTZDOT, ADOBERT > /N AL DTN
HHHETH 5,
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Fig. 2-1. Transmission electronmicrograph showing a candidate for biomagnetic sense organ extracted
from the forehead of sockeye salmon. Three elliptical cells are encircled by numerous small
magnetic particles linking as chains in a semitransparent tube-like tissue. The minor and major

axes of the cells are about 0.65-0.75 um and 1.3-1.8 um, respectively. Scale bar, 0.5 u m.
(from Sakaki et al., 1990).
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E3E UFFOHK[RE

SR & A RO REREIENT. oo FFEO
JEFIZEZ OMFBICDLNDET, ELEHTHD, =
< A Oncorhynchus mykiss 1235 W TSI R % &AM
ISR EATBSOBMEFES N, YT 325 A MTHED
UM b OIS IS D T &R S
7= (Walker ef al., 1997; Diebel et al., 2000), ftifi. U7 O.
keta b E A A (NZHT 0. nerka DFEEHAE) DFNE
NI EFGRHICB T 27 L A MU FERICK - T,
EIFEFICES 2 THN DI L7220 2 EAR I N/ (Yano
et al., 1995; Ueda et al., 1998), BE 5 (1996) 13, HEik%
MR E U7 H R T AY A %2 N TSI ST
TERBRMNOZIENS, EATARIWSKERZ DN
BT 72, UL Uiy, BRa EHE I N DK
AN, BREAL 72RO OféfHED EEHEIC
HDHEMPI SIS N (Filift, 1991), o &
L0, WBERERIIREREDRIGRHAOAICEEL., BE
HINTKREHELRWE AT ZAIMEAER 2R ES T
WISWATREMEDYN D 2 (REF 5. 1996)

T AV NI FF Anguilla rostrata VI N TIEKN S AF
T E N7 o 7z (McCleave et al, 1971; Rominel and
McCleave, 1973), McCleave and Power (1978) I3, EE
WRZHFETEL7 U —FTT AU T FFOHEDK
EBEITTEIOME 2N, 4 DDRL DHMAIREIC
BIF27 AU FFOTEIEL S B>z, LnL,
Souza et al ,(1988) DHEETIX, 7 AU WU FFNEA
OIS E N TREEICB W TR D R Z R L 2,

B1ETHARZLDIZ, UFF A japonica, I—1
INTFF A anguilla = L CT AU o FFid2 2T,
B2 3 DDEIERFEEMN S5 S  (Tsukamoto and Arai,
2001; Jessop et al., 2002; Tzeng et al., 2000, 2002), [al3#9
LUFFROEEREEZ D &, EIRRERO Y FFI3
Wk &2 TEDNPOKEEMO D FFIIHRZRZTE
BWHREMEN S 5, AETIE. BENTHEL -V FF
&, BELZYFF. BRUT T AMO D F F ORI
ROGFHEEFNT 2 Z EZilHTz,

SLHMBETE

7 F F OMEIER OfMERE DBEREEMTiEICE- T
1oz,

ANLRERICEK MM T LI ngiEE Y FF & T AT+
FOLEMKIZIE, ALK X223 2<BD5

Nninole (Fig. 3-1). DEMZEEICL THRAEE D
BEEAZFARDITIT, KT NBETHD ZENTN5,

o F+

10 BOYEET FF (25 47.2-76.0cm) 13> Fi#FT
JEMAAIC K> T S Nz, EmEREmEr >y —
CHERESOARWETELRBHL TAFLE, IN5 %W
EUFFELE, NS offitkzE. BRON T ZKET
TEE MK Z A NT2-35 AR, A F L CEBRICH
L7ze TS OWEDY FFOMUIIIRAYIHO S D TH
S77. BIREBRONINNSE I ORENOHEKIE TRICK
STHEASNZARDJIEY T (2 53.0-60.60cm) 13,
BANO AT ZKET 3 MM, AAEEAE L TERERICHEL
2o INSZNFETFFELE, ZNSDJIFETFFIL
WA A IR R A E R & T o f2. S IROEI Y FF (&
£ 45.3-555 cm) OMERMIARZAT, EBRO 1 — 2 HATIC
FEIREIED#MBY, (FKEE) ME AT L.

2T AT TR ERE OEMEILIR T TH R AT
FIZL-oTHiEIN/Z 128 (2K 50— 60 mm) & AF
UTHERBRICH L, NS5O T AT FFITEHME N
AKIZ 1T HEBIE S B TWb DT, FEREKFKIERT
EERED A 5 AT 5 AL ERKEIE S B 25%ICE
BiEiToz. I AT FRIIMEEBZICBELANI &
NFRHHEOBTHSNTNDOT, HERERICIZFAEEL
VAT Eo W

BT TR B R PRI FE SR $HC e > THLD %

27,

REREE

EERIIEEREKEFTORREERE LTEBL
77 PVCHLOER/KE 20cmEE 105cm. &S 20cm,
BATE 20 cm) ZEFHET—TIEDVL AR (%id)
WICE &, PVCAKMINICY FFORNEE L TPVC /Y
147 ({EEEEROY A LIk D, EX46 cm XEE3.6
cm HHEWIE EZT46cm X HEES8ecmDELHM)) &
Bz (Fig.3-2), > T AT FFOEED PVC/SA I3,
RS A Zi2EhbETER08 cmy EI 10 em & L7z,
Z D PVC /KK ZHFEH AT TEWZD T, PVC /S
1 TN OB ERIIEEZ I Tz, EBRE DR
fER N\ DB 2 R T 5 72 D1 PVC 7K 2 I 3 T A
EBREIITOBR T TEBEHREL .

HEEUEARZ PVCIKEIZHI 5 972012, JIIEDY FF &
FEHE FFTIE RERHILA LiE L 72 IR E A L 7z,
HERE ™ F13HE KD SRR DNEIRZEE L T 2 R LA
R L BICERERB L. UFFOLHEISLER
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WX TERL., KBTI OHME GES L7 QRS
W ORFEIRE) e L ThHh SR L. IREETH S
WRE D L, Wk 5 BB KICE Uiz & EITRE S
SBHFENERLET, OHARRREIE 30 2 LINICZE L.

PVC KMEIZIZ. {H/k4s (CW-101; NGK, #AHR) %l
U 72 7KGE7K Z2 B A S Bz, EBRKEIL, #HYFF7T
1323.6 —29.0C . T ATFFTIE1921°CThHo7,

ATHESRDAERK
PVC /K DEIDIZ, BEE3ScmBE—BTT 70 4E
0.3 mm*$AFRD 74 EBRETY L /A R&EMES T, il
FFOENY L A ROFLITED LS Lz, HiRE
WaEY L /A RICiT ZEICE> T BURAHIINT %
ThKzlEo/e, 97306, A1y FNONIZR- 7
5. VL /A RNOBILIZHE EoREM<, BMRDF
Bl VLA BIZEWE/NS WA THER L 72, FI
INZHLR DRI IL, 0.05 A-0.76 A DERDEILIZE S
T£EDLD, B - UN=ILORXICK VEE L7~ (Jackson,
1999) :
B= 11y X I*12R°,

ZZT. BIIWAHREE (1), p \dBMERE4 X107 &
zed), NIIER (A, ridV L /A ROERTHD (m)
ZLTRIBAAMNNSIERETOREBTHS (M),
SO ROMERAR GUHERKETANET )
Tld. HUNEAS Z 192,473 nT N5 12,663 nT £ TE LS
B, ZOMEIE. Fox OFEBRE THIREKOKERS (F
—N— )\ R )G THIE ; GSM-19-MC; GEM
Systems Inc., Richmond Hill, Ontario, Canada) @ 5.92 f%7/»
50385 Tholz. VL /A RIIKEDOFED S HmEN
7 MVEL TSR ZEERL., kK OmMN S IEmEXRY
MVEGR SN, SRR S 80°-21° HiFT 5.
FL T, BEL80° HFDMET 187,298 nT . 21° HiF
DIAE T 34,661 nT 2725 (Fig. 3-3),

BWRAND D FFOEMEMF

V1A RORNCEMNOY > 5 TR 0FAEL
ToPE A AR, EIIA TRER 2 Sl & U T4
AT 21T o 72, PIYED BRI AR B R D 3EE T 7,300
Ix THholz. POEIZMITH L TENMTREIEDHILT
HDTENH SN TS (Kawamura ef al., 2002) ,
ST TIE Y FF 2 10 [ 192,473 nT O N TS
ICRE L. BHELE S %I 1 R T2 RT3
Bl5Z 72, ZORBMNTE 155D T > LB T 10
FE T, 10EZ 12y FELE, 11y FOEEMTT
WD -7z 1 I, HEEERS A TRSIC ST S

N=MEMETARDEMERIET A b Z2IT> 72, RIEFERE
FARNTIEDFF2 10 M 192,473 nT O A TSI R
T CELEREEZH W), SRR RERA
B OB/ LG (OHRBEOMY) L TRD S
N7z (Fig. 3-4) . FUEKIGOHAEEKEFICHET 572
I, TAMEIO 11 O (10 DR &7 A B
EHEO 4O G DO ZilikL 7=,

BB 72 S SN 192,473 nT TE S N2, fatfEik
INE SITHFHWEIIIRSIC OIS Z IR TN RS 729012,
FIInfES & 12,663 nT £ T 3 BEREICTHD TERMAAHT T A
N Z2fro 7z, m/NEUINRES 12,663 nT Tl BEREICH
5 — AL DKCEHIER D 038 (5 TH D . AR DT
frid21° #HETH 5.

U FLERDOREEBE

FAOLEMLETIE. HEMDORACHKDEEDZ
BEYRT S0, EMITOKOEITHASIND,
L LD FFOLEIEEWEE N2/ D0 T, Bz f
RICHI S S FITKRFICES Z &K > TLEXD RS
1% (Yamamori ef al., 1971), ZDWIFETIZ. T FF D0
NI FFNPVC /S TORNTBTHrIL L 72 iKRET
LRI Nz, L72No T D2 < H/NE D HL D
WL TUFFITIFEAEA L ADBWIREETLEK
NIz, B 15 mETF70> - I— b OHR.
B2 1mm) [ PVC /N T DG DI, Wi 5
D2ERKDE—FEIZRL D, £KT > 7 (Ab-601G.
Nihonkoden) ® 7' 00— 7128 L 7z, BRI H—< )L
7 LA L 3—4 (RTA-4100, Nihonkoden) Titk S 417z,
SHERIST A N TESLSNZT A RORTO 10 OO
e, TARRO3IDOLAMRE. HEtathO/z0IZ,
Kawamura et al. (1981) DR 2> THELEHIC I > T
ERMEL. &7 2 Mo fEZ T A SRiEE LR &
U7z BEICL D).

ERYEE NG = log,(1+7)
Z 2T, TIROaE () DEDETH 5.
M ROB DR S BT 5 72O I FICER S Nz 0
W EZER % 518 L 72 (Northmore and Yagar, 1974),
D=
(7 A MR — 7 A bEiESLEERE) T A
AT LA R bR

22T, TAMLTMBEORS KE/ME (T1, T2 X
T3 OWONN) ZRADIIEEROFHEICHH L,
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32.# R

HUFTFOLERI. 11y FOFKRBEMTT A NDK
12, RIS E R U7z (Fig 3-4), #atiicEy
B D 99% (FHEX [H 288 2 2 H B N THREAN DS,
TRbEXDEBVWLMAEZIIXZ D IAVLARED 10 B
DWPFETFF. 2RBONETFFZELTSREOEMHY F
FIZBWNWT10-40 AT 14ty ) BOEMKIS
T A N THER I N7z (Table 3-1), FEIBEFFELEZ
AN TR DREDIRS1L 12,663 nT TH o7z, 10 EDHE
ETFFOIED 4R #H1. #6. #9. #10) 1IN 1
v RO ITRICHEIC KT o Nz, 18 )
22ty MR, 48 (#4. #5. #7. #8) I3 kv hE

IZZLTLRE ) 4ty MRICEHEM T o N, &
TOL5ROEWEYFFE2REBDINEDTFFITHTNIC
tyb@%#ﬁﬁ%ﬁ%#ﬁm%%bko2%@@@W
FFTIE, BEEABHD artefact D 7= D 54 I iz 13 R B 1
ThHolz.

WEETFF (10 R8) ORRKOLHEEERIZ.1LNS
2,60 T. 2RBDJIPETFFTO100M5 1.47. 5 ROENH
UFFT016M05227 THo7= (Fig. 3-5) . HIMNBEED
BMAMNMECHBETHoTH, BAMARHERIIFEMRIC L
S TRELEMLZ (KOS &RV AFER
DOHHBIREUI F BEIC X > THREMIICHE B TN o).
EENIEINEG O S £ 5044 T DRIk F RS
(Wilcoxon-Mann-Whitney test, P>0.10) (Siegel and Castellan,
1988), 7= RNAEBREF O AEFEHIREDEARZEIZN - 72 &
Bbhbd, TN5OFMMERTIT. BT ERN
WRANDEBKIEDOME 2RI 6N LXK
9B, LizN->T, 22T WBEYFF. JIEY S
FBIORETFFTOMTORERKIEDBRE DLz L
VAV

ZOFERTY L /A RIKEDHERNY MV EFEEL
72D T, S SN T#REA DA kAT S 34,611
nT (MRS D 6% ¥EIN) . HIZKIE21° ME DRI Ml
12785, LMo T, 8 FFIKEMEED 21° K
REFAT DI EMTERENAZD (Fig. 3-3).

TIATFFEERIET A MZBNWT, REMIcHEE
BEMNKIETH 2 DHAMBOMED, 2BDO T AY
FETINS 4y N 0ENS 40 [E) DOFIHEZICEE
BH5IJ (Table 3-2). 12 BDN4JE (#6. #7, #8. #12)
TIX 1ty bOFIEIC. 48 (#1. #4. #9, #11) N2
v ORI, 3B (#2. #3. %)fi3tv%®
Akzic, T LUTLRE (#10) N4ty S DFl#EIC
#ﬁwﬂmmbto%#ﬁm%@tbtm¢*#ﬂﬁ®

FRE13 12,663 nT TH o770

Fig. 3-6 1ZR L7013 1w ks OFIE%IC A 72 4
HRIEERLIZS T AT FFOLER EREMO0.1 mV)
T, KRR ONTREKZEHML TS5 4H £ TICE
HEIBNRH 5N 5,

DR AR EIZ0.05 /05 1.88 T (Table 3-2), ¥
FETODMHRKELR (0.14 - 2.59) X DS NN
Iy (Mann-Whitney U-test, p<0.01), Z3UTHNNDH 5
I, MAMBOMEMEREERBTES FHRERE
fbtcho7z.

3-3. & £

Z Tl E Y i, MF%LT%%T%oT%
SJEBEREBDIE. 51T, TOMKUERIZEEIC

ZHNCHEAET D W5 Ltcﬁi##AIMm
WM SN 2 L IIMKZ BB OFMAERTI, #
K[ERBOGFERMITEEREINTVRN, AEDHE
BT, BIMRSICH T 2RO RESIE@L DD
FETHRARD, MRADOMS ERAOABEROMICE &
BHEBIREINAN- 72, BTH5L. UFF oMK
REIMEISE OB L NIV K DK< kRO
OHHL RN TRHIMLTENLEICREL BE5RNEE
A6N5,

AFFRICBNT, UFFIIEREICHB T S EAKEH
55D 0.38 FEITHI XY 9 % A E KD 12,663 nT 1T Kt
L7ze ZORRIZITFFDMO 2N E THIE S NizlaliE
AEDHBKITH L TEWREZR DI EERT, 3561
BA S MY FFIRIBEORE#RSK BT 572012 +5
RIEEERD, BEOEBRTIE. 50,000 nT KT 100,000
nT OEFGHESKNT AU H T FFIMHH S N7z (Souza et
al., 1988), L T, 125,000 nT (70,000 nT 755,000 nT
OHERIBEEITINA 51 T2) DERKIEIC L 2 EEOBKHN
ZUR A (Walker et al., 1997) IZffibii=, FNF~ O
(Thunnus albacares) 2%t LT 10 uT 25 50 uT DA —
TRERTEIESNE 5 30,000 nT 1236 L T3 7z (Walker, 1984),
HLINSDRICERNFELF Uk S OMEKN G2 51z
72513, UFFRBRICEM U nTREME T 5.

UFFIIRED EWHKREREZ S DDT, U FAE
Ptk £ TRIFAIBEIT 52000 & LTS & F)
HIHZEMNTELTHAD. UFFOMEIFFIITU Y
FHEBOEICMNET SR EBR TR D> TVS
(Tsukamoto, 1992; Tsukamoto, 2006), B X OILEE 7 >
7 DAKIK TR E L7z 5-8 4F4% (Tzeng et al., 2002), FRFAL
= FFE. IS TRTFOA— ML EBE)

T
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T %,

T AUATFFIE, vFFEMBAIC, RENET
BN TR & ISR DS R 77 & Wi iis & B 7o A TS
W2 U TERMEfH T En7edn - 7= (McCleave et al., 1971:
Rommel and McCleave, 1973), 7 AU I FF LT FF
D DOEMAFITBIT HBEAN D DENE, BT
EBHOLEFIECELDTHAD (T AV T FFOEN
VB N TIRNICHE A S 1172) . Souza et al. (1988) @
KEREBRTIE, T AU DT FFIIHNCHEENRE LT
WREITRE LTz, ZOERTIE, Y AU ATFFIZ
Hifif5, (50,000 nT) IZBWTILH AW, < LT -50,000
nT & -100,000 nT DBV TR H G AN EIRMEZR L
7o

HWRERImE SRS 25 DB MR TH 5,
ELEEMNE DT FFOENMICEETHDMHSMN TR,
LU, FaDMREAL 2 22 R 1R - CillEpk b, kil & o
R DM RN ZE R ICE RS LT 5D T, Ml
I Lo THRED HFRNE D EELRTHOITRD &5
ABND, MRBEDIWR I /INAEL THRET S5
. AETHES NKEHRED 21° HEANOBEITY F
FETNFETLHIENTEDLTHA D,

KA DHLITBNT, TENIER ORI ET 5,
ZU T, VUSRI IC/E 5 (Blaxter, 1988),
BEROEN > AT L OFELIN & [ElEh O X =< ZHEf
T/REINTWS (Quinn, 1980), Rommel and McCleave
(1972) 1%, 7 AU A0 FFNPK A THREL & $1E 7
0.167 X 10°pA ecm® ODEFRFEEZIBAT D I EEETL
oo COBBMBEEITIRFETHRICHET HEREETH
%, Fricke and Kaese (1995) 13572 2 /KBED AN 3 — 1O
NI FFORMEICBNTEBBENREMANZ AL E
LTHHNDZEEZRBLTWS, LENS T, BRI
Uz D FFEASRIIRENES, EMLOFHD &L THE
TR KB ORI ZE HFIHT B fEEND 5,

BILOWTEIE. T AU AT FFRNI -0y /N FF
OBENIBNT, BEUER X DD L ABEOEEMEZR
LTWb, a3 —oy N\ FENEE, WK%
HELTBREONWTNMNHEINZLESG, TTARY
—DEEANDIEAIT L o TR X /27— 713t
HEREO MO RERRE & & o T, ARAZEIRITED. lEkaH
. UGGl QWK &3R5 H\OB 8 2R
T EME I N T D (Tesch et al., 1991; Westin, 1990),
2. BMEETLANYERTIE BYFFHOT AU A
X O OB BN THEOEEEZR Lz, T
bbb, METFIFNMEEBITHWE - FERLZDIC
HUT, 72U >OEAFAICK > TERRE(LEINZY

FFIEK D E W OEKICHTE L 7z (Barbin et al., 1998).
INSOMZEIZBNT, #hTtY > (>150C) 254l
WCIEAT S END (Keefe, 1992) I—DTw /ST FFET7 A
U7 FFOEEG(LAEE D artefact NERRR YL Z
FlERUEEEND D, =P~ A EFEKRIC (Walker
et al., 1997), UFFEMAFENGITHK[UBRE ZR DS
W, R LLE SRR RS E RS R R (2
KD K ros V) ITHEEZE S A, TN T FFITH
MAEBATERLSTEHTHAD., SHEHEZHDHN
ros Vrlgid, MR & 1 > TalEEEE A > T
RAL T EFEORERIHIICHKIEEL Twd (Walker er
al., 1997) Z ORIWAREREE . SIROBICTIEF ITITN
bbb,
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Table 3-1. Conditioned response of the Japanese yellow eel Anguilla japonica, in terms of the heart interbeat interval and maximum deceleration
ratio, to test magnetic fields presented 1 min after 10-40 conditioning trials

Number of Magnitude of Pre-test beat Test beat:largest Highest
Test eel conditioning test magnetic field interbeat interval interbeat Cardiac

runs (nT) mean + 99% interval deceleration

confidence interval (s) ratio

(s)
Sea captured eel

#1 10 192473 1.39 £0.24 TI: 1.9 0.37

30 25325 1.42 £0.20 TI: 2.8 0.97

#2 20 192473 1.17 £ 0.15 Tl: 42 2.59

20 25325 1.18 £ 0.21 Tl: 2.4 1.03

#3 40 192473 1.56 £0.32 Tl: 22 0.41

40 25325 1.30 £ 0.22 T2: 1.9 0.46

#4 30 192473 1.15 £0.17 T2: 2.0 0.74

30 25325 2.28 £0.50 T2: 43 0.89

#5 30 192473 1.11 = 0.16 TI: 1.3 0.17

30 116496 1.13 £0.17 T2: 1.6 0.42

#6 10 192473 1.41 £0.21 T2: 2.0 0.42

20 48118 1.27 £0.34 T3: 2.0 0.57

#7 30 192473 1.03 £ 0.08 T2: 14 0.36

10 12663 1.28 £0.22 Tl: 3.6 1.81

#8 30 192473 1.14 £0.17 TI: 1.5 0.32

10 12663 1.08 £ 0.16 T2: 1.8 0.67

#9 10 192473 1.05 £ 0.10 T3: 1.2 0.14

10 12663 1.06 £ 0.12 T3: 1.6 0.51

#10 10 48118 1.29 £ 0.11 TI: 1.6 0.24

10 12663 229 £0.42 TI: 2.9 0.27

Riverine eel

#11 10 192473 228 £0.44 T3: 2.8 0.23

10 12663 226 £0.38 T2: 3.8 0.68

#14 20 192473 1.03 £0.18 TI: 1.2 0.17

10 12663 278 £ 0.41 T3: 3.5 0.26

Cultured eel

#15 10 192473 1.16 £ 0.15 TI: 14 0.21

20 12663 0.96 £ 0.12 T3: 1.3 0.35

#16 10 192473 091 £ 0.12 TI: 14 0.54

10 12663 1.09 £ 0.15 T3: 1.3 0.19

#17 10 192473 0.96 £ 0.17 T1: 3.1 2.23

10 12663 0.96 £ 0.15 TI: 14 0.46

#18 20 192473 1.22 £0.17 TI: 1.6 0.31

10 12663 1.12 £ 0.08 TI: 1.3 0.16

#19 10 192473 1.16 £ 0.11 Tl: 2.5 1.16

10 12663 1.25 £0.18 T2: 1.6 0.28

T1, T2, and T3 are the interbeat intervals of the first three heart beats during the conditioning test. The slowing down of the heart beat was
statistically significant at 1 % level. The uncertain results for two river eels are not included.
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Table 3-2. Conditioning tests and the conditioned response of glass eels, in terms of heart beat intervals, to imposed artificial magnetic fields in the

laboratory
Glass eel Magnitude of No. of Pre-test beat: Test beat : largest Highest
magnetic field conditioning log-transformed interbeat interval log-transformed interbeat cardiac deceleration

(nT) runs mean = 99% confidence interval (s) interval (s) ratio
192,473 20 0.2247 £ 0.0059 T1:0.2326
48,118 0.2283 £ 0.0029 T3:0.2349

#l 25,325 0.2283 £ 0.0044 T2:0.2326 0.05
12,663 0.2009 =* 0.0029 T2: 0.2068
192,473 30 0.2742 £ 0.0039 T2:0.2800
48,118 0.2694 £ 0.0054 T1:0.2759

w2 25,325 0.2500 £ 0.0057 T2:0.2580 013
12,663 0.2642 £ 0.0054 T1:0.2759
192,473 30 0.2582 £ 0.0059 T2:0.2676
48,118 0.2823 £ 0.0057 T1:0.2891

3 25,325 0.2824 £ 0.0062 T3:0.2891 0.08
12,663 0.2756 £ 0.0078 T2:0.2871
192,473 20 0.3153 £ 0.0058 T2:0.3265

#4 48,118 0.3174 £ 0.0050 T1:0.3237 o.11

12,663 0.2755 £ 0.0045 T3:0.2841 '

192,473 30 0.3250 £ 0.0065 T1:0.3374
48,118 0.2617 £ 0.0038 T2:0.2644

# 25,325 0.3075 £ 0.0084 T2:0.5341 0.05
12,663 0.2999 =+ 0.0059 T1:0.3125
192,473 10 0.2816 £ 0.0071 T1:0.2931
48,118 0.2838 £ 0.0122 T1:0.2980

#6 25,325 0.2876 £ 0.0047 T2:0.2951 1.63
12,663 0.3027 £ 0.0074 T1:0.3191
192,473 10 0.2841 £ 0.0065 T1:0.2990

#7 25,325 - — 0.07
12,663 0.2932 £ 0.0102 T1:0.3039
192,473 10 0.2648 £ 0.0071 T1:0.2780

#8 25,325 - - 0.07
12,663 0.2464 £ 0.0049 T1:0.2526
192,473 20 0.2742 £ 0.0116 T3:0.2901

#9 48,118 0.2665 £+ 0.0114 T1:0.2780 0.20
12,663 0.2640 £ 0.0091 T2:0.2901
192,473 40 0.2577 £ 0.0073 T2:0.2718
48,118 0.2623 £ 0.0103 T2:0.2749

#10 25325 0.3101 % 0.0117 T1:0.3256 021
12,663 0.2656 = 0.0101 T1:0.2770
192,473 20 0.3081 £ 0.0122 T1:0.3242
48,118 0.3173 £ 0.0257 T3:0.4699

#l 25325 0.3150 + 0.0243 T1:0.3445 088
12,663 0.2940 £ 0.0120 T2:0.3575
192,473 10 0.2606 £ 0.0053 T3:0.2697

#12 48,118 0.3857 £ 0.0185 T2:0.7097 188

12,663 0.3923 £ 0.0228 T1:0.4173 )

— precise interbeat intervals were not obtained due to contamination with electric noise in electrocardiographs.
Test beats are statistically significant at 0=0.01 for T1, 0=0.02 for T2 and 0=0.03 for T3.
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Fig. 3-1. Electrocardiograms recorded from unconditioned yellow eel (A) and glass eel (B-D). Arrow, onset of artificial magnetic field given for 2s;
horizontal bar, 1s. Note that there was no cardiac change in response to the magnetic field stimulation.
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Fig. 3-2. Experimental apparatus used for conditioning the japanese eel Anguilla japonica to artificial
magnetic fields.
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Fig. 3-3. The experimental apparatus produced a resultant magnetic field due to
the combination of the geomagnetic field and the imposed magnetic field.
The eel and the solenoid are placed in an west-east direction. When the
artificial magnetic field is varied to 12,663 nT, the intensity of the resultant
field becomes 34,611 nT redirected 21° easterly. The 80° redirection is
not shown in this figure.
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Fig. 3-4. Typical electrocardiograms showing the heart beat response of Japanese yellow eels
after a set of conditioning tests. Horizontal bars mark the magnetic field stimulus.
T1 to T3 are the test heart beats. Arrow, onset of artificial magnetic field,
horizontal bar, 1 s.
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Fig. 3-5. Relation between intensity of magnetic field imposed and maximum cardiac deceleration
of Japanese yellow eels. r, correlation coefficient; n number of conditioning tests in whic
significant cardiac deceleration was recorded.

Fig. 3-6. Typical electrocardiograms showing the conditioned response (slowing down
of the heart beat) of glass eels during tests following a set of conditioning runs.
Horizontal bars mark the magnetic field stimulus. T1, T2, and T3 are the heart
beats during the conditioning tests at (A) 192,473 nT and at (B) 12,663 nT.
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FA4E EMIRF(CNECLDHTBREWIBEOWR

BB EICRE Eik%:/Axamw@:/Az
ZHRHWTHITT 5 &3 (Keeton 1974a,b) . T Papi
admwanaim%%#ﬁ%%@otm&%ﬁik
REL 2, MEEHOBILO—DIF, MR LI X
NIENEDNRRERTERNETDH D, BB I OEHN

WCIEREAL T B72DICWANARAGIENMEH SN TE2
(M%J%@:?@b%ﬁ@ﬁ®@%‘ﬁ?%%E%C‘
BEANOF 2 —THA, B LEORFMRETH D, R
TN\ NI R UERETHZ Sl o 72
ZEDXD, MRS LA AR IS ORI AL 2
FHET 2RIER (side effect) D RIREME & Wy S BIEN T
I N7z (Able, 1996).

AR L7z & 512, BEEowEeEy N &G Rz T
BOIZUTHIET S 2 &A% (Quinn, 1980; 1Lt , 1991).,
7 AV N FF Anguilla rostrata (Souza et al., 1988) &
LT 2/ A (Lohmann and Lohmann, 1994) TigmEx
nTtnsd, LML, WEOWETIE, I—Oy /XU FF
A. anguilla (Tesch et al., 1991; Westin, 1990) =L T. 7 A
UA T+ F (Barbin, 1998) DEFIZHBNT, BEER
KOO LUARTOEEMEINRI N, EHIN/za3—0
w /N FFIIER, BEEE 23R E O ENNaEE
TN, BEAOHENTEY P OFEAICL o THRERES
N7 — TNk EE &5& o TRBAIZRIKE, BWEE
Z LU TEAM G RANDITENBIZR S N/ (Tesch et al.,
1991; Westin, 1990), T L A M UIZIRY FF D
T AU AT FFOMABIICBNWTHREOEEEZRL
2o Tlabb, BEICTRY 2 EHD DU E I N
MR ™ 5 VR O TR U 72 2%, RHE D o F13alin &
EHITHLE - BEF L7z (Barbin, 1998), TN 5D FF
JEFEFEIN, = A Oncorhynchus mykiss SR C & D1
(Walker et al., 1997). SICHEUERERERFDR S, #
WY 2 (>150C) (Keefe, 1992) DIFE ALK 25
F ISR MR ICRG 2 B A T nlRetE D B, Sl
AT Y (FEFYa—2 - R—=ZA ) OIFEAIZ.
R ZG SR T EILROSNIHINTH D (Keefe,
1992 ; Olsen et al., 1998; Barbin, 1998), 7t U IdplS
(36-60° ) AN TIIENWAX—Z MRTHSHD T, IMEL
THRIRICB - 72 DEBBEITHEAT S, BENICHEES
NHROT LY DNGEHIL . SRR DK DS % 5T
TUFFORTEES,

HIZE T FF 4. japonica \ZHEKIERIND D T & % KL
U7z, 3—aRTFFeT AT FFEOR—HD

JRR %5 5 72012 d, ML AR O FIEF O F 2 1
a«»’d‘é%%ﬁ\&%éo AREETIIY FF O EPEIT B A &Rl
DU EFEAL THRERAORIER /R L. W
ROUtEY 2 21E AT 5RO UK R 2 RS
SRERZ BT IEEZHALONCTHIEEZHNEL
7.

41 MHEEFE

A L EmRE(NE
il DE T I (£5K46.8-59.5 cm) 13, H3EE
FRRICHEE RS OB NS AFLZ, INSOHETFF
15 BZACKTIIRREEL . IRL2aT 1Y > (Hif
BIEE HHR) 2 mL &2 7ESER &S A ET D B o F i At
BEfio T, TNTNOEENTEAT ST EITK D R
RACMEL 7= (Fig. 4-1)e ZDOED5E (R #al-#a5)
1213140 COURY > %, 5B (#Ha6-#al0) 121 80C D
Tt %, 5B (#all-#al5) [ZI345COTRY > Z&E
xbtoﬁmﬁmkﬁbtﬁf#% LEM S EET S
WCBNOA T KM 1 ERBE L 2%, ATKE
M%;ﬁﬁéﬁEéﬁﬂéme*#ﬁH%ﬁ;%bto
SN ALALIE U7l S B O FF & xR EA & L.
IR T B AR & [F OO ERISEAN T ERBRICHE L 72,
512, BMERZE AWT, WkKMREZOSEICENT
NO|EOT Y > & HBEICEAL., 71U AEAKD
SEN OIRE & BEARERT (3154 : HA-100E ; &
>t BT-22E-TCI1-ASP, EF 1.5 mm. KEEH1.5s) T
e Uiz, fEalER o SfLId B E R o Bic TS
W, Bz 12 mm BEEYRHL T Y ELENIC
AL, 72U VIROED., NE—h—IZ ANy
YU ETINVO—IVT T THIARXTED., FiEiRE
EMEFF U7z, F2, THESNS SEHES TV T
> 7 CHTERELL BITIR L 72,

DERRRERE EHMRFEM
EBIIEDSRPKEETORBREZRE LTI 7.
B FFIIBHRT— 7 IVZEN N2 PVC K FE  (1F 20 em,
£ 105cm, B3 20cm) ERETEWV, EBRFIIRHE
OB TERX LUz, EBREEIIHEIZLFAKT (Fig 3-1).
PVC/KHIZTFFDT 2y —ELTPVC /ST 7 (&
& 46ecm. EE3.6cm) & ANz, PVC KA, PVC /81
TREEN S HICENT TERNWTOR, /ST THADOTFF0
SHILH AWz,

HE T FFIIPVC AR OREICEN S 52912,
AT EBRBIB ORI 1 KL EE L7z, U FF 0
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DMAZDEBEREGFTEZY L. DMANLE L 72 BICEHA
& IRD Tz,

PVC /KFEIZIZ. ¥/KkEs (CW-101; NGK, #4iE) 28
U7k Kz g A S Bz, ST 38 ok iK
IR1320.6-240 CTH > 7=

KT ELMERE T A S OFEBRIEE & N TS
13, 53 FETHWEZ 12,663 n'T—192,473 nT DIz, V) L
J A RO AT EigER 2 E B8RS (TX 76
RETT O w7, 4502) 1THLZ T 2,533 nT O A THEK AR
ZH[REIZ L7z, 2,533 nT O A LA & MRS ICETNd %
ZEITE > THBRBEII NN S 445° HD., TOHME
1332,622 nT (GBI O HIES KRS 32,524 nT L0
0.003% KE\Y) Tdh o7z (Fig. 4-2B).

U X OWRSEMTT
DBRGEHATOFERE I REFAKT. ATHSE
SR, BOLE AR & Uz, RO 5 2 5135
3ELEKRTH -z,

U FFLERDITERE FHE

HF/ImEMRIC, AT FFITHEZAD AL A2 R/
2T B0 E WS, ik FFAPVC /A T
)V —OHIZERIET I OIAERE Lz, RiEE
MR, IARDMABEREFIE L 2,

AR O 72012, §itE &R, ORI 2 652
B X o TIEBUEL T t BE L7z,

IREDEIR

SRS T A RNDWE, Uk D EEAINZTFTE
BANDH T ZKECRL T—»r AERFELZ. ZDH,
AOK THIRFREE L TUIW L 728805 & 10 % RIL< U > T
[EE L. fEHISEME N CE Bl L s,

4-2. & R

WEBED FF

SR FETIE, 192,473 nT OEMERICE > T, A
THERANDOABRBEEKISNIBTL Y b (105f7).
1EBT2ty boRfFRICEMRS N/, (Fig. 4-3A.
Table 4-1) . {EMA #a3 TIESAEFITMAY 192,473 nT OFFILL
THDOELN D 7= DI OA I IE 2 IEME 12 Fe A B 72 0y o 7208,
48,118 nT THIFAL 7z & NI R R KIGN A 51
7z (Table 4-1), H/NOSMFHNK 2,533 nT Tld, FRHEX
IS4 BTRO SN (Fig. 4-3B). @k #3 Tidodb
DENDI=D G RIS MR TERD > /= (Table 4-1),

a7 NEREGE
ERE(LAERTHAS 11 HETOHNRE L,
SDT, DMAMNEELEZ 14 HEN S &M T ERE
Uizo EMREACIE #al 205 #ad D 4EEKITS Y b (50
\) ORUEMTRITORTS, PICESESERL
e, ALK &N ERES -7z (Fig. 4-
4), MK #as 1321205 2 RIRE D LB R E L 7z i
QRS KITIR L > T 315 S BOMROARKANZ.O4H 2R
U728, ZE LoD ORI S RBENETINE N TH,
BEROHEE RN 72 (Fig. 4-4),

BETEY VEARG

80C (ZEErIFIZIZ 74-76°C) TV JiEAMEMAK 5 B
TNOTH, HIMEER/ND 2,533 n TICBWTHEM
FOSERD 5372 (Table 4-2), 7z, 45C (FEEERIC
1£42-43C) Tt EABETORERIC, ISR
/IND 2,533 n T TEMBEERTERERISNRD 537z (Table
4-2),

HETEY NEEEDOR R

5 RO IEIE S ALAER D 10 O S DI BIE TlE, MR
TALEE —r HOBEICT ) >R 5NT, £k
RIS EIER TR LRGN RR® s e 7z (Fig.
4-5) o MR b B RN LA 7S48 553K © 7o T RE RIS
ETERNN, MEERZ Lo 7zDT, fMifrriE
SBAER TE R o 7.

SENEE
WRERE8EE L2 140CD T Y > &AL ZERER
D B RN E L/ K T 60°C & - /= (Fig.4-6a, Table 4-3).
WERER 2R LZ80C T Y > BI45Co Y >
ZIEALZSPENEE O RKMEIZZNEN 50T, 38C
TH- 7= (Fig4-6b, Fig.d-6¢c,Table 4-3), T DX D ITEE
NIRENT Y > OMERE ERES RS0,
FERCAN TS BPEITEATHETICIT Y OB A
Tl TH5, TFFOELIITNIWEDITHEFEHZ 5
INSHEATHETICETORMZE L, ZOL57
BEOBRNIEBBIL THEERIOEZ S22 ThHD, JEE
EWNRHDOTIERW, Tt > OREREMN140CTD
AWEBEETELZ2EXD,. BFENTSICEZEA
HIRENPHKER EZEBET2EREETH S Sfman
5,
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43, £ =B

BI3EICPBNWT, BEY T, &EMTRITODT
N1ty MRICEHRIGERL., SOERIGZEFIE L2/
IR O R/NERENL 12,663 nT TH o/, KETIE, 3
BREBOBRFZHEL T, INXDH@ENIT/INIWVA
T 2,533 nT THERERISRRD 5Nz, TN &gt
MR, M >R 5 vy FOSRMEMTRITO%
THLREMSE RS BN o720, ®EE THREICESS:
RGER Uz, B3RS 5 2 ENTE NI
ST EINRND T, AT ORI E N4 &
BEAREARDNRA L Ts o 72 2 E 2R T, MEBLE(LALEE 3
WK R ZERIEZZEIIHENTH S, TORRIT
/2, UFFEREPEOF EITENEDOE D ITHARE &S
ERDOZEERRMT B,

ZUR A TSI T % 5 OREABE M & DT7FE
TERRLDRE S 1, SV =X R DK, (rosV)
ThHDIENHRINTNDMN (Walker et al., 1997;
Diebel et al. , 2000) . TEEKILRLF DAL MELIS 2 ke R D HE
K[UE BT T AR, MERFH & rosV &K
EDOMDTF T ADEEIRIRERTH D, @k zHO
rosV {3 IEH IR /2 PR CRlRICIER I < T,
Wt 2 OEEADIEAIC L - THREICEEZ21T %
TH»5, AFFRTEBRENLL 2T FFOMKER D
RIFHSE NG £ 72 13RI B 22 T /R Th 2
ZEiFEWRW, Ut 2 ORFEIRED 140C T O A%
S[UBERZERLEZELD, BENTS0CEEZ SR
ENMARERE AT 5EBIEE Th D LiEm SNk,
FREREEN 140C TH o THIEABRIEIC L > THRPENIR
ENSOCICELRBRWEENH VG, £, IEIRE
MBOCTHH>TH, HENEENSOCEBA DI L1
HVRD, WEKUERICEWERZ KIS T TR > T
FACAIET 2 HEE. BHRBRBOTIREWnERDbN S,

Tesch e al. (1991) & Barbin ef al. (1998) 13, fEMFE(LAL
HLAI—ayNUFFET7 AU AT FFE2HE - B
L7ZW5E T, EHEICPWTRENEE TH S EHE L.
UL, 3—0yNIFFETAYATFFRTFF &
FfkEEZRONSR5IE, WY FFIIRRERE S DI
BEWRWD, BRIEENGEAOT Y S EHTER T
LML RENDEE TS N/ZDTH S D,
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Table 4-1. Conditioning tests and the conditioned response of control eels, in terms of heart beat intervals, to imposed artificial magnetic fields in
the laboratory

Magnitude of No. of Pre-test beat: Test beat : first
Specimen magnetic field conditioning interbeat interval significant interbeat
(nT) runs 99% confidence interval (s) interval (s)
192,473 10 0.9749 - 1.2606 T3:1.5377
48,118 10 0.9933 - 1.2052 T3:1.2374
#1 25,325 10 1.0251 - 1.2855 Tl: 1.6274
12,663 50 0.8448 - 1.0032 Tl1: 1.4301
2,533 40 0.8334 - 1.0567 T2:1.0714
192,473 10 0.8934 - 1.0453 T1:1.1387
48,118 10 0.8489 - 0.9928 T1: 1.0087
#2 25,325 20 0.9978 - 1.2061 T1:1.3091
12,663 10 1.0152-1.2121 T3:1.2374
2,533 20 0.9547 - 1.1067 T2:1.3857
192,473 — —
48,118 10 0.9076 - 1.0641 T2: 1.1567
#3 25,325 — —
12,663 — —
2,533 — —
192,473 20 0.6997 - 0.8560 T3:0.9773
48,118 10 0.6066 - 0.6720 T3:0.6725
#4 25,325 10 0.6319 - 0.6951 T1:0.7846
12,663 20 0.7570 - 0.8749 T2:0.9011
2,533 20 0.6899 - 0.8143 T3:0.9639
192,473 10 1.2816 - 1.5422 T2:1.9386
48,118 — —
#5 25,325 — —
12,663 10 1.2746 - 1.5937 T1: 1.6678
2,533 10 1.3004 - 1.4361 T2:1.6902

— precise interbeat intervals were not obtained due to contamination with electric noise in electrocardiographs.
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Table 4-2. Conditioning tests and the conditioned response of eels injected with vaseline, in terms of heart beat intervals, to imposed artificial
magnetic fields in the laboratory

Specimen and Magnitude of No. of Pre-test beat: Test beat : first
vaseline magnetic field conditioning interbeat interval significant interbeat

temperature (nT) runs 99% confidence interval (s) interval (s)
192,473 30 0.8680 - 1.2650 T2:1.5691

48,118 10 0.9544 - 1.3650 T1:1.6140

#ab 74°C 25,325 10 1.1435 - 1.2438 T2:1.5299
12,663 30 0.7463 - 1.8767 T3:0.9415

2,533 10 1.0674 - 1.5049 T3:1.8213

192,473 50 1.5496 - 1.8565 T1:2.2808

48,118 20 1.3811 - 1.7740 T3:1.9333

#a7 75°C 25,325 30 1.4260 - 1.8010 T2: 1.8605
12,663 30 1.4960 - 1.7709 T2:1.9054

2,533 10 1.3955 - 1.7853 T1:1.7877

192,473 40 0.9360 - 1.0500 T3:1.0536

48,118 30 0.8897 - 1.0459 T1: 1.0536

#a8 74°C 25,325 30 0.9990 - 1.1676 T2:2.8581
12,663 10 0.8706 - 0.9530 T2:2.7908

2,533 30 1.0078 - 1.1060 T1:2.8581

192,473 20 0.9272 - 1.0409 T2:1.0648

48,118 10 0.8747 - 0.9567 T2:0.9975

#a9 76°C 25,325 30 0.9467 - 1.0618 T1:1.0648
12,663 30 0.9813 - 1.0653 T3:1.0928

2,533 10 0.8206 - 0.9222 T1:0.9975

192,473 30 0.8702 - 1.0947 T1:1.2721

48,118 20 1.7661 - 2.3277 T3:2.3649

#al0 74°C 25,325 40 1.0480 - 1.4233 T2:1.4739
12,663 20 0.9287 - 1.0685 T3: 1.2665

2,533 20 0.8054 - 0.8243 T3:0.8294

192,473 40 1.0397-1.3039 T2:1.3450

48,118 30 0.9762-1.2643 T1:1.3394

#all 42°C 25,325 20 0.6742-0.8501 T1:1.0592
12,663 10 1.0061-1.1345 T3:1.1881

2,533 10 1.0389-1.1724 T2:1.3842

192,473 10 1.1013-1.2001 T3:1.2329

48,118 10 1.0698-1.2480 T4:1.2553

#al2 43°C 25,325 10 1.0588-1.2904 T3:1.3114
12,663 10 1.0223-1.2844 T4:1.3786

2,533 10 0.9809-1.1554 T1:1.1656

192,473 50 1.0888-1.2490 T1:1.4739

48,118 10 0.7898-0.9316 T2:0.9583

#al3 42°C 25,325 20 0.8441-0.9293 T2:1.0536
12,663 10 0.7620-0.8172 T1:0.8406

2,533 30 0.9917-1.1311 T3:1.3113

192,473 20 1.0702-2.1993 T1:2.4826

48,118 10 0.9403-1.1377 T1:1.2327

#ald 43°C 25,325 50 0.8763-1.0123 T2:1.2105
12,663 20 0.8421-0.9883 T3:1.0143

2,533 10 0.8824-1.0723 T3:1.1152

Table 4-3. Temperature change in the nasal cavity after injection of vaseline at three different temperatures

Temperature of vaseline at injection

140°C 140°C 45°C
(live eel) (live eel) (dead eel)

Median (°C) Range (°C) Median (°C) Range (°C) Median (°C) Range (°C)

51.5 44.0-60.0 40.2 30.5-50.0 31.1 26.4-38.0
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Fig. 4-1. Photograph showing the injection of hot white Vaseline into the nasal cavity
to make the yellow eel anosmic.

field 32,524 nT
@
m

Earth’s magnetic

»
80° clockwise 2020  aunen®®
redirection nesu\tﬂ‘.‘-g?i 030
-

A 4

Imposed artificial

Solenoid magnetic field 192,473 nT

4.45° clockwise redirection

<— Resultant 32,622 nT

Earth’s magnetic field
32,524 nT

Imposed artificial
magnetic field 2,533 nT

Fig. 4-2. The experimental apparatus produced a resultant magnetic field due to the
combination of the geomagnetic field and the imposed magnetic field. The
eel and the solenoid are placed in a west-east direction. A, When the artificial
magnetic field is set at 192,473 nT, the resultant field is 195,202 nT redirected
80° clockwise. B, When the artificial magnetic field is set at 2,533 nT, the
resultant field is 32,622 nT (0.003% increment) redirected 4.45° clockwise.
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Typical electrocardiograms showing the conditioned response (slowing down
of the heart beat) of yellow eels during tests following a set of conditioning runs.
Horizontal bars mark the magnetic field stimulus. T1, T2, and T3 are the heart
beats during the conditioning tests at (A) 192,473 nT and at (B) 2,533 nT.
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Fig. 4-4. Electrocardiograms showing the heart beats before and during conditioning

tests in anosmic Japanese eels #al to #a5.
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Fig.4-5. Photographs showing the olfactory rosette of Japanese eels: (A) control eel, (B)
anosmic eel with white Vaseline injected into the nasal cavity.
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Fig. 4-6. Temperature change in the nasal cavity after injection of vaseline at 140°C(a), 80°C(b) and 45°C(c). (a) and (b),

for live eel; (c), for dead eel.
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ThHolzd. INEDOANTHRENDORBICLDEEICE
KLU Twiah, ARERTIIHBESKERD 32,524 nT
DK 6 fEDHRE DN THEKZEIL 7228, =D& -
ST CIRIER ITEE MR L 2 & &0, Z
DOEEDN THEIIE Y FF ORI 2 /N A B2 s
KFET E13E Z s,

BT FOEMITEE D TN THRZDIE 2
— 0w /N FF &2 L7z Branover ef al.(1971) TH >
oo MESIINARKIEDOHIITHL 2 FF0 6 RO
DNTRNERINEFHRZH DT, MRS N Tl3ER M
EIH—VED 2 TH o 720D, ALK DEI]IC
Lo TZOBREMITHE R L. ZORRITVFFOE
P A TERIIRABERICHE DS HDTH D EMIR TN,
ZOHOFE UK EHWBR THRKRERZE SN
TW3 (Ovchinnikov and Galaktinonov, 1973), L/ L.
Tesch er al.(1992) 12K ZFEBRTIIMSK T > /NN AEN &R
TSR 215 5 e o T,

T A AT FFOY AL, Zimmermann and McCleave
(1975) D [FIkK/RFEER TITEIR AT AMEILEED 5 iz
Mol EMB. #HIFZENLL ORI EED NS Tz,
L7r L. Souza er al.(1988) D™y J =% & H /= /N Mkl
KBTI, KRNI N T S TR T T
MEDOF = > N—IZRMEERL. ATRHSEIRIZE -
THIREE S T 2 WiEn g % SfRIPEIRR I EIc /s 7=,

ZDEDHIT. MEHFICL> TE LEERERENES
NTWRWDIE, KD FFIIMERICE > TRE
D FNDOENMMER % B 7z WalEEEANE R SN TWn S
A (Wiltschko and Wiltschko, 1995), AL 72§ F+ %
ffi > 7= EEFER S —BE L TWly, Nova Scotia D] [1T

WEINZT AU AT FFOWRT FFIIHIN Ay VilEs
AN DQEEE 7L EMIRAME 2R L2y (Miles, 1968). it
RAYREEOI—0Oy /XTI FFOHRY S FIIEEE IR ENL
femttZ RS9 ATHRKAOWHE /R EEITA S NBho
7= (Tesch, 1974; Tesch et al., 1992) . F 7=, Karlsson (1985)
DOEBRTIE, I—0v /N FF O Baltic ZREORY FF
WA E R 2R & U TEMIRIMTEIE A 5 N - 728,
HICHABRICEMIRRME 2R T EENH D, A THE DM
R U T S AN L Uz,

ZOE D BEERZEIATEERTEA SN, WIRIZENM
etz R LUz 2 BOENM AT Lok (Fig.
5-4), ZTNETORE TIIELEMEEEHNTHEERY
MVTEMZ#H T, BT EDEMZRL TWARWEZD,
EARZEDHERAEZM S Z EINTERN, TITHLNE
EDMIZHRT NI RATH 20, &Y FFOEN
MALHRDHEEZZTEENWIRRELEZSHDTIE
AR

RETIE, KT SNZEYFFOEMNA LS
FmMcE s> TEILT 2 EWS R LT, AL
SEIMNC &> TEMNELNZe TDO XD BREMDZELIT
T A2 H A Caretta caretta DREBETHHA SNz, T A
DAO7O) ST TEENZT AT I ATEREDIE
RPN TREAL DY 51 42° DFENTEN LA, AL
WL ZEEINL TKEBE Z WS 5 & B EM RN
196° 12284k L7z (Lohmann, 1991), EHE R 5 e
T O F LTINS, AR K o TEM A
DIRZIZHEFICREL<L 2>/, UL,NL. Lohmann |3 Z D
M2 L2 BEIZL TWiaW, R ZE DA F N
T DGR TERTHHAS5N5, Walker (1984) 13/KkH#ET
FNFHEAZHS VD SB2HZ L. ATHS (B&X
50 o0 T, SRELHIAGS) ZEINUZHFICEEZ25 2% 2 &
THEEREL 2. FEIEER L. A THRSEICE >
T < <OHHEIIML =M RAE SN 72,

AT AL 2N A0, BETMO N T#EZE A
HE. FNEDERBEANYZ MVOFHHEERT, B
REMNHAL D 2N ERIRRBE N7 MVRtETH N
. AEEBROFH Y FFIIEEE D OEMKIEERT 1T
TTHD, TFFOMKD > /S ATHBE IR EFHIT
IMA 7= N TR OER ORI % Bt T & DI
HERTHDREENEZ Z 5N D, BEKBREBNT TV 7
A7 — NREHE O YO LD ITHRWRERMEZ b
DS, TaBIRIBERIC R 0D, HIERICAT
WREMA D E. B OMNRPIBRE NS, iy T
FIIE o TRER L 72 2 & DWW RE O hICE
WD Z LR, ZTOEDITRELL TEMMDARERIC/R
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OB D B, I DATRENE ZMGEE S 2 IS & TORRICE > TUFFOWKRI > /NN ADERZH DT
Fr IV U TALHRET TERLRFIER S 20, HoZEEENDZTHA D,

Table 5-1. Experimental period and remarks by specimen for the north shelter choise training

Conditioning Specimen Experimental Remarks
stimulus period
192,473 nT #1 Nov. 11 -15 Conditioned response, after 2-set runs.
#2 Nov. 16 Conditioned response, after 5-set runs.
#3 Nov. 17 Eel did not take shelter at all after 5-set rubs.
#4 Nov. 17 Conditioned response after, 1-set runs.
#5 Nov. 18 Training was discontinued during first set runs.
#6 Nov. 19 Conditioned response, after 3-set runs.
#7 Nov. 22 -23 Conditioned response, after 5-set runs.
#8 Nov. 25 Conditioned response, after 4-set runs.
#9 Nov. 26 Conditioned response, after 4-set runs.
#10 Nov. 29 - 30 Training was discontinued after 13-set runs.
31,063 nT #101 Dec. 1 Conditioned response, after 5-set runs.
#102 Dec. 2 Conditioned response, after 6-set runs.
#103 Dec. 3 Conditioned response, after 7-set runs.
#104 Dec. 3 Conditioned response, after 1-set runs.

#3, #5 and #19 were exposed to cardiac conditioning test to examine magnetosensitivity later on.

Table 5-2. Conditioning tests and the conditioned response of the Japanese eels which have not learnt the trainig task in the test tank

Magnitude of No. of Pre-test beat: Test beat
Specimen magnetic field conditioning 99% confidence interval (s)
(nT) runs interval (s)
192,473 30 1.2876 - 1.5144 T2:2.5232
#3 25,325 20 1.1061 - 1.2565 T3:1.2777
2,533 30 1.1993 - 1.40857 T2: 1.8964
192,473 20 1.0445 - 1.6705 T3:1.7126
#5 25,325 20 1.2843 - 1.9806 T1:2.2057
2,533 10 1.0682 - 1.8450 T1:2.8379
192,473 10 1.6757 - 1.9584 T1:2.5823
#10 25,325 20 2.0979 - 2.4858 T2:2.6048
2,533 10 1.5567 - 1.8075 T1:2.0981
_ 65 cm R

Fig. 5-1. Diagramatic view of the testing tank with radially arranged eight PVC pipes as shelters for the
yellow eels. v, vestibule.
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Fig. 5-2. Photograph showing the experimental appratus for the examination of the

orientaion

Earth’s magnetic field 32,524 nT

of the yellow eels in the testing tank placed in the solenoid.
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magnetic field 31,063 nT

Fig. 5-3. The experimental apparatus produced a resultant magnetic field due to
the combination of the geomagnetic field and the imposed magnetic field.

The eel and

the solenoid are placed in an west-east direction. When the

artificial magnetic field 12,663 nT is applied, the intensity of the resultant
field becomes 44,975 nT redirected 44° easterly.
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Fig. 5-4. Shelter choice orientation of two yellow eels which showed statistically significant
directional preference in the testing tank under the geomagnetic field. Arrow and r,
mean vector length relative to the radius; P, Rayleigh test probability; ®, direction

of the mean vector repressented by angle measured clockwise to the geomagnetic
north (zero direction).

Fig. 5-5. Shelter choice orientation for combined fifteen yellow eels in the testing tank
under the geomagnetic field. Symbols, same as in Fig. 5-4.
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At conditioning
#1

completed N #2 At conditioning #4 At conditioning #6

At conditionin
completed N completed
&

completed

i
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At conditioning
#9

At conditioning #7 At conditioning #8 completed N

completed N completed N

]

Fig. 5-6.. Shelter choice orientation of the yellow eels at the completion of the conditioning
to choose a north shelter and the change in the conditioned orienation when
the geomagnetic field was shifted westerly or easterly by the artificil magnetic
field at 192,473 nT. Figure in the square showes the number of conditioning runs
at the conditining was completed.
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A #101 B #102 C #103 D #104
At conditioning N At conditioning N At conditioning N At conditioning
completed & completed completed s completed
Se b+
@ 5

Wly shift

P=0.014

=74

Wly shift

oo E’ly shift

Fig. 5-7..

Shelter choice orientation of four yellow eels at the completion of the reconditioning

and changes in the orientation when the geomagnetic field was shifted westerly or
easterly by the application of the artificila magnetic field at 31,063 nT. Figure in the
square shows the number of conditioning runs at the conditioning was completed.
These yellow eels had been conditioned and exposed twice to the artificial
magnetic field at 192,473 nT.

|zoom _DisPLAY

v wifv wa 7 v 7 v 7 e I

Trigger Time: 200412/20 13:05:10.62 Number Of Data: 10000

-4 3200005

& RANNNNS

Fig. 5-8.. 5-8. Electrocardiogram showing the conditioned response of yellow eel #3
during a test following 3 sets of conditioning runs. This specimen was
not able to condition to choose a north shelter in the test tank.
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FTLOE SRUFTFOHTIV/NRENM

BEIZ > I ZICREUE R 2R DU 30, EUER &
a2 N A E U THRET 272513, IRETHIESI N
Rt DEMATENC A RLIEN R E N T WD R[EEE N D 5,
ARETIE, ZOTHEEZEREET 272012, HiEEZD >
I AT FFOENMITE) &K TRz, FEKED
OB DN e B A SRR S D 2D
HINIZ O DIED - FENiEOHE—HT DI ENE
%8 (Emlen and Emlen, 1966; Wiltschko et al., 1998;
Mouritsen and Larsen, 2001). £33 (Quinn, 1980; Quinn
and Groot, 1983; Souza at al., 1988). - Y Panulirus
argus (Lohmann ef al., 1995), ™7 X Jj A (Lohmann, 1991;
Light e al., 1993) THISNTW5,

6-1. M EAE

MEE

2005 4 1 A, BRSO KIS (31° 267 N,130° 46" E;
Fig. 6-1) THIARBEICK > TSI Nz 221 BD >
FATFFERNWEZ, DT AT FF 2 ZE I E
U, KAESEBRICHE L 72,

KRB LITERER

EBRITHEARNT, MKERZFTARDI2DIT XY
T Oncorynchus nerka MEfA. &Y O. keta HEFLDITENSE R
{2 V2 7= Quinn (1980) & Quinn and Groot (1983) B LY
AURTFFOHET FFOITEIFEEBRITH /= Souza ef al.
(1988) ICHELIL 72D TH D, 5 DHIEZIAKMD R
DR % WIFKIE D S HERADLH S 5 5 1 D SRE % M
T & N LRESAT IR THEg L TiEs 3 > /X ATk %
EMZEZHRELIZBDT, Bisd D WK ICIIHHFLZE
RITTH %,

AERTIE, FOORY JOEL - EKE (BEE
55cm, &S 15em, KA Sem) OHFYNT, JEEICH L
ZBIT7ZPVCH (N 12em, @& 12cm) ZMEICEE,
NS DT AT FFORM A EFHNz, Bl (F
1.5 cm) (3O FERIC 12 HERHBEICHWTE D, &
FLOR EAKFEEEDRZ PVC R (& 11 em) TS 7,
L7232 T, KENERIE 12 OFIROERRO/NTED
5% (Fig. 6-2). ORI, TONEEIFIFEFEL W
ZaebOfE (NR&ET5) AL THHLZHAMTE
5E21C L7z, WiEZ LTS S Nz lidln s >
FATFFIFENENO/NBRICHE Lz, NED LT

I T T o 7=,

COEBEEEFE IFTHWEY L /AR (EET5cm)
MNIZEE (Fig. 6-3). KENOHNXOEHNZH#IT 5729
ICEBEREEFAOEZ—)L>— NTHE-> .
BT 2 NTKI40 BN S 50 BD )L — T TR
FLEFSE LRI T 10 9L EBIE S 8 7=%ICNE
Z BV CBIHALE 15 R L 7=, NfE &2 R TR
AL TRIAOHRD ZWER. NIRED> T A
D> F O ENRR I IR L 2, KEKIEEEEL 7))
— TR TR K S L, KRS 15.7-15.8C T
Holz,

51T, R UM ERZHWT, ALHEKEmES T
THIfES T DBk & Rk KRR 21T > TEM DL % A
7z

EREMSSEMN

FEERIE 2005 4E 1 A 23 H—24 H D%, iAo
AT WA BINT O R I ST S B A IR R FE S D>
TAA T U INTHDETIT > 72, NTHEESGMHFISH 6 3=
DETFTFOLEGLEAKTH B0, KOS
192,473 nT DHE L 7=,

Hatng

96 BERERIT, BT MR OEIRBEE % circular
statistics [IZE > TR L, EAEEIXRY VOB EEE
HIE LTz,

6-2.# R

WK TICHITH1TH

KIEF RO N T A FFIIB AL 55
D/NERRITHIH L7228, - 72k H o 7=, B
BEERIEEE 211 BT, FIZiE- ZEKIIEGE 10 B TH
o7z (Fig. 6-4). FRBEEIIFE N S L=/ R
NSRRI ARG TN alGEME N D 208, fiHfL
ERL TV 1S3OS I AT FFOTENIERT
ZERMOEDT, ZORFEIZH SN TRW, B0
WA & R R AT 3 R D A EEEF IR < dbE
JEHEBLHEILHED 3 HlaTHBE L TWTHEE 107 f#ik
(B EARD 48.4%) . B ABIH AL T2 B (&
WL R D 19%) . SEFRH A AL 56° TH > 7z, Fi5
EHGRONRZ ML OKES 11 0.366 THRAWICHE
TT X LHMEIRERINS (P<0.001), TRD5,
L IO Qv i Sl = | o | % O [ [ e R =1 [ L s
Ho Tt LZEWA S,
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ATHISENMNIC & 2 EAMZE(L

ANTHLEINZ X > T, I 27 FFORE AL,
N AR/ [A] & Tl r=0.129. A& TIdr=0.107 £72 0  (Fig.
6-4). FEMH AL T > F L THD EHEEIND (£
NZ4P=0.300, P=0.515),

BB, MK T TOEREBED S T AT FFREINEET
DWW B & B E 23 E R 2 AN TS T TOERN
SBRNE729, BEDOERBEGEEIZ 196 B TH - 72,

6-3. & %

TFFOLT T FINANS T TANDEREIL, »
DTIIATHETITHONTAEBELRD D DA M L
TiHEEZSENTWZ (W, 1959), LAaL. iBFED
KFEICBIFBL T T 7 VAL T ADRERERB X
OBREFEEROEA HigOMEEN S, ZREIIEWIREAN T
B DEREHA T T AR 2B U TR
HEZEZSLINTWVWS (Tsukamoto and Umezawa, 1990;
Sakakura et al., 1996; Arai et al., 1997), Z DR EBENIRE
BI7RKIC R D EE A 50 (BRA, 1996; Otake, 2003) |
BEABHHOS I 2T FEFRHEI NI WDIEET T
AT FFDORNEDK I K B LR BB NEK O —D
& &N 5 (Tsukamoto and Umezawa, 1990), I —1w /N7
FF dnguilla anguilla T HIRFBENIREEINI 7560k TdH
HEEZSNTND, Deelder (1952) 133 E Mgk & It ifE
BT 3> AT FFOBEIERE 900km & BRF[HIK
45 HMMHEHR I N5 20 km/ HOBEHA1E, #IfiIc &
LEE S 6.5 km/ H TREIKART, ¥ I ATFF0D
SRR 15 em/s (13 km/ H) 1K B REBNHE T A
BONFRETERWE LZ, 2L, ZOFREICE
T AT FFNBERKS T EDNFIHRICIE> TNV,

Z OB EEN TIEOILIRFICEEET 2121, 2
AT FENMFEIAN S T @REFECHRNT) B L
TR RFNTR SN, ZOEMOFHOFRKE LT
Deelder (1952) I3MiESH O#IFRICE > TET HFEH
MEMBETHRETLHLEZOMRERZH T TNDIN, 51T
AREIC X B A (innate “sense of direction”) DTEE
ZHITTND DFERGN, IR L T
FEDEONSE S NEEHDT (Deelder, 1949), ¥4
RIXE LY OWMKERIZAI SN TWaho 7z,

—J5. MR D > 5 A0 5 F O AL RN 5
ThHIENKHMENTNDZENS (B, 1959 ;
Jellyman, 1979; #Jl#. 1980; McCleave and Wippelhauser,
1987; Wippelhauser and McCleave, 1987), 3 Z AW+ FD

RGN O ENITIKE S REERANDEMEE A S
N7z (Dutil er al., 1988), LinL. ZTOFZ ORI E7s
D AKMEEBRETI — Oy /NI FFO T AT R
S DKITHETISNI=AY (Deelder, 1958; Tosi et al., 1989) .
WK 2D B 72D 1T - Fo KB K & DK 216 Pk jr 58
AT 2 &R ORISR DN Z &0 6. #5
ERED STNTIHAT 2GWYIEIC K S ATREMEAER I S N
7= (Creutzberg, 1959 ; Wippelhauser and McCleave, 1987)
Z OB Tosi and Sola (1993) 12 &k 2 /K S B #S 5F
IMNETFAITHDEREES N, PFAI IdkH
DEFFACHAREEO KB EY T, ZOWEIZHRD
IREEIIE b 1,000 fEDEEZ B D (Kawamura ef al., 1992).
LML, PFAI 3RO EREERED> TEREIN
LZPETHSHDT (Persson, 1982), I I &5 7E)
BT FINERLULENS OF A2 VBRI OFES Y
HThol&lFHEZIT< N,

AETIE, ¥ I AT FFIKENTILIL IR L 72
EMZE L, ZOEMAMMNANTHELKDOEINIE>TT >
H A2 ZEERABIOR L, T Y LT d 0
IZDWT, mIFEFEGE. BEMIZFE SN, LA DE T
HZEABEHE FHOICL TWs Z &id5EWn7a <, Deelder
(1952) DR L 72 AR O — D AMEUEHR Th 5 &
A Do RIERNOENS/KIEMN S ORI AN, (Bl A 1A)
LIFE KT B ENEEFTORTAISNTNS, HF
%"+ Nova Scotia &5 D11 Z BRI [EHEH D 7 AU 7 FF 4.
rostrata V3P AKKEN THIV A v VEF O EM 2R L
(Miles, 1968) . 4tk D Cedar river-Lake Washington /K% &
Chilko River-Chilko Lake /K& D 2 2O XY 4
Oncorynchus nerka #f (Quinn, 1980) & 5% - N7
— /N—&® Conuma JI[Z#HH DY 4 O. keta (Quinn and
Groot, 1983) (F/KIEN TENZNDEIEH AN DEN %
mUTz, LMo T, ARTHESNIZY T AT FFDF
BN AL, B S OB O TR EN/ZH D
THhHUREMENEZ 5N 5,

I AT FFOEMARNIATEDEIHE Y - F DI
ENH (8°) ERESALDLSLRN (MESRR) Z&hn
5. FIEOEN A OIRAMENTE D FF Ok K £ T
FEINTWa0nd L7, MEKENTHHEKT
23—0y/NTFFORAEHRA (elver) DEHDME %
FiX7z Tesch and Lelek (1973) 13, pkfaiddr &pgic 2 &4t
DENLZ IR U T2 SHEFIT VIR E O A AN D E LTI -
TEEHEL TS, LML, HSITEMITHT 2 IS
DHEEEZEZ TN, HolzMAaIZ7 I >
O Loire /IO 11 & RA > @ Ems JIFF 0 THiEL 72 H DT,
SRR HIL AL D Helgoland 55 TiT> TH O, i &5
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B ptiz < 137N T T EMNENITHEEZE IF L 727]
BREND D, Bl hhidasan, 7HTIHA
Carreta caretta \$HEID ST 2HRIC & o 2 HIEK S
MzELEL. TORBIIEIZA-> TH S bitRians
(Lohmann and Lohmann, 1994), £7z. &% BV Zosterops
lateralis TVXIE D OH AN DIRAINEZE © - IoEAATEN.
D O P72 TR <IED ORKEEMTH LIXS<
HeFFE % (Wiltschko ef al., 2002), ZDXIITHEWNE
TS S N BB AIME D2 D B X 115 Al et
WHUFFTHEZLNS,

EFI T AT FF ORI S KEME 512ihEAND

f

BERG AN RIC T Oy S A SN MR EFHDICL
ZHOTIHAE L, REMIK SR RAKRS DS NOME
R TBRIGDRERTHEHEEZTND, TLTIDH
MBI DAL & W D HBRIICHES L - RS wE S &
WZPESRIC AR T 5 EREL Tnbd, ZOERRGGE T
B ED72DI21E, BREEZERLES T AT FF 2R
NEFET LR EZRE LTI s 2w, £2, 6
TR INZY 7 AT FFOEM AN BB O 5
AZEKIL TWSDOTHIUX, EEEIEORIEMTH S
BEHIC K > T 7 AT FFOEM AN RIS D Gl
MHO. ZORHREEOKRFEIZSHOBEE LTk 5,

East Pacific Ocean

China Sea

o

Shibushi Bay

Fig. 6-1. Map of Kyushu with an enlarged illustration of Shibushi Bay showing the glass eel collection

site pointed with an arrow.
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Y

55cm

A

15cm

Fig. 6-2. Diagramatic view of the testing tank used to examine the orientation of the glass
eels. ch, chamber; cp, chamber partition; rd, release device.

11AR1Y
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equipments
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Fig. 6-3. Photograph showing the testing tank placed in the solenoid at the experimental

site in Ariake, Kagoshima.
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Fig. 6-4. Orientation of the glass eels in the testing tank under the geomagnetic
field and artificial magnetic field applied westerly and easterly. n, number
of glass eels excluding specimens remained in the release device.
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FINENC BT DT FF dnguilla japonica DEEFEA FE &
13 1990 4ELABEI A D —i& 2 7= £ 1 2002 4£121349 21,000
R & 1990 F D 54% FTHBIAATWT (EMKESR
MaHERAR. 2002 52004) . ZDERFERHE T AT F
FHEREORAEEZ SN TS (A, 2001, > T
AT FF RO FFEFEOWIITIELL2HDT
HIUL, BEEREFRERNHEE2D, EREHICIEY
FTFOAEEEHD ZENARAIRTH D, TFFOEEFER
DIFEDT= DR ET8RREEL. 7 T F DU KA D A
ANZALEHATHIETH S,

3 F Anguilla japonica DFEIRGTH 2 KFEHED TV
7 TG VE S 1EE, (Tsukamoto, 2006) TH#HEL L 7= fF £,
JLRERICE > TH . S SICRMICK > TI—LK
~N& 45 AREIE I35 (Cheng and Tzeng, 1996; Arai
etal., 1997), ZOWHRIZK DRI ZHN/RbOEIN
% (Kimura, 2003) . fFFANKEERNI LT E SRk D %
WIEAETIZ, £2K5-6 om. (KEK0.2 g (HIE, 1980)
DT AEET D, BRFICE> THE. BB, #E.
HARDKEMICHRE I Nz T ZAd, S 5IThERE M
IZHRT D (Tzeng, 2003), > T AW FOHEEENEZ
KEEHIZK & 2 WIFIR 7R N DIETE 2 FIWZ U (Tsukamoto
and Umezawa, 1990) LiREERICE 2 KIGNE 2 5N 5,
BERRICHET 5> I AT FFF, Wiz WP ERR R
ICHEBEZT T, BRI X DR E O N &
FEIZ78% (Tzeng, 2003). 5 05 10 4R, B 7O
KNTRE U TR & e o 72 F FI3ET km BN 7= €
NG &M D (Tzeng, 2003),

U FFEAFDEINELNEAERICDWTIL, SMEICBIT
BEEYRELEEE EOBIT S FOMENERTH DD, 13
EAEFONTOREL VS TR, DINT, I—0
wNTFFET A HTFFTIREEC BT 2 REER &
R OEIMEDRRH SN TNDDY (Westin, 1990 ; Tesch et
al., 1991; Barbin et al., 1998) . ZHZHINH5DVFF/E
AHEMMRBRZD DI EEBETINIEEHBD
(McCleave et al., 1971; Rommel and McCleave, 1973 ;
McCleave and Power, 1978). 7 F|@FALADENE A 1) =
AL DWW TR E LT 5,

AW, U FIIHR SR A FH 012 U CREEDRE
2T 2HENIEERHDD &I, TFFNEECS TR
MICHRERZDD I L&, MR 2 /NAITE > TER
INHRETH DI EEHEMI LD THD, UFFN
WRER R DONENERET T 572012, LERGEN

FEICE > TATHKAICHT 2.0EMIGEEBRL. ¥
ERGMRSD RS Nz GE3®), KT, #hsik< (140
C) 0T > Z&PEITHEAT S LK > THREKEE
MEbNZT EXD, TFFOMKIER IR EEZ iy
ELEWRICEET A2 &R LE B4HE), LT,
MR FICB T 2EYFFEL T AT FFOHMEIRTT
FERICBWT, —EHAZRRNT2EAENE SN,
ZOFRMMEN A THRICEE 2 T TR 2 2 &0
RN GES5. 6%,

INSORRNS, UFFIIHEEKZEEMOTHO &
U CELS QFEZICHND &EEF52 6015, LML, kA
NHRHT 2K EREITEDLSIBBDN, WD, &
DEDITL TEIGOMEKAIEREEETH50NEND
FERINTE S .

BBV ENL (orientation) EfiiE (navigation) IT& -
TITbd, WTNIZBWTH, [ElFEZEBKBT 28Ry I
FIIPEINE DS BL D B W IALE IR 2 G wZE &
R 5750, MK 7,600 J74FEOMIC 171 (8]
DD ANBEDONH /= ENnG, TFFNEDMEN
L OMBRKIEHMAELIIZEE SN0 TR <, Hl
WRBEHROEHIBR RN bDEEZ END, RANE
PIGICEIGE S 27201213, LT T 7 IV AN T X
AN O MR SIS ZES L. TNEiLlEl T
e 5750, RAaIEE ORE S N S M OW I
R5ZETHEBEDORNREEES,

NSO EMS, UFFOMKUERITH D W (A
ICBAfR T 2% Fig. 7-1 1R L2 XD ITRET 5, &
Z ZHNT R 2 BT L Tt I S R O e s s o
R FFZEIVHIHFET HFHOICAR0ES, Iab
B, BTN O SN S 3. ERRBAL 28R - F
INZ DR AL ZWITT 5 2 ETEINGITMMND 2N
TEBHEE 2T,

HMEEIETES B I & - TR DR, A (i) .
FLTHEHE (kM) NEMOTHD EADES, TFF
WESTWTNREETHENDNERND, FHIET
MRz X DT, RELEFICHE S Tk BRI SRR DY
WEZE I BB B(L T 2 DT, A NEE R THD
220155, FIEE D FFIIHBKRD 4.45° HiF (B
DR 0.003 % H) ZEHT2REHTZ26D (HF4HE),
HLHIITATFFHEUMRAERBEEZ DO SIE,
KEEFNZ IR > TERBIN SEEN T 2 5002 15 DIFET
ARATRETH A 5. LT, lfans 7 2AMiciigsn
himEYITT S ETEROAMESRS Z & H0%E
AbN5, LinUL, BUFF0NEITEINGIZRMN > /2E
MERGRT DRI, T 25 AREMICE T OfEM



150 JEVR R RFKFEFAIAE  5556% H52%5 (2006)

W HIUL, EINGICRN D RSN D 5, BT EOA
DOEFEEE>THIVOETS I a b —3 3 > L7z Saila
and Shappy (1963) DFMHEFERTIX, T > ¥ LEKICE T
DEEBIEZMA 2720 T, &= BENZRES N SR
O AR E TORBAITREE NS BDTH .

T AT FFIFEBN S AL B B WIFALE G BT
LI ORGSR (Hhn) 2. SMLEZTOThUIH
A Caretta caretta (Lohmann and Lohmann, 1994) & [E U
LIS - BBIET DB NN, BREROFEMNS S
H U =M@ o TEDDY, ATETHE b ICHE
SINZERIZEBRETHEAICHND TIKITDEL., HH
ICHE S N ERIIFERE TH AR D &Lz, 2L T,
ANTHESOHIMZ &> TR Z PS8 5 & ZOENM
FHRHHEL/~z, 2D EXD, Lohmann and Lohmann
(1994) 1%, SHHERIZRIIIHEIC X > TEML., =D
EN M ERRIERICE > THFF T2 &FAL ., &5
AT F MR OGS T OEFT T ORI
BUas#HNOGWORAA (fl2EF VT
Oncorhynchus kisutch @ parr-smolt |, Dittman et al., 1996)
EPTWBEENZ D, ZORBAAFRIIMRIEIND Z &N
75 TH—AEHEFF S5 (Hasler and Scholz, 1978; Smith,
1985),

EREDNEIIIG I N D13 T B 28 2 /s i idre
520, TORKELTEALNSLDIE. 1) BWHOT
(X5 7KEE 200 m 2B A D%EE) Z2IkW\WTH NI 5%
T, A—0 /N7 FFTIEEK 700 m OFEE KDLk
MEEZINTWND (Tesch, 1989). 2) HE#cHk-> Tt
FL7BREICESTH NI A2RBERENETH S, BH
DA, 200N & 30° N OIZ & % HETRTHR (Tomcezak
and Godfrey, 1994) THAIIEINGIZANT T H 2 Wi
B G I AR U 72 P ud7s 5780, 2 O L MR D
BRICIEAR O > /N A2 Tia < AKIRARELGE B s AN pEdN
BITEMTHFHOITRDELTHA D, EINKEIZD
WTOFFTREEHANZWA, -0y /NI FFT
13 2,000 m ZHBADBEMEE NI (Robins ef al., 1979)
L 200m LA E WD EE (Fricke, 1995) 23 0. TZEH
FEsN TR,

HAMENS <) 7 FibEfih £ TORRA M ZE B %
& ROREER —UED S HICH D EEER TIE -100 nT
N5 2300 nT OWEKEE NHHRICHE ICHREWT WS, Xz,
Z DIEEILE O OEMNT 300 nT 05 600 nT DRERTE
WAL THRWTWS (Fig. 7-2). 28056 DMK
IMWICE N9 S5 EING N B 2 OFERE N, 7
FlI NS OWEREE & TR TE 2MKAUERKE %
HoTWD, HAER (1996) MR L& ST, il

QUG & IR IR MR FE O =DM EF AT 5
ZEMTENR, FIEENRED THAS D, AOEK
DERLY AT L DFEFENE Quinn (1980) 12K > THG S
THBD, UFFTHIHEZIALND,

BREDEINIGICEE U 2R ITIIERR AL T THERIL
EDORIB. HDWITKIRLHEIRER EOMFEMED
TR 2 BT 51T B W2V, Tsukamoto (1992) .
WD EEING & e U 7o s 3T 43 0 AL 7R i & b
5y DEGK & DI AEGRTFRE —FT B LR R TS,
Z DRI AR (Salinity Front) 1ADDM EER & H72 0
. PEIIBMB ORI 72 B RN B B, T OAHENEE
RRGE U 72 B3 72 A%, Fig. 8-1 T/R L7 SALTE R
SEFED T FF O EGEIC DWW THE X 7245 % OB E DR
%95,

AWZEDRREIT. U FFOEEEE & A N Z XL DTE
BN R 2T 250 TH D, SBRAEOHE
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U FOMKI L INADANZ A LT E . RIFEHEE
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BHETRERBENMESN TS (B2 1E Wiltschko and
Wiltschko, 2006), =DM HIIIED DR KRB IO
— NBERI O EBRE R 2 E D OWERTH D WITiE L THE
LCEBRNETHLINSTH D, UHFOLEIIMEE
DR S M2 5 727 (Taukamoto, 2006) . FEFH[E]
DR S (R &GN E— bR RATH D, TFF
DOWLIEFEELE O FEIIML OB OB & & R DM
HOTRNERI N, UFFOEGETHREL A NDH D
WEETH 5,

AFEOREITITENE T ERICE > THEZEDRIX
570y, U FI3ME, W, W) & AT A 4 125
AN (Tsukamoto and Arai, 2001), 7 FFIIENZIRTEZ D
DfETHO (B, 1970). I Z A1 52 SVE 4K 2 ]
AT 2FEITEWFETH 2 EZEA 5N TS
(Creutzberg, 1959 ; Wippelhauser and McCleave, 1987; Tosi
and Sola, 1993), ZOHWYEIIEIZREINLZLEEN
WD, WINTHAT 2WEICEL > TZOHNWRHARY
AF 2T INTE T AT FFOMNEANHEIEETNS AT
REMEM D %, BEIRSROEST O FFHMEEICLD &,
EoHiREICB T2y S F g EIEE 30 AL
Wiz, BT ERNTEEEZEORICEHIINT
IS FORENHRTERBD, WJINRAT R
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Fig. 7-1. Schematic drawing of the Japanese eel migration which is a round-trip journey between
spawning and nursery grounds. Eel larvae or leptocephali passively drift with the oceanic
currents. After metamorphosis, the glass eels orient towards the nursery grounds and
acquire geomagnetic information in the process. After several years, the adult silver-
phase eels leave continental coastal waters and head back to the North Pacific Ocean for
spawning. Adult silver eels might return to the spawning grounds by first orienting
eastward to the Kuroshio, then southeastward to the north equatorial Pacific. There are
two ways to get across the Kuroshio: I, the direct southeastward course at depth, crossing
under the Kuroshio Current perhaps below 200 m; I1, the circular route, rejoining the
surface Kuroshio Current northeastward, then southward in the gyre. At the Subtropical
Front, which lies between 20°N and 30° N latitude, the eels may reorient south-
southeastward grounds near the Marianas. to the spawning.
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Z 2T, AL UL SR SUR R 2 B D NS
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BACALIE R TIE 50 B O SATTaTT8 &tk KGN
BRI 5D Z Edmhole. ZORRED. —IIZAT
DONDENT Y AT L D M 5 L LR I U
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