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mﬁf H| pokie= o o ot 2R & S 5 2 FF %

KWVFE=2 2 Clupeapallasii (LAF, =3 &W9) [ ZT AV AWEENSHTH, w7 AR, b
E, FECNT CREEEILERICIA K A 2 R AICIEFICEE A O > Th 5, KL
o LT HA, E RO E T ORI 25~45 )7 F 2T, 1990 A HENS K& < [A)E
LTW5, ZAICK L, KEFEILEE O N FH R OT AU B TIRBER S b T, 1970 FR0 5
WL TW5D, HARRETIE, 1897 FIiFAbE R 7 CAuiiE - U SR EE 100 17~ R S
TV, A - U VRBEDNEEE L7 & S5 1950 AR 1% - LI 1 ifa s & 23 s L 7=, 1970
FERITIE—FEL0 7 b > & TEIE L7223, & O % ITARAL TREE L, 2013 4F o jfa s &3 byEE i 1+ T 4,506
b AN ALK PRI CTIRED 4 b DAFH4510 b T URBEH OB L2 17200 L 72> T 5,

AR T D= 0%, EING ORI KT 2 ABR 7285 EE = & SRAT A O 1T Eh R
LB - FHEICET B0 G, (1) WEEMERR (2) VeI (3) VLR AR
(4) VA MR & W E ISR O P AN STV D, ZHUCHEZ X, BUE B AR R Tl S
TS = u0d, Ee U CEE MR & OV e IR C o v | ALWEE TR 7 CIEA RS . sR B,
JEGET A, IR, AMNBAER D TIRREE, B, B, TAR R EOEIIRER
DD, TbOHIEME= 2 AT, 1982 40 B FEE IR M T bt T\ D,

0L1FE3H U H, v7=F2—F90 LWIRIADRHAARERNEA L, ZHUTHE D EEITE
WEE D & Wil E CIAFIFIC R OY, FRICBEE - BE - AbiE O KR EIT R E 22 T, =
¥R IS BT 5 T v B, e N XL o U T BB OKAREY S I A ES T
5o WIAKVENEO =V OEINEHIZ2 ANS3ATHLZ LD, KARKKERDOREELE 3
AICIEKEDOZHEINND O KEMYEIFELDT LN THWZIET THY . = OFAEEILGEL /2
EHEErZ T EBbhd, 2T, AT, BARE= O LR BRORNEZEET S 2
&L MO AARER N = AR ORI S AENEIC 5 2 7 5 L SRR D R 22 9 284 % 3FAI 3 5 =
ERHBE Lo, WFZERICERE S 72 2003 £ 6 2007 4E O RNCERE L= s, Vo~ i, fEIUH.
JER . IRV, A, R, BB R OB OEAR L RRATORERE L L, KEmENH
oA FRE SN D, 2011 AFEIIRED WD TREIRRIET 5 2013 FIHEFMO 72D OEARZEHE L
Too o, XPREEE LT, EIEOWENLBAYNS o AWEEE RN D bEAZRET I L L
12, 2014 FITIEE HBIC BT VWERRBRBENOEAZRE L, 2T, BRBILSORE
FHZ#E T 5 Vi D Before-After Control-Impact 7 % A OFERIZ/ > TWD, Fio, T THREI
BN LT PEIRE A IR LT DO CTH D Z L BRRFESND, TNOEROEDIET — & LHiFHE
B, XX h=2> KU 7 DNA (MDNA) &~A 7 a7 T4 h~—h—8BIn 8T — % & fiffr L=,

B 1 E T, AMEE A2 TN HARE = & OIS & R O O TR DL & MU SRRk L 7o, sk =
UOBRBA 2 FICHEEST D Z LIFEETH L0, MR TS OEMBERICRE S TWY
b0, TG ZRIRTE DHEITHES  EINHORBEROHER LB TE 2V, £ ZTLIETIE,
W - WAEAPERAHER (LUT. BAHEE WD) b = o n3nfi T 20mES RIS, F4&




I SE IR R GRS R O IRIC T B 1965 ELIE D = v D iEREZTY £ LT, £,
AE R B D HERS & PESRI O WS B D BIR A MRFET D 72D, A EIN A e % AL E IR BUR & OV
B HFRICHN T, EIMORBEL AT L, BT ORI kmﬁﬁ“ﬁ%ﬁotoﬁ
PR, SRR, AR, IR R IR, PEIRAE L A R RS S A IEOFBIARD &
n\E%@ﬁﬁiwa@wg@ﬁﬁéﬂmﬁf%é>&ﬂﬁ#oto~ﬁ\%uv-%mﬁﬁ\%ﬁ
W%, HEE R CIEEEORMICHBIZRD b, TSl = o o o REINEIRBIN 2R 55
CiE, MBS 7 O FEINE O MR N A R E D LB B D, N TR OERE Lok
FLLTdfE L A TR TEEINTEY ., 5000 FEONTLAERE N BEEBIESNL TS,

B2 TIL, AARE=Y CEMOBMEIIZERNE, ReZ2 IS &K O B AR KE K OB A 3N L 7=,
HIFRPUK, KL OME KR X 5 BARBRREORELIX, R OAEREROERZ A F 2 7%&%%@%&
DEELRERTHY | @@@mmgﬁ L IS E R LW OEEE R T O L L DAY SR
WEEH2LHEEZEZDBNTWD, LL, LL:E’J%’?%é@%ﬁr@i&%%@%ﬁéﬂfb\é&:%b%b%
T HARBRELDS BRI SRR HIE KT TREIC OV TIIF L A L0 > TRV, 201143 A
11 HIZHEAE LIm A ARER 1T, BRKEDR LSRRI AR ~ORETM 2T T /A RFELTH
%o FIZT2ETIER, HAAKKENKRED 2003~2014 £ H AN 9 AT CREINHNCERE L7- 23 D
ﬁ$4m7@¢%%wf AP S E B OB EH LM L, 3,786 KD~ 7 avT7 T

I BEK 5 B AG A FE O AT KON, 618 fE{AD> mtDNA FREifE Ot SR A 23 E L, @t L7z, H
ﬁ%:yy@%ﬁ%%m\t@ﬁ\%ﬁ%&@ﬁﬁ%-m%%@3o@7w~7?%ﬁéMkoNT
JA X Fst2SDIE~A 7 v¥%7 7 A 1(0.0120 + 0.0052) & mtDNA (0.0133 + 0.0050) TH E 722172 < |
FNEIIT T D8 s BN 545 + 2.36 & 45.27 + 9.18 L, =N o 1=, ARNEMY 1 X%, B
10T 124-746, {HBIAA T 199, JBEGHA T 114-183, = {5 Tl 41-261 LHEE e, B HIEClX, &
SRTIE 64%% 50 TV E HIEEM N E KK 9% 2D L. 26%% 5 Tz BB B 134 ﬁbto
*ﬁ\%@ﬁﬁl~ﬂ%#%ﬁ%_%ML\56@@ﬁﬁﬁ:yy®ﬁkh&i%@£®ﬁﬁfﬁ‘

EXHDSTWNWDH I EEAWE L, £, IRAHIZ/NIWD, EEB, HBIRE. BN H0
M%M@%@@ﬁ%mto_n Zxb L, BEE CTIHEEARA I L E T, 82% 3 REVELEN, 8%
B, 10%REENIEEOEM Th o7, 2o s, EEMREIET & FEINGF OBEIGEA)
IZE0, BEFREBNPRKREWVCHELL T, BHBEEDHRFINLTWD EHGm LT, B, BRI
ODRBE CIIERZICREENEML TR, BRICEX2AOEEIBH I 2) o7z,

3 ETITHAE=  OEIAREEIRE S (Demographic history) Z B 5232 L7z, KPR ER R O
AR S =2 0 DR AR Z 545 L mtDNA O EEELH 2 R L 72 5647 %e1d, 7V 2 —3 v L4
B ESICRK TR E R T a ¥ A4 TORKNERLD Z L2 5L, KRR = v
IR O KEC KR O K & 7 88 &2 #Bk U CQEFEMOILRNEE - L HELE L TWnWD, £
ZTIE, HERE=V VIZOWTHMIT LTV DR, EAEMEUIE SN T\, £ 2 TH 3 ETIE,
55 2 BT AW T2 AbiEE K QRN AEE S 0 9 2t TRESFHNCEAE S 4172 618 fE {12V T, mtDNA

i AEIk 551bp DM FERLA A W CEARFEN B S 2 AT L7, BRIB L7276 ~"T e 2 A 7D 5 b dbifi
HBEAGDONTB LA TIL62 Tholed, AMEHFDOZNIZ 3 & 7eh-7-, Mismatch distribution,
Tajima’s D 2 O8N Fu’s Fs OfEMT 226, dbHEE O =2 3 EERBEOILREZRR L= 2 &, £7-. KD
#ﬁﬁi%i%ﬁ@ﬂ%lwﬁﬂnEE@%@E%@%’%té&%ﬁbko*ﬁ\KM®:yym\
NI B AT OREFELEMPERET VL OBEBAFTRD LA, WEICH MRy 7 E2RBRLTWD Z
EDRB I N, FO—[HE LT, HILHIF T 500~800 4E DM THEY K LRAET 5 KHENE XD
i,
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—vryH=vryR=vrrEO 1ETHDKEH = > Clupea
pallasii (LN, =& WwWo) T, 7A VI EENL LT X
gy 7, BAR, @E, PEIECHMT CRFEFELERCELS 6T 5
RO ICHEFICEELAEDO > Tbhb o, KEELEELH (o
TORAR BEELEOPE) TIELIEORERET 25~45 5 t T,
1990 F R HFEH AL RESEHELTWD, ZTHICH L., XKFEHEIEL
KW (B X ROIT AV ) T, BAEKNSH t T, 1970 F &
Db L Cw b (X 1, FAO2015), H AWM A TIX. 1897 4 I
FAdE W E R E AW E - Y R EEN 100 F ot RIRE S LT
Wl R dbEE PN U RBENRERAEE L E S LD 1950 F R
T o DURE X M B W L2 (M 2, Ak 1993), 1960 4 1R A
5 200 BRI AR E I N D 1977 F F TIiX 1.5~10 5 t T
HBELTWDLIA, ZTHITHY @R CHREILZTHEIEE= >
vERAREANTAKBTFLTCNEDLO T (BFH 1983), T h UK
O A0EM TIEZ LA tEBx D5HED 19804 (1.1 5 t), 1982
£ (2,477 t), 1986 4 (7.2 5 t), 1987 4 (1.9 5 t) MK O 1991
£ (1407 t) O 5 BELMEVWETHD (X 2), 2013 4 0
R XA B v R T 4,506t AN ORI K EFERRET 4t 0 F G
4,510t E R EH OB L 1200 o T WD, EOKEYTH
S 19 R R FAMME® L CT LA LTIBHEDE»D
iR AW @ L (FRIFF 2005), YR EMEYHEBRELE L CO
MA®EFLEALETH - (/I 2002), 1920 FEHIZ X H XK & =
UL B FEOAEENREICEIN L., B 2 KR KBS K
BE#ofREHEORKRIZITIER L L TCOMMBE LRl -7 & & TW
5 (/A 2002), BAETIH., AT, WHELBBET., X
TR =v U EBEEXIREMEBEE, T HOTF, RATEZR ETE I N
TWw 5,

o



20 R IC A D BRARBRRETIEHEE - VU R =B L
TWLS P T HFIEI2HFB - TNBDOENRETLS R LD,
kilFwE O TR PN EEZRBEE 2, £HESHIEPITONI D X
=72 o 7= (/A 1993), /AR (1993) E . FEIN S 0 R B SR
T LA L@EISERN & REREOCTEKRNXLEBE - B E
My s2@EomMErRELC., 7TVTRMCHMT H =V %
(1) i @ vk s R (2) #E PR ME R R L (3) g PR ME M R (4)
W M ok B e AR o R v S AR Iy E L
e E - N R = FWmEEREERE = it H ST
WAHEDN, THhAAMEBELIEE= O RENEL 2> %k, BE
HABRE CIHRE I TWD =Y i, EICHEMEmRE LR
PEMEM R B0 LWEE R R TR NS BB R E W
E R, mWE., RMEIEXFEFEBETETRERE., 5858, 2
B, TR O TH D (FEH 1983; /A 1993), Z
Ot BB EBEERBRBEoOPHEEE TCHL LT AN =T

RS

™

FRT AN F=v bl EILLTEBR CRE IS (BFH
1982; /hA#k 1993),

CHhLOBARBRICERNRSG R oMEME =y 0% HERTFR
Brox . /bAk (1990) I XV 7 A4 Y F A L5%2H0THD TITbR

2o /AR (1990) A B REWM . e < EEW . B E
B, BRREALKCTAHOEHMBEZ ZRE LN, T oMb,
AE B (1992) RHEH S (1999) & 7 14 Y F A4 &% M v Tl
EBEORABELEREM ., RWMBEBEBRLEOLEB BT ZIT > TW
5, TDOH®, A4 27 Yy TFT T4 b~ (LT, msat & Vo) &
T, AFE., Yo~ EB#., EEH. BRE. KB, B
BRE. = 858, 2B, Bk o &E M5 21 o7z (Sugaya
et al. 2008; R A 5 2008; Kitada et al. 2009), Z 1 & @ W 58 7
O, dbvEE K ORI CIEAIMICHEXBEEHNZERESNG WD &
AR FOMB M= 3dmEBE. BRE. 558 /KB EEO



3ODRER TNV T THHRINLD I LR RINT,

EWOMBME XKW T WD FH—0EIRGICHEST S HEENR
H D MM =2 1 (Hay et al. 2001)., # M E o0 XS & L
THHB 72 (A 2001), & A& PEIEL 1974 (2 A6 ¥ 8 7 3 5
EREGEYZY B W THME 55 £FTCHMET S &I L
W ED . F O 1982 F I (th) HARE R EWN S E
FHREEL CLERE 66mmAEY 8.4 T E.HAE FHFEL T2 E 30mm
W 5 W ROAEICHKI L (MBS 1999; /M4 2002), K &
W A E I S N, Lo TR, A 5,000 TR BL RS HE
HAEI L., FIZAFBE., BREM., EEH. 558 THRIKE I
TWa (3, MATEIEANKERASNI B ¥ — 1984~2014),
2014 - X 2 FE C 5,586 T B N MM A E S v, 5,400 F & MK
il (MMITEHEANKERSWRE % — 2014), % &7 -
v AFEBRSBEARABEILBEHEOF T, BT A, v F A4 NE A
WWTHEEE - BRI Z WV, BB XMW THRIKES LD HE
T VY e a2y (ALC) 12 X 5 H A &N
. SRR E RAK AL R AICHEN L TR Ao
SHEE X TV B, AFFE TIX 2002 4FE 0 R E X 3.4% (Hh
NOAT BriE N RV E S R A HF R S 2013) 0 A E 1 T o B
|
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A 0% 1997~ 2005 F EF X 0.5~5% R FE CH#H B L . 2007 4

e
™

X 21% & oW E N H DH (I 2009), & H 2. 1995 F 2 b
2003 FE CORFETO XL O HKIKMDE E&IL 28.9115.64%,
1991 £/ 6 2000 F £ T OE H O F T 17.1£12.16% & #H & &
nTwsd (deH 2008), KBIF ~0oFBLAHMHFEIND — 5 T,
ANLWIZAEELZE SO BB HAEAELERAO BB L RMEICEE
hHE x2S KO o 7 ((Waples 1991;
Hilborn 1992), E R Ew H I BT 2 & £ E ClL. HF 5 4L
M6 200 Bl EoBlaz LT ANLIEBCHY TED . K
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MEEITRAEHE I LCESFHEIZCBEB WY TEN R W I LB IR
S v 7= (Sugaya et al.2008 ; Kitada et al. 2009),

2011 £ 3 A 11 H .~ 7 =F 2 — K 9.0t WvwoRETHOHIHM

JFOK e M B S R L (Satoetal. 2013). Z Ui fE 9o HE I
kM E» S PR E CAEREBAICKDT (KER)T 2011). ¥ 2B K -
B EBITERZ2EEFEZZ T L, = ¥ 038 M & 8 M
BT D KRAEWMY (T ~FH., e X~ 2 H, a7 8HRLE)
BN & BE 2 5 (/AR 1993) . AL E O = ¥ v o FE I
T 2H B 3 A TH D &6 I T KPR 2 %4
L7 3HAHRIEBIREOZKIIWNLIKED KEWMBYITE DT 6T
WlelF T Th DL, BERBRERICEKDZEINNENELE TH 5K
R E EbICHEAEL, 72, 3 11 HBURBKRIC= 20 EIFE
L LT EIREERNEBIENTCE Lo B XL,
=SV OB AERREARERE LT T EEDbN S5,

B

palsy

CoXOo R ARBEROBMIE T, A OEEROELHF M F 2
7 AL ZHRMEE RO TELRERNLEEZE X DL TS (Sousa 1984;
Turner 2010; Banks et al. 2013), f © & = W &% & M 1. & o &
L x B 2D
) £ B

S0

I

R LVWHEOEAESETOLXLDOAEYSHKNEICE?S

™

(Sousa 1984; Hughes et al. 2008), L 7= » T, &
CEHETLIBEBRBE T, ABO AKX OCEAMBNICAKS EEZ LITT
EE 2 bR TWwW5b (Banks et al. 2013), % 17 #f %8 T Bt ok &
% H f o # & ¥ (Evanno et al. 2009) ., # /K & % x X 2 (Vignieri

o
ol

i

P

2010) ., 11k % & & = )b (Spear and Storfer 2010) = & (Suarez et
al. 2012)., » 2 Wit ., kuEx» & » =/ (Spear et al. 2012) .
NY H— Y a0 f (Apodaca et al. 2013) o B #E & 3 4l
L, R#EOEXEL L TIX. A& OF F KM EDHEWKMGME M
M Kk 1E L 722 MMNADH D5 (Hung et al. 2005), Z v 5 O F
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ToMETIFT, BARARILOK, BB ZHREDOHMD H 5 WV ITH
mas R onzr, EHEEOLLLEZAVWELEDEFE AT F— v
% o 7 v U X O W pE f $ sailfin molly (Apodaca et al. 2013) @
BliclRbhN D, REOLE2—1F, BEMSEHOEEE TR
<AL T2, BRBIAZIAEFTEREBIZODNTCHIFEALLE
G o TV b E LT v b (Banks et al. 2013), & Z T,
AMIE T, BROBEEILBE SN XKEFEMOEEW . BK
BREROEHBIZCODWT, BEXEZ DO 2013 4F (ERFMAEATE TE)
& 20144 (BRAE) TEARZHRE L., RAEKFEENEN =&
vHEMHICEA LR BEEATMIT LS L 2E - ORBMLE L,
Fl, INETHTOLARTELAIARE=Y OLEH BT ITT A
YA AL msat i XA b o T, I b= KUY T DNA (LT,
MtDNA & 95 ) WM iTfITbh Ty, 72, % HH
oK ZEEMAIC SN TH N2 WE T, 2003 F 05
2006 F O M ICHRE L ARFE. Yo ~WH . el . EEH. B
WHE., MKE, EEA. BB IOREE O A (Sugaya et
al.2008 ; R A 5 2008) (T, 2007 F LA IR E L 2 E A Z N 2 |
msat & mMtDNA % fl W T H KE = O %KM L EHEEOR
EHMEREFEMT 2 2L, MXOBERITUTOHEDY TH
AR

B L1I1EFT  ITBARICBTDD=vrrom¥ELEHS KK, & L. 2
MK EE A S FAT T D MK AR R E R G E B & OV ST AT Br ik A
KEBRAWME L v 2 =D BT T 2B HRE - R EMMAES O
AFE NF - B EMELY . dLEEO S REF K ORI K FEE
MoOBEAREBEDO = oifERE S EELOKGRERZEH -
By Ferowd, P CchbifERIZOVWTIEH, 2N E THEE (1983)
RKRKWMA B (2003) I Evid@E (2E) &AMKROAE=R
DB IHE N T WD S OO, JbigiE o RME & A& ILE



KFHEMOBROBBEBRNLT X TERFM TCETL2HREIT N TIC
M ZTHICEINH OB EME IREREORE®RLIMA THRY
F LD,
HBo2EFI.ITHAE= yOLEHAMHE LRI ARER LR,
E L T.2003 45 20064 0 M ICHE L AMFE. ¥~ i,
REHCI . EREWE . HmWE., HAkE, BRRE., BB BIUORE
% o g A (Sugaya et al.2008 ; R A 5 2008) 2. BK % O E F
W, EERABABRYNE HE CHELEZZEAREZ M X, msat & mtDNA
ZHWTHARKE=Y O ZERMELERHMBEORKZERZELZ M
T 5,

BHI3IEIT THAE= O KHEBEE] & LT, H 2ET
fE Hr L T Wi W= v o ffl & # B B &L (Demographic history)
IZ 2w T, mDNA O LB 2268 5203 % & &bz # K
FHEHRMEORE LR AORKEIT O W THE 2 50K R 2 Ik
L7ad bBET DL,
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Genetic impact of the Great Tohoku earthquake on the herring local

populations

1. Abstract

Environmental disturbance is the major driver shaping ecosystem diversity. All levels of
biodiversity are linked with genetic diversity, which has pervasive ecological and
evolutionary consequences. However, the influence of a disturbance on the patterns and
distribution of genetic diversity is poorly understood. The Great Tohoku Earthquake of
moment magnitude 9.0 that occurred on March 11, 2011 in Japan allows evaluation of a
rare event that impacted biodiversity and ecosystems. Using microsatellite genotypes and
the mitochondrial DNA control region haplotypes for more than 4, 000 Pacific herring
from 23 spatiotemporal samples collected in the entire distribution range of Japan before
and after the earthquake during the spawning period, we evaluated the impacts on the
patterns and distributions of genetic diversity and population structure. Our analyses
clearly described the patterns of genetic diversity and population structure of Japanese
herring populations, which consisted of three distinct groups with different but temporary
stable mixing proportions. The analyses revealed that the sea-spawning population in the
central area of the tsunami was replaced by a genetically distinct lagoon-spawning herring
population in an adjacent brackish lake. The results demonstrate how a megathrust
earthquake renovated the patterns and distribution of genetic diversity in local herring
populations and suggest that constant gene flow caused by persistent spawning fidelity can
be a major driver of population recovery with positive environmental effects from the
tsunami. Our results indicate that extent of natal homing, spawning fidelity, and effective

population size may explain spatial structure in high gene flow marine fish.
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2. Introduction

Environmental disturbance is the major driver of population dynamics and shapes diversity
of many of the world’s ecosystems (Sousa 1984; Turner 2010; Banks et al. 2013). The
genetic diversity of species influences all levels of biodiversity, including fitness, viability,
and adaptation of populations, as well as the evolution of new species (Sousa 1984;
Hughes et al. 2008). Therefore, a natural disturbance that affects genetic diversity could
result in pervasive ecological and evolutionary consequences (Banks et al. 2013). Previous
studies have evaluated the genetic impacts of the Chi-Chi Earthquake in Taiwan on an
endangered plant species (Hung et al. 2005), those of floods on an abundant gastropod
species (Evanno et al. 2009), mice subjected to regular flooding (Vignieri 2010), forest
fires on a tailed frog (Spear and Storfer 2010) and a bird species (Sudrez et al. 2012),
volcanic eruptions on a tailed frog (Spear et al. 2012), and hurricanes on a coastal fish
species (Apodaca et al. 2013). All of these studies reported a decrease or increase in
genetic diversity after a natural disturbance, but only one study of the sailfin molly
(Apodaca et al. 2013) detected a change in population structure. However, a recent review
concluded that the influence of a natural disturbance on the patterns and distribution of
genetic diversity is poorly understood, even though the importance of genetic diversity is
appreciated (Banks et al. 2013). The Great Tohoku Earthquake of moment magnitude 9.0
that occurred on March 11, 2011 (Sato et al. 2011; Mori et al. 2011; Tsuji et al. 2014)
allows for an evaluation of a rare event that impacted biodiversity and ecosystems. We
have preserved historical samples of Pacific herring (Clupea pallasii) collected in the
entire distribution range of Japan for more than 10 years, including the central area of the
tsunami. We collected new samples after the earthquake, which enabled us to evaluate the

impact on peripheral herring populations.

Spring spawning herring was a commercially important species for Japan in the 19th and
first half of the 20th centuries (Watanabe et al. 2008). Herring catch reached the historical
maximum of 787,000 t in 1913, but declined steadily and eventually disappeared in the late
1950s (MAFF 1979). The huge fishery production was mainly from the

Hokkaido-Sakhalin population that spawned in high salinity coastal waters (32—34%o), and

39



the migration range was very wide. This herring was classified as the oceanic wide
migration type and lives 13—16 years with an age at maturity of 45 years (Kobayashi
1993). Currently, herring fisheries target several local stocks that spawn in coastal waters
and brackish lagoons along the Pacific coast of northern Japan (Kanno 1989). The present
level of production is ~4,000 t in the major fishing areas of Hokkaido, Aomori, Iwate, and
Miyagi Prefectures (MAFF 1967-2014, Fig. 1a, Supporting Information Fig. S1). These
local herring were classified as the oceanic small migration type (hereafter, sea-spawning
type) and lagoon small migration type (lagoon-spawning type), with a shorter lifespan (~8
years) and age at maturity of 2—3 years (Kobayashi 1993). Pacific herring spawn
exclusively in shallow nearshore habitats and females deposit adhesive eggs directly on the
bottom or on vegetative substrata (Haegele and Schweigert 1985). The spawning activity is
conspicuous: milt turns the water milky-white (Hay et al. 2009), which had not been
observed in Japanese coastal waters since the collapse of the Hokkaido-Sakhalin spring
spawning herring, but in recent years it has occurred in Ishikari Bay, Hokkaido. The peak
spawning period of the Japanese local herring varies between Late-December and
Early-May depending on the spawning site (Table 1). Returns to natal spawning
areas—‘natal homing”—and returns of spawning fish to the same spawning
area—"‘spawning fidelity”—have been reported in Pacific herring (Hay et al. 2001). Natal
homing and spawning fidelity of Japanese herring were also found by tagging experiments

in Miyako Bay, Iwate Prefecture (Okouchi et al. 2008).

The funnel-shaped bays amplified the tsunami waves of the Great Tohoku earthquake
along the Pacific coast in the Tohoku region, generating extensive run-up (Seike et al.
2013). Tohoku consists of six prefectures, with Aomori, Iwate, Miyagi, and Fukushima
prefectures along the Pacific coast (Fig. 1a). The observed tsunami height distribution
(Japan Meteorological Agency 2012) (Fig. 1a) shows that Iwate and Miyagi Prefectures
were in the central area of the tsunami. The maximum run-up height was over 20 m (Tsuji
et al. 2014) and was as high as 39.7 m (Mori 2011) in Miyako Bay, Iwate Prefecture. The
peak herring spawning period is Late-December to Early-April in the Tohoku area.

Therefore, herring may have already spawned large quantities of fertilized eggs on
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seagrass/seaweed beds or the bottom when the megathrust earthquake occurred, but they
should have disappeared after the huge tsunami. Thus, the reproductive success of the
herring populations in damaged areas may have been seriously affected. After the
earthquake, the catch dropped in the major fishing areas of Tohoku; Aomori, Iwate, and
Miyagi prefectures, and was zero in the 2013 catch statistics. In contrast, catch increased in

Hokkaido (Fig. S1).

In this study, we evaluated the impact of the Great Tohoku Earthquake on the Pacific
herring populations based on our historical samples and new samples taken after the
earthquake. All samples were collected from spawning populations throughout the entire
distribution range of Japan. Using over 4,000 herring in 23 spatiotemporal samples
collected from nine localities, we evaluated how the megathrust earthquake impacted the
patterns and distributions of genetic diversity and population structure of the herring. We
used microsatellite loci and the mitochondrial DNA (mtDNA) control region. If spawning
migration behavior and mating patterns are sex-biased (Avise 1995), both markers may

provide different rates of gene flow between populations.

3. Materials and Methods

3-1. Sample collection and biological measurements

Herring samples were caught by fishermen using gill nets and set nets at their spawning
locations during the spawning season (Table 1). After the Great Tohoku Earthquake, we
collected two samples from a central tsunami area, Miyako Bay (MY'13) in 2013 and Lake
Obuchi-numa (OB14) in 2014 in Tohoku, and one sample from Lake Akkeshi (AK13) in
Hokkaido (Fig. 1a, Tables 1, S1). The peak spawning period is late-January—early-April in
Miyako Bay, mid-April-early-May in Akkeshi Bay and Lake Akkeshi, and
late-February—late-March in Lake Obuchi-numa where herring can only migrate into the
lake after the creek thaws and is connected to the sea. Very few herring spawned in Miyako
Bay in the central area of the tsunami in 2013, and only 657 fish (217 kg) were caught
between late January and early April. They consisted of 2- and 3-year-old fish, which were

identified by examining otoliths. We selected all 93 2-year-old individuals (MY 13) caught
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on January 29 and March 7 for genotyping to examine the effect of the earthquake on the
2011 spawning population because they were spawned in the year of the earthquake (2011)
and first spawned at age 2 years in 2013. They were all mature (Table S1). We also selected
118 2-year-old fish caught in Lake Akkeshi and Akkeshi Bay from April 24 to May 8
(AK13) for genotyping. Almost all fish were mature but some were immature or already
had spent gonads. We purchased herring caught in Lake Obuchhi-numa on April 17-18,
2014 (OB14). All fish had mature gonads and were 2 or 3 years old, so we used all of these
fish for genotyping to evaluate the direct effects of the tsunami on the spawning grounds in
2013 and the possible remaining effects in 2014. We collected local catch data for
spawning herring from 2005 to 2013 in Lake Akkeshi (including Akkeshi Bay) and
Miyako Bay from the Akkeshi and Miyako Fishermen Cooperative Association landing
data, and those of the Lake Obuchi-numa directory reported to the Aomori Prefectural
Government by fishermen. Spawning herring catches increased in Lake Akkeshi but
decreased in Lake Obuchi-numa and Miyako Bay after 2011 (Fig. 1b). Considering the
catch trends, the spawning periods, and the tsunami height distribution (Fig. 1a), we treated

AK13 as a control sample and MY 13 and OB14 as impact samples.

As before-impact samples, we used our 17 historic samples of spring spawning herring
collected from nine major spawning grounds in Japan during 2003 and 2008. Almost all
fish had mature gonads but some were already spent (Table S1). Samples were caught by
fishermen using gill nets and set nets during the spawning season in Ishikari Bay (IK),
Lake Saroma (SR), Lake Notoro (NT), Lake Akkeshi (AK03 and AK06), Lake Yudo Numa
(YDO3 and YDO07) and Funka Bay (FK) in Hokkaido, and Lake Obuchi-numa in Aomori
Prefecture (OB04, OB05, OB06, and OB07), Miyako Bay in Iwate Prefecture (MY 04,
MYO05, MY07, and MY08) and Matsushima Bay in Miyagi Prefecture (MT) in Honshu.
We also used three historic samples of recaptured hatchery-reared fish from Lake Akkeshi
(AKHO03 and AKHO06) and Miyako Bay (MYHOS5). All hatchery fish were marked
chemically on otoliths and released, so we identified hatchery fish by marks on otoliths.
These historic samples work as a control, as they were collected before the earthquake

including the impacted areas. Thus, our sampling design is regarded as a BACI design
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(Before—After Control-Impact), which has been used for impact assessment (Smith 2002).

We measured total length (TL) and folk length or body length (BL), body weight (BW),
and gonad weight (GW) (Table S1). We calculated the gonadosomatic index (GSI =
GW/BW x 100) and the condition factor (CF = BW/TL? x 100) for each individual. We
determined ages of all samples by examining otoliths, except the sample collected in Lake
Obuchi-numa in 2014 (OB14). The age of the OB14 sample was determined from BL by
comparison with the age distribution of the historical samples collected in Lake

Obuchi-numa, which consisted of 2- and 3-year-old fish.

3-2. DNA extraction, sequencing, and microsatellite genotyping

Muscle tissue from each specimen was stored in 99.5% ethanol for DNA extraction.
Genomic DNA was extracted following the standard phenol-chloroform procedure and/or
use of the QuickGene Mini-80 (Wako Pure Chemical, Osaka, Japan), according to the
manufacturer’s instructions. DNA fragments corresponding to the mtDNA D-loop region
were amplified by polymerase chain reaction (PCR) wusing the 12S-CP
5'-TCCTAGGGCTCGTCTTAACATCT 3’ and Cytb-CP 5!
TGTAATCCGGAGATCGGAGGTT 3’ primers. PCR amplification was performed using
a GeneAmp PCR System 2700 Thermal Cycler (Applied Biosystems, Foster City, CA,
USA) in a 25-ul reaction volume consisting of 2.0 pul genomic DNA as a template (~1.0
pg), 0.125 pl Takara Ex Taq Polymerase (Takara Bio Inc., Shiga, Japan), 0.5 ul 10 uM
primers, 2.5 ul 10x Ex PCR buffer (20 mM MgCl,), 2.0 pl ANTP mixture, and 17.4 pl
sterile water. For the new samples collected in 2013 and 2014, PCR was conducted on 10
pl aliquots of a mixture containing 1.0 pl genomic DNA as a template (~0.1 pg), 0.1 pl
KOD FX (Toyobo Co., Ltd; www.toyobo-global.com), 0.1 pl of 10 uM primers, 5 pl 10%
Ex PCR buffer (§ mM MgCl,), 2.0 ul ANTP mixture, and 1.7 pl sterile water. The thermal
cycle consisted of initial denaturation at 94°C for 1 min, followed by 35 cycles of 94°C for
30 s, 56°C for 30 s, 72°C for 3 min, and a final extension at 72°C for 5 min. The PCR
product was purified with ExoSAP-IT (USB Corp., Cleveland, OH, USA). The purified

product was used as template DNA for cycle sequencing reactions performed on a
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GeneAmp PCR System 2700 Thermal Cycler in 20-ul aliquots of a mixture containing 2.0
pl template DNA, 0.32 ul 10 pM primers Cytb-CP and Cytb-E, 1.5 ul of the BigDye
Terminator v3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems), and 15.8 ul
sterile water with the following cycle sequencing profile: initial denaturation at 96°C for 1
min, followed by 25 cycles of denaturation at 96°C for 10 s, annealing at 50°C for 5 s, and
extension at 60°C for 4 min. The sequencing products were subjected to capillary
electrophoresis in an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) for the
historic samples and an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems) for
the new samples. Sequences were aligned using ClustalX (Thompson et al. 1997). The 551
bp sequences were amplified, aligned, and one insertion/deletion was found in the
sequences. Haplotypes were defined based on the sequence data using DnaSP ver. 5.10
(Librado et al. 2009). The sequences of the mtDNA control region were submitted to the
DDBJ, European Molecular Biology Laboratory (EMBL), and GenBank databases under
accession numbers LC029928-LC030003.

All DNA samples were genotyped at the five microsatellite loci (Chal7, Cha20, Cha63,
Chall3, and Chal23) (O’Connell et al. 1998) used in our previous studies (Sugaya et al.
2008; Nemoto et al. 2008). We genotyped 301 individuals collected after the earthquake in
2013 and 2014 (MY 13, AK13, and OB14) using the ABI PRISM 3130x1 Genetic Analyzer
(Table S1). The annealing temperatures were 57°C for Chal7, Cha20 and Cha63, and 52°C
for Chall3 and Chal23 (Sugaya et al. 2008). For the historic samples, we genotyped 1,006
individuals of AK03, AKHO03, YDO03, and FK in 2003 (first group) and 2,477 individuals of
IK, SR, NT, AK06, YD07, OB05, OB06, OB07, MY05, MYHO05, MY07, MYO08, and MT
in 2006-2008 (second group) using the ABI PRISM 3100 Genetic Analyzer. As allele
size-sifts were observed in the allele size distributions between the new and historic
samples, we conducted an inter-laboratory calibration (Ellis et al. 2011). We used the
second group as a standard because the sample size was the largest among groups (n =
2,477), which should provide confidence modes in the allele distributions. We added 1.6
and 10.6 to raw allele sizes of the first group and the new samples at Chal7, 1.8 and 5.0 at
Cha20, 2.8 and 8.0 at Cha63, 2.0 and 7.8 at Chall3, and 4.0 and 2.0 at Chal23,
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respectively. The calibration provided consistent allele size distributions for the three
groups at each locus, from which we fixed allele sizes for all individuals. Genotype data
quality was evaluated using Microchecker (Van Oosterhout et al. 2004) to detect scoring
errors and null alleles. Linkage disequilibrium was tested using GENEPOP 4.2 (Raymond
and Rousset 1995a) with a 5,000 dememorization number, 100 batches, and 5,000

iterations per batch.

3-3. Genetic diversity
The number of haplotypes, haplotype diversity (Nei 1987), and nucleotide diversity

(Tajima 1989) were estimated using DnaSP. Haplotype richness was calculated using
CONTRIB (Petit et al. 1998), with the smallest sample size (n = 30) for rarefaction. The
exact test (Raymond and Rousset 19955b) for differences in haplotype frequencies was
performed using the Markov chain procedure (5,000 dememorization number, 100 batches,
and 5,000 iterations), as implemented in Genepop. Differences in the diversity indices
were tested using Welch’s #-test. The two sample #-test using normal approximation was
used for the parameters which only had standard errors, such as haplotype diversity and

nucleotide diversity.

Hardy—Weinberg equilibrium (HWE) was tested using GENEPOP 4.2 (Raymond and
Rousset 1995a) with 10,000 dememorizations, 100 batches, and 10,000 iterations. Allelic
richness and heterozygosity were calculated for each locus and population using FSTAT
2.9.3.2 (Goudet 1995) and Arlequin 3.5.1.3 (Excoffier et al. 2005), respectively. Samples
were rarefied to the smallest sample size to determine allelic richness (n = 34). The exact

test for population differentiation was also performed for the allele frequencies.

3-4 Population structure and gene flow
We ran STRUCTURE 2.3.4 (Pritchard et al. 2000) with the admixture linkage

disequilibrium model (Falush et al. 2003) using a burn-in of 100,000 iterations followed by
500,000 Monte Carlo-Monte Carlo repetitions for the number of putative original
populations K = 1-10.We then ran STRUCTURE using the LOCPRIOR option, which
considers geographical information (Hubisz et al. 2009). As natal homing and spawning

fidelity are known in herring, and all samples were collected from the spawning
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populations, the nine sampling localities would provide meaningful information on
population differentiation. Therefore, we assigned the integers 1-9 to the nine sampling

locations.

We estimated genetic differentiation between populations in terms of Fst for both the
haplotype and allele frequencies. We used the empirical Bayes (EB) method (Kitada et al.

2007) to reduce the bias of the Fsr estimates, considering that marine fish species have
high gene flow. We estimated the maximum likelihood global Fsr ( Fyp) over all
populations using EBFST1.1 (http://www.g.kaiyodai.ac.jp/cmls1/Conservation), from
which we calculated the rate of gene flow as: =1/F; —1 (Wright 1969, Rannala and

Hartigan 1996), where F;i is the simple mean global Fsr over loci and € is the scale

parameter of a Dirichlet distribution (beta distribution for a bi-allelic model). For diploid
populations, & =4Nm (Wright 1931) and @ =2 Nm for haploid populations (Rannala and
Hartigan 1996). Here, N is total size of the breeding population (effective population size)
and m is the migration rate in each generation. The composite parameter Nm indicates
the number of individuals replaced by migrants per population per generation (Rannala and
Hartigan 1996). Therefore, € shows the rate of gene flow for microsatellites and/or
mtDNA. In addition, we estimated the posterior means of the pairwise Fst values (EB
pairwise Fst) between all population pairs. We drew a neighbor-joining unrooted
phylogenetic tree (Saitou and Nei 1987) using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/) based on the EB pairwise Fst values. Geographic
distance (straight line) was calculated for each pair of populations on the Pacific coasts of
Hokkaido and Honshu, based on great circle distances using the haversine (Sinnott 1984)
in the R ‘geosphere’ package. The Earth’s radius was considered to be 6,378.137 km for

the calculation.

We tested the null hypothesis Ho: homogeneity of Fy, among L loci against the alternative

hypothesis H;: heterogeneity of £y among the loci. The test statistic

L ~G =G 2 ~G 2 q- . . .
A= 21:1 (Fs1, — Fgp) 1V (Fg,) followed the  y~ distribution with (L-1) d.f. under Ho,
where I?SCT; = Z; V(I:ﬂSCT;J)f1 I%SCT;, / Z; V(I:ﬁSCT;J)f1 (Kitada et al. 2007). In this test, we
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excluded hatchery fish populations (AKHO03 and MYHO05) to avoid the possible eftect of

artificial selection.

3-5. Effective population size
We estimated the variance effective population size (Ne) based on the temporal change in

allele frequencies (Nei and Tajima 1981; Pollak 1983; Waples 1989) for Lake Akkeshi,
Lake Yudo-numa, Lake Obuchi-numa, and Miyako Bay using NeEstimator (Do et al. 2014).
If Ne changes with time, the estimate is the harmonic mean of the effective population

sizes in the individual generations (Nei and Tajima 1981; Pollak 1983). We calculated the
mean age at spawning from individual ages determined by otolith examination of all
samples, excluding AK13, OB14 and MY 13 samples (Table S1). We also excluded 13
one-years-old age immature fish in YD03 sample. The mean age at spawning was used as
the generation time (#) to calculate the generation length (GL) between samples (GL =years

between samples / ¢). The multilocus Fj (Pollak 1983) was used for the F-statistic.

3-6. Genetic mixing proportions

As shown in Fig. 4a in the results section, all populations were a mixture of some putative
ancestral populations. To evaluate the impact of the Great Tohoku Earthquake on the
herring population in the central area of the tsunami, we estimated the genetic mixing
proportions in Miyako Bay and Lake Obuchi-numa before and after the Tohoku
Earthquake. We assumed six baseline populations: Matushima Bay, Miyako Bay, Lake
Obuchi-numa, Funka Bay, Lake Yudo-numa, and Lake Akkeshi, which were mixed in the

Miyako Bay and Lake Obuchi-numa populations.

We estimated the mixing proportions based on the conditional-likelihood method (Millar
1987) for genetic stock identification (GSI), using BASEMIX1.0 (Kishino et al. 1994;
Kitada et al. 2013) available at the EBFST site, and ONCOR (Kalinowski et al. 2007).
Standard errors of the mixing proportion estimates were calculated by considering the
variances of the gene frequencies for the baseline populations in BASEMIX. The 95%
confidence intervals (CI) for the mixing proportion estimates were calculated with 1,000
bootstraps in ONCOR. We then estimated the changes in composition in terms of
commercial catch in Miyako Bay and Lake Obuchi-numa before and after the earthquake.

We multiplied the mean catch of 1.1 t for 2007 and 2008 (0.2 t for 2013) in Miyako Bay by
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the estimated genetic mixing proportions in the samples MY07 08, and MY 13 and
obtained the catch compositions in Miyako Bay in 2007-2008 and 2013. We used 0.9 t
catch for 2007 (2.1 t for 2014) in Lake Obuchi-numa, and estimated the catch compositions
in Lake Obuchi-numa in 2007 and 2014.

4. Results

4-1. Sample collection and biological measurements

We collected 23 samples (4,617 fish) from nine spawning grounds in the spawning season
during 2003 —2014 (Table 1, Table S1). We examined otoliths of 4,211 fish. The samples
consisted of 1-4-year-old fish with a mean +standard deviation (SD) of 2.3 £ (.5 years.
Almost all fish were mature, excluding 13 one-years-old immature fish in YD03 sample.
The age composition was 1-year-old fish (0.3 %), 2-year-old fish (67.3 %), 3-year-old fish
(29.8 %) and 4-year-old fish (2.6 %). Mean TL was 26.5 + 2.8 cm, and BW was 168.7 +
62.2 g. Mean CF was 0.86 + 0.11. Mean gonad weight was 14.2 + 7.8 g, and GSI was 14.8
+ 7.8. The female ratio was 0.47 = 0.10 (Fig. S2).

4-2. Genetic diversity

We sequenced 618 individuals from 13 historic samples and three samples collected after
the earthquake for the mtDNA control region. Sequence comparisons yielded 76
haplotypes (Table S2). The diversity indices were generally high in Hokkaido and low in
Honshu, and the haplotype richness values were 13.89 £2.97 and 6.59 +1.30 (Welch #-test,
t=6.5944, P=0.0000, Table 2). Haplotype diversity significantly decreased in Miyako
Bay (z#-test, t = 2.7588, P =0.0029) after the earthquake but not in Lake Obuchi-numa (¢ =
1.3716, P=0.0851) or Lake Akkeshi (t=0.0751, P =0.4701). Nucleotide diversity also
significantly decreased in Miyako Bay (¢ =2.5012, P =0.0062). The haplotype frequencies
were homogeneous within the temporal samples from Lake Akkeshi, Lake Obuchi-numa,
and Miyako Bay before the earthquake (Table S3). Therefore, we combined the temporal
samples, such as AK03 + AK06, OB0405 + OB07, and MY 0405 + MYO07, for subsequent
analyses. The haplotype frequencies of the after-impact AK13 and OB13 samples from
Lake Akkeshi and Lake Obuchi-numa were not different from those before the impact

(AK03, AK06 and AKH06 and OB0405 and OB07). The after-impact MY 13 haplotype
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frequency was also not different from those of MY0405 and MYO07 after Bonferroni
correction. However, the MY 13 haplotype distribution was substantially different to that of
MY 0405+MYO07 but similar to those of OB0405 + OB07 and OB14 (Fig. 2a).

For the microsatellite loci, we genotyped 3,784 individuals from 17 historic samples and
three samples collected after the earthquake. A total of 157 alleles were found at the five
microsatellite loci (Table S4). No evidence was detected for a scoring error caused by
stuttering, large allele dropout, or null alleles. The linkage equilibrium hypothesis was not
rejected for all pairs of loci in all samples, except between Cha63 and Chall3 for AKO03,
OB07, MYO05, and MYO08 between Cha20 and Chall3 for MYO07, and between Cha20 and
Chal23 for AKO3 (Table S5). Samples were generally in HWE (Fig. 3), although
departures from HWE were observed in one locus at IK, SR, AK06, YD03, FK, OB14,
MYO05, and MY 13. The NT, AK13, and MYHO5 samples were not in HWE at two loci, and
MYO08 had three loci that were not in HWE (Table S6). Genetic diversity was consistently
high in fish from Hokkaido but low at Honshu, as shown by the allelic richness values,
which were 16.58 + 4.64 and 11.67 + 2.61 (Welch t-test, t = 6.528, P = 0.0000) (Table 3,
Table S7). Allelic richness and observed heterozygosity were not different after the
earthquake in Lake Akkeshi (r = —0.2158, P = 0.8346 and ¢ = —0.6639, P = 0.5323) or in
Lake Obuchi-numa (¢ = —0.4431, P = 0.6719 and ¢ = —0.702, P = 0.5081). In contrast,
heterozygosity increased in Miyako Bay after the earthquake (¢ = 3.3695, P = 0.0102), and
allelic richness tended to increase but was not significant (¢ = 1.1779, P = 0.2745). The
allele frequencies were significantly different between populations, except for those
between NR and SR, and within the before-impact samples from Lake Obuchi-numa,
Miyako Bay, and Lake Akkeshi (Table 4). The after-impact AK13 sample from Lake
Akkeshi was not different from the before-impact AK06 sample. In contrast, allele
frequencies from OB14 and MY 13 were clearly different from their before-impact samples.
Interestingly, the MY13 allele frequencies were not different from those of the OBOS,
OB06, and OBO07 before-impact samples, but slightly different from those of OB14,

although the distributions of allele frequencies were similar (Figs. 2b, S3, Table 4).
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4-3. Population structure and gene flow

The cluster analysis results suggested that the most likely number of original populations
was K =6 (In (P|D) = -93560.2 + 5832.2) for the original STRUCTURE and K =7
(—91813.5 £ 2597.9) for the LOCPRIOR model (Table S8). The bar plot showed similar
genetic mixing patterns in the samples for both models (Figs. 4a, S4). Neighbor-joining
unrooted phylogenetic trees based on the EB pairwise Fst values (Tables 4, S9)
consistently showed three large clusters consisting of Hokkaido, Lake Obuchi-numa, and
Miyako Bay/Matsushima Bay for the microsatellite allele and mtDNA control region
haplotype frequencies (Fig. 4b, c). Lake Yodo-numa and Funka Bay (250 km geographical
distance, Table S10) looked very distinct from the other populations. However, the bar plot
clearly showed that all populations came from the same original populations with different
mixing proportions (Figs. 4a, S4). The after-impact sample (MY 13) had different genetic
mixing from the before-impact samples in Miyako Bay but was similar with that of Lake
Obuchi-numa (Figs. 4a, S4) and was included in the Lake Obuchi-numa cluster (Fig. 4b, c).
The mean pairwise Fsr+ SD was similar for the microsatellite loci (0.0120 + 0.0052) and
the mtDNA control region (0.0133 = 0.0050) (Fig. 4d) and were not significantly different
(Welch #-test, = —1.9394, P =0.0543).

The Fy value of 0.0184 =+ 0.0008 (standard error) for the five microsatellite loci and that

01 0.0216 + 0.0043 for the mtDNA D-loop region were not significantly different (z =
—0.7316, P =0.7678). The rates of gene flow were 54.5 £ 2.36 and 45.27 = 9.18,

respectively, which were also not different (1 = 0.9685, P=0.1664). The Fy values at

each locus were 0.0171 +0.0014 (Cha 17), 0.0168 + 0.0019 (Cha 20), 0.0152 £ 0.0016
(Cha 63), 0.0229 £ 0.0024 (Cha 113), and 0.0198 = 0.0015 (Cha 123), respectively. The

Cha 113 locus had a higher value than those of other loci, and the homogeneity of FSGT

was rejected (A4 =9.4982, P=0.0498).
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4-4. Effective population size

The mean age at spawning (= ¢) was 2.35 £ 0.53 (n=4,211, otolith examined 2—4 year-old
fish). GL ranged between 1.28 and 4.26 (Table 5). Ne estimates were 124—746 in Lake
Akkeshi, 199 in Lake Yudo-numa, 114-183 in Lake Obuchi-numa, and 41-261 in Miyako
Bay. The Ne estimate decreased substantially to 41 from 261 after the earthquake in
Miyako Bay. In contrast, Ne remained largely unchanged in Lake Obuchi-numa but

increased in Lake Akkeshi.

4-5. Genetic mixing proportions

BASEMIX and ONCOR output similar but slightly different estimates of the genetic
mixing proportions. ONCOR provided the mixing proportion of the major baseline
population larger and those of other baseline populations smaller compared to those from
BASEMIX. BASEMIX calculates standard errors of the mixing proportion estimates
taking the variances of the gene frequencies for the baseline populations into account.
Therefore, we used estimates of the mixing proportions obtained by BASEMIX for

subsequent analyses.

In Miyako Bay, the genetic mixing proportion estimates showed that the original Miyako
Bay population decreased dramatically to 9.0% after the earthquake from 63.5%, and
individuals originating from adjacent Matsushima Bay (157 km geographical distance)
disappeared completely from 25.8%, whereas those from Lake Obuchi-numa (160 km)
increased remarkably to 75.2% from 8.0% (Table 6). Small but consistent immigration
from Lake Akkeshi (456 km), Lake Yudo numa (360 km), and Funka Bay (351 km) was
also observed in Miyako Bay. Calculated catches in Miyako Bay showed that individuals
from the original (0.698 t) and Matsushima Bay (0.284 t) populations almost disappeared
in 2013 (0.018 and 0 t). Instead, the Lake Obuchi-numa catch doubled from ~0.09 to ~0.15
t (t=3.0856, P=0.0010) (Fig. 5a, Table S11).

In contrast, the genetic mixing proportions were stable in Lake Obuchi-numa, which

indicated that 82% was the original population, 7-8% originated from adjacent Miyako
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Bay, and ~10% originated from Hokkaido, even after the earthquake. The catch from the
original population increased significantly from 0.74 to 1.72 t (t = 6.3885, P = 0.0000).
The catch from Miyako Bay population (and Matsushima Bay) also increased slightly from
0.07 (0 t) to 0.15 t (0.09 t) in 2014, but the increases were not significant with ¢ = 0.246
and P=0.4030 (r=0.1654, P = 0.4343) (Fig. 5b, Table S11).

5. Discussion

We collected all samples in the spawning grounds during the spawning period including
peak spawning, and almost all fish had ripe or spent gonads. Our analyses clearly described
the patterns of genetic diversity and population structure of the herring populations in
Japan, which consisted of three distinct groups with six or seven putative ancestral
populations with different but temporarily stable mixing proportions. The analyses also
revealed that the sea-spawning population in Miyako Bay, the central area of the tsunami,
was destroyed and replaced by a genetically distinct lagoon-spawning herring population
in the adjacent brackish Lake Obuchi-numa. In contrast, catch increased remarkably in

Lake Akkeshi and Lake Obuchi-numa after the earthquake.

5-1. Population structure and gene flow
Japanese herring consisted of three genetically distinct groups, such as Hokkaido, Lake
Obuchi-numa, and Miyako Bay/Matsushima Bay consistent with our previous studies

(Sugaya et al. 2008; Nemoto et al. 2008). Each population had unique genetic components
but genetic differentiation was small (Fy, = 0.0184+0.0008). HWE was found in all

spawning populations, suggesting that fish in each population that has a unique genetic
mixing proportion randomly mate during every generation. The YD and FK samples in
Hokkaido and the OB samples from Lake Obuchi-numa had unique genetic characteristics
from those of other populations. Sixty-four of the 479 individuals in the FK sample were
exceptionally collected in June after the peak spawning (Table S1). They consisted of 2-
and 3-year-old fish and already spawned judging from much smaller GW (1.5 + 0.46,
Welch #-test, £ = 60.1131, P =0.0000) and GSI (0.83 + 0.24, # = 88.0494, P = 0.0000)
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compared to GW (32.1 £ 1.52) and GSI (20.4 + 4.48) of other FK individuals collected
during the spawning season. However, their mixing proportions were very similar to other
individuals (Figs. 4a, S4), suggesting that these individuals collected in June were spawned
in Funka Bay and just before the feeding migration because of the slightly smaller CF of
0.99 £+ 0.06 compared to 1.02 + 0.07 during the spawning season (¢ = 3.0836, P = 0.0027).
An allozyme study reported that Lake Yudo-numa is distinct from Lake Akkeshi (Hotta et
al. 1999), agreeing with our results. The bar plots show that the differentiation in YD, FK
and OB samples was caused by the different genetic mixing proportions (Figs. 4a, S4). In
contrast, other populations in Hokkaido and Honshu had common major original
populations. Stable temporal structures were found in Lake Akkeshi, Lake Yudo-numa,
Lake Obuchi-numa, and Miyako Bay, which agreed with a previous allozyme study in
Miyako Bay and Lake Mangoku-ura (near Matsushima Bay) (Kijima et al. 1992). Such
stable but high gene flow population structures were found in Atlantic herring in Swedish
waters (global Fsr= 0.002-0.003, Larsson et al. 2010) and in Pacific herring in British
Columbia and adjacent regions (global F'st= 0.003, Beacham et al. 2008). Slightly larger
genetic differentiation was found in North Sea-Baltic Sea (global Fst= 0.008; 95% CI
[0.004, 0.013]) (Bekkevold et al. 2005), and Baltic Sea Atlantic herring (pairwise Fst=
0.0073 £0.0069, Jargensen et al. 2005). Temporally stable and significantly differentiated
structures with high gene flow were also found in major Atlantic cod (Gadus morhua)
populations over small geographic scales (e. g., Paulsen et al. 2006; reviewed by Hauser

and Calvalho 2008, references therein).

The rate of gene flow was not significantly different for the microsatellite (54.5 £ 2.36) and
the mtDNA control region (45.3 £ 9.18), suggesting that females and males migrate
simultaneously to spawning grounds and spawn as a group. The observed female ratio of
0.47 £+ 0.10 did not reject the null hypothesis of an equal sex ratio (z =—0.2818, P =
0.3890), supporting group spawning behavior. These results indicate no sex-biased gene
flow (Avise 1995) in Pacific herring. Based on chemical marks on otoliths, Okouchi et al.
(2008) found that 70% (n = 300, 2003) and 53% (n = 200, 2004) of herring that migrate
to Miyako Bay for spawning were hatchery fish released at TL of 5 cm in Miyako Bay.
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They were produced from wild parents that migrated to Miyako Bay. Tagging experiments
also found that herring that spawned in Miyako Bay in February migrated to Funka Bay in
June—September for feeding and returned to Miyako Bay in the next spawning season, but
some fish strayed into other spawning grounds in Iwate and Miyagi Prefectures (Okouchi
et al. 2008). In addition, our hatchery fish samples (AKHO03, AKHO06, and MYHO0S5) were
released and recaptured as mature fish (age, 2—4 years) in Lake Akkeshi and Miyako Bay.
These results indicate homing and spawning fidelity to natal sites, but it should not be

100%.

The Ne estimate was 261 [149,504] in Miyako Bay before the earthquake (Table 5), and
the number of migrants per generation (Nm) between populations was calculated at ~14 in
terms of the effective population size (4Nm = 54.5). The 14 migrants from Lake
Obuchi-numa comprise 5.4 % of the Ne in Miyako Bay, which is almost consistent with
the genetic mixing proportion from Lake Obuchi-numa (8.0 = 1.6 %) (Table 6). In Lake
Obuchi-numa, the Ne estimate was 183 [97, 406], and 14 migrants from Miyako Bay
comprise 7.6 % of the Ne. In contrast, the mixing proportion in Lake Obuchi-numa from
Miyako Bay was 7.9 + 19.7 % in 2007 and 7.0 + 20.1 % in 2014 (Table 6). The point
estimates well agree with the expected mixing proportion (7.6%) calculated from the
effective population size and gene flow, though the standard errors were very high. Waples
and Yokota (2007) showed that bias in the Ne estimate for species with overlapping
generations can be substantial but in many cases largely disappeared if samples were taken
5-10 generations apart (GL=5—10). In our analysis, GL=2.98 for Lake Obuchi-numa
samples (Table 5). According to Figure 4 in Waples and Yokota (2007), the bias was
negative but not substantial (~12.5 %) for a 3 generation interval when 100 individuals
were randomly taken in each sampling, which corresponded to our case. By correcting the
negative bias, our Ne estimate in Lake Obuchi-numa was 205 (=183x1.125). This corrects
the proportion of migrants from Miyako Bay (7.6%) to 6.8%, but it was still close to the
mixing proportion in 2007 (7.9 %) and 2014 (7.0%). Generation time (¢) is the crucial
parameter in estimating Ne. In our case, =2.35 (the mean age at spawning), and #=5.25 for

cases of Atlantic herring (Larsson et al. 2010). Atlantic herring have much longer longevity
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(~22 years) and older ages at maturity (3-9 years) (Beverton et al. 2004) than the Japanese
local herring (~8 and 2 years, Kobayashi 1993). Our results show that the age at maturity
of the Japanese local herring was 2 years and no 5-years-old and older fish was found in
our sample collected during the last decade. Our generation time (/=2.35) might not
substantially be negatively biased. Our results suggest that constant gene flow (straying),
natal homing and spawning fidelity maintain stable genetic mixing proportions in local
populations, which create weak but significantly differentiated population structure of the
Japanese herring. All our samples were spawning run fish. Therefore, gene flow should be
caused by straying of spawning fish, as suggested in Pacific herring in British Columbia
(Beacham et al. 2008). Evidence for spawning fidelity in marine fish has been reported in
Atlantic cod (Green and Wroblewski 2000; Wright et al. 2006; Skjaraasen et al. 2011),
North Sea plaice (Pleuronectes platessa) (Hunter et al. 2003), and bluefin tuna (Thunnus
thynnus thynnus) in the western Atlantic (Nemerson et al. 2000). Levels of natal homing,
spawning fidelity, and effective population size may explain spatial structure in high gene

flow marine fish species.

Estimation of stock composition of mixed-stock fisheries has been studied for over three
decades (as reviewed in Anderson et al. 2008; Waples et al. 2008). BASEMIX and
ONCOR use the conditional likelihood (Millar 1987), and they are theoretically the same.
The likelihood function in BASEMIX (Kishino et al. 1994) uses haplotype and/or allele
frequencies assuming HWE, and that of Millar (1987) applied in ONCOR uses genotype
frequencies. When not all of the baseline populations are sampled, some alleles in the
mixed sample may be from unsampled baseline populations. In such cases, the resulting
stock composition estimates will be biased (Waples et al. 2008). Smouse et al. (1990)
developed a method to estimate contributions from a single population not included in the
baseline, but detecting minor contributions from several baselines may be difficult. This
problem is more serious when using genotype data because of the large number of
genotype combinations.

Kishino et al. (1994) use the same EM algorithm as Millar (1987, Eq. 10). However,
BASEMIX does not include such unsampled alleles in the EM algorithm maximizing

process, so the total of the proportion estimates is not necessarily 1.0. In contrast, ONCOR
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may only use genotypes observed in at least one baseline population in the EM algorithm,
which makes the total of the proportion estimates always 1.0. This is a complicated issue

and beyond the scope of this paper, which needs further study.

The causal mechanisms of general population structure are migration and genetic drift
(Waples and Gaggiotti 2006). Therefore, it is reasonable to use neutral markers to infer
population structure and the effective population size. On the other hand, detecting
environment-selected markers is crucial for understanding the evolution of natural
populations (Beaumont and Balding 2004; Nielsen 2005; Nielsen et al. 2009). Pairwise Fst
values were significantly correlated with environmental factors, such as salinity and sea
temperature (Bekkevold et al. 2005; Jorgensen et al. 2005). These studies used nine
microsatellite markers including Cpal12. The Cpall2 locus was an outlier and might be
associated with low salinity adaptation (Larsson et al. 2007; Gaggiotti et al. 2009), and was
highly divergent in Baltic herring (André et al. 2011). Our global Fsr values varied
between loci, the Cha 113 locus had the highest value, and the null hypothesis of Fst
homogeneity for the five loci was rejected. However, when we excluded the after-impact
sample collected from Miyako Bay (MY 13), F'st homogeneity was supported (4 =8.0811,
P =0.0887), suggesting that altered allele frequencies in MY 13 inflated heterogeneity of
the global Fst. The altered mtDNA haplotype frequency consistently observed in Miyako
Bay after the earthquake supported that the neutral markers detected the impact of the

earthquake on the local herring populations (Figs. 2, S3).

Our mixture analyses found temporarily stable genetic mixing in Lake Obuchi-numa
(lagoon-spawning type) and constant gene flow from Miyako Bay (sea-spawning type)
even after the earthquake. On addition, sea spawning herring in Ishikari Bay had the same
genetic components as lagoon-spawning herring in Lake Saroma and Lake Notoro (Fig.
4a). Salinity and sea temperature during the spawning season were 9—11%o and 6°C in
Lake Obuchi-numa (Kobayashi 1993), whereas they were 30.8%o and 8.1°C in Miyako
Bay in 2013. According to Kobayashi (1993), the sea-spawning small migration type
herring spawn in Ishikari Bay (6—7°C, 33%o) in Hokkaido and Mangoku-ura (1.3—4.2°C,
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31-33%o) in Miyagi Prefecture, and the lagoon-spawning small migration type herring
spawn in Lake Notoro (5-18°C, 16-27%o), Lake Saroma (9—10°C, 19—22%o), Lake Furen
(2°C, 18-23%o), and Lake Yudo-numa in Hokkaido. The salinity difference is relatively
small compared with Atlantic herring in the Baltic Sea (3.5-9.7%), the Baltic—North Sea
transition area (16.0-31.2%), and the North Sea (34.0-35.0%0) (Gaggiotti et al. 2009;
Limborg et al. 2012). Herring spawn in simultaneously Akkeshi Bay and Lake Akkeshi.
Salinity is generally low in Lake Akkeshi in April (15-22 %o), the peak spawning season,
affected by the sea thaws, but 30—32 %o outside the lake (Kakuda 1997). These results
suggest that Japanese herring spawn in the range of salinities and exchange genes between

local populations, regardless of lagoon-spawning or sea-spawning types.

5-2. Impacts of the Great Earthquake on herring populations

A difference in genetic impact could be caused by the geographical features of the
spawning grounds. Miyako Bay is a semi-open sea, which created the maximum run-up
height of 39.7 m (Mori 2011). In contrast, Lake Obuchi-numa is a closed lagoon (3.7 km?,
maximum depth, 4.5 m) connected to the sea by a small 1.5-km creek (Fig. 4). Water level
increased ~1 m in Lake Obuchi-numa but no substantial damage was observed. Therefore,
even if herring were spawning on March 11 or had spawned eggs in Lake Obuchi-numa,
they should be well protected from the huge tsunami and act as a source for the Miyako
Bay herring population with a consistent rate of gene flow. Few spring spawning herring
entered adjacent Lake Takaho-numa (Fig. 4d). However, herring cannot enter the inner half
of the lake because of a seawall constructed in 1993, and no herring fishery operates
because few herring are found in this area during the spawning season. Lake Akkeshi is a
closed lagoon (32.3 km”, maximum depth, 11 m) directly connected to the Akkeshi Bay
through the lake mouth of 500m width. Maximum tsunami height was 3.5 m in the bay,
and manila clam (Venerupis philippinarum) and Japanese oyster (Crassostrea gigas)
aquaculture facilities in the lake were destroyed. The tsunami should have affected the
Lake Akkeshi spawning ground. However, the tsunami occurred before the peak spawning
period in Lake Akkeshi (Mid-Apr.— Early- May), which would not impacted on

reproductive success of the Akkeshi herring in 2013.
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Megathrust earthquakes occur at intervals of 500—800 years in northeastern Japan (Sawai

et al. 2012). Thus, Tohoku herring have repeatedly experienced disturbances by tsunamis.
The level of genetic differentiation in the Japanese herring populations ( Fro= 0.0184 +

0.0008) was higher than that of other Pacific and Atlantic herring populations, as explained

above. However, when we excluded the Honshu samples (Lake Obuchi-numa, Miyako Bay,
and Matsushima Bay), the Fy; value was 0.0073 = 0.0004, which is similar to the global

Fsr values of 0.008 [0.004, 0.013] (Bekkevold et al. 2005) and 0.0073 +0.0069 (Jergensen
et al. 2005) for Baltic-North Sea herring that have been separated for a long time under
different selective regimes due to ocean barriers (Bekkevold et al. 2005). The larger level
of genetic differentiation in the Japanese herring populations was caused by the high
differentiation of the Honshu populations with lower genetic diversity, which may have
been caused by recurring megathrust earthquakes in northeastern Japan. Some benthic
animals recovered rapidly after the Tohoku earthquake (Seike et al. 2013; Kawamura et al.
2014). A remarkable increase in the spring spawning herring catch was observed in Lake
Akkeshi after 2014 (Fig. 1b). Catch also increased in Lake Obuchi-numa. These results
suggest the positive effects of environmental restoration resulting from the tsunami. The
catch of Miyako Bay spawning herring also increased twice in 2014 but decreased again in
2015, suggesting that fishing pressure due to small set nets targeting several fish species
including herring in Miyako Bay after fishing operations recovered to the same level

before the earthquake may be substantial.

The Great Tohoku Earthquake heavily destroyed 2011-year spawning herring populations
in Tohoku, such as in Miyako Bay and Matsushima Bay, but other-year spawning cohorts
were not damaged. Constant gene flow between local populations caused by the persistent
spawning fidelity renovated the herring populations in Lake Obuchi-numa, Miyako Bay,
and Lake Akkeshi. Such population renovation may have occurred in Matsushima Bay and
other spawning populations threatened by the Great Tohoku earthquake, although we could

not collect samples from these areas after the earthquake. Herring that mature early in life
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are more resilient than other marine fish and recover to previously experienced population
sizes (Hutchings 2000). Therefore, damaged populations and genetic diversity may recover
rapidly through constant and high gene flow supported by positive environmental effects
on the spawning grounds. Our results demonstrate how a megathrust earthquake renovated
patterns and the distribution of genetic diversity in natural populations, suggesting that
gene flow through persistent spawning fidelity is a major driver of population recovery.
Our results also show that natal homing, spawning fidelity, and effective population size

may explain the specific spatial structure in high gene flow marine fish species.
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Table 1. Sample information including peak spawning times, ages, body sizes (mean =+ standard deviation) and spawning grounds in blackish lagoons (B) and seawater

(S). Ages were determined by otolith examination.

Sampling location Abbrevi Year Month Peak spawning Spaw Biological measurement Individuals genotyped
ation ning
type  Sample Age Total Body microsate  mitochon
size length(cm) weight (g) llite drial DNA

Hokkaido

1 Ishikari Bay IK 2006 Feb.—Mar. Mid-Feb.—Early-Apr. S 148 24 30.942.8  281.1+65.8 142" 41

2 Lake Saroma SR 2006 Apr. Apr. B 147 2-4 26.9+1.7 160.9+31.5 145 32

3 Lake Notoro NT 2006 May Late-Apr.—May B 149 2-3 243+1.6  127.3+24.1 148" 31

4  Lake Akkeshi AKO3 2003 Apr. Mid-Apr.— Early- May B 330 2-3 26.4+1.2 166.4+27.6 338Y 30

5 AKHO03 2003 Apr—May B 97 2-3 25.1£1.3 131.9+27.4 93 -

6 AKO06 2006 Mar.—May B 347 2-4 26.5+1.4 153.1£31.1 369 31

7 AKHO06 2006 Mar.—May B 57 2-4 26.0£1.6 143.1+£35.2 - 33

8 AK13 2013  Apr.-May B 118 2 26.5+0.7 133.8+£15.0 99 53

9  Lake Yudo-numa YDO03 2003 Apr—May Mid-Apr.— Early- May B 400 2 22.8+1.3 87.3£15.5 2219 30

10 YDO07 2007 Apr.—May B 353 2-4 23.1£1.5 99.4+21.2 330 -

11 Funka Bay FK 2003 Mar.—June Mid-Mar.—-Mid-Apr. S 479 2-3 25.0+1.4 159.1426.6 3549 30
Honshu

12 Lake OB04 2004 Mar. Late-Feb.—Late-Mar. B 15 2-3 27.5+1.2 182.5+31.1 - 30

13 , OB05 2005 Mar. B 34 2-3 28.6£0.9  195.1426.6  34*"

14 ~ Obuchi-numa OB06 2006 Mar. B 59 23 31314 2552+409 58" -

15 OB07 2007 Feb. B 100 2 27.9+0.7 198.5+21.8 98 34

16 OB14 2014 Mar. B 126 2-3 31.741.5 27794414 112 80

17  Miyako Bay MY 04 2005 Mar. Late- Jan.— Early-Apr. S 79 2-4 27.1+1.8 184.4+43.4 - 30

18 MYO05 2005 Jan.—Apr. S 734 2-3 28.4+2.1 213.7+54.9 378"

19 MYHO5 2005 Jan.—Apr. S 90 2-4 29.9+2.1 255.8+59.5 91% -

20 MYO07 2007 Feb.—Mar. S 144 2-3 28.5+2.1 204.4+53.5 146 36

21 MYO08 2008 Feb.—Mar. S 395 2-3 26.6+2.0 162.9+42.7 388 -

22 MY13 2013 Jan.—Apr. S 93 2 27.1+0.9 164.5+20.8 90 67

23 Matsushima Bay  MT 2005 Feb. Late-Dec.—Late-Mar. S 123 2-3 26.5+0.9 172.1+23.5 150V 30
All 4,617 2.340.5 26.5+2.8 168.7+62.2 3,784 618

a) Sugava et al. (2008) and b) Nemoto et al. (2008)
AKHO03, AKHO06, and MYHOS5: hatchery-reared fish returned to spawn
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Table 2. Diversity indices of the mitochondrial DNA control region for the Pacific

herring.
No Location n nh uh hr h T
Hokkaido
1 IK 41 15 3 11.97 0.916+0.020 0.00961+0.00057
2 SR 32 15 6 13.37 0.891+0.036  0.00962+0.00075
3 NT 31 14 4 1274 0.912+0.028 0.00878+0.00068
4 AKO03 30 13 0 12.00 0.929+0.022 0.00979+0.00064
5 AKO06 31 15 5 13.68 0.905+0.034 0.00991+0.00072
6 AKHO06 33 14 2 12.53 0.939+0.016 0.01037+0.00061
7 AK13 53 17 2 11.68 0.902+0.021 0.00888+0.00045
8 YDO03 30 17 10 16.00 0.929+0.031 0.00863+0.00077
9 FK 30 22 16 21.00 0.968+0.019 0.01907+0.00132
Honshu
10 OB04,05 30 6 O 5.00 0.648+0.083 0.00552+0.00080
11 OBO07 34 10 1 8.51 0.843+£0.037 0.00649+0.00061
12 OB14 80 9 0 6.26 0.775+0.033  0.00668+0.00039
13 MY04,05 30 8 O 7.00 0.857£0.030 0.00825%0.00056
14 MYO07 36 9 1 7.62 0.862+0.027 0.00801+0.00060
15 MY13 67 10 1 6.75 0.688+0.057  0.00594+0.00057
16 MT 30 6 0 5.00 0.805+0.045 0.00768+0.00069

n, number of individuals sequenced; nk, number of haplotypes; uh, number of

unique haplotypes; hr, haplotype richness; h, haplotype diversity + standard error

(SE); m, nucleotide diversity + SE
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Table 3. Diversity indices + standard deviations of the five microsatellite loci for the

Pacific herring.

No Location n Diversity index
A Ar He Ho
Hokkaido
1 IK 142 20.0£6.04 14.35+4.32  0.85+0.06  0.83%0.08
2 SR 145 2344896 16.40+5.24  0.88+0.04  0.87+0.07
3 NT 148 25.849.88 17.86+£5.72  0.90£0.04  0.89+0.04
4 AKO03 338 25.0£7.11 15.81+4.04  0.88+0.05  0.87+0.05
5 AKHO3 93  20.8+6.18 15.85+4.02  0.87£0.04  0.88+0.03
6 AKO06 369 28.4+9.45 16.96+4.84  0.88+0.04  0.88+0.05
7 AK13 99 21.248.23 16.2845.06  0.89+0.05  0.84+0.10
8 YDO03 221 26.24£8.14 16.9545.19  0.8840.06  0.88+0.07
9 YDO07 330 25.4+48.93 16.70£5.35  0.88+0.07  0.90+0.05
10 FK 354 30.6£8.59 18.68+£5.67  0.90+0.04  0.91%0.05
Honshu
11 OBO05 34 11.842.39 11.80+2.39  0.87+0.03  0.83+0.11
12 OB06 58 1444439 12.70+£3.65  0.88+0.05  0.89+0.07
13 OBO07 98 14.844.66 12.18+3.00  0.88+0.03  0.90+0.05
14 OB14 112 13.842.59 11.48+1.82  0.86+0.04  0.87+0.09
15 MYO05 378 16.8+5.22 10.70£2.16  0.81£0.07  0.81£0.08
16 MYHO5 91 1244336 10.37£2.24  0.81+£0.10  0.83+0.08
17 MYO07 146 15.843.63 11.78+2.55  0.82+0.08  0.81%0.08
18 MYO08 388 18.243.96 11.59+2.62  0.82+0.05  0.81=0.04
19 MY13 90 17.443.36 13.82+3.32  0.88+0.05  0.91+0.05
20 MT 150 13.6£4.22 10.22+2.22  0.81+0.08  0.82+0.06

n, number of individuals genotyped; 4, number of alleles; Ar, allelic richness;

He, expected heterozygosity; Ho, observed heterozygosity
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Table 4. P-values for the population differentiation test (upper diagonal) and empirical Bayes pairwise Fgst estimates (lower) inferred from the Pacific herring microsatellite genotypes.

IK SR NT AKO03 AKH AKO06 AKI13 YDO03 YDO07 FK OBO05 OB06 OB07 OB14 MYO05 MYH MYO07 MY08 MY13 MT

IK 0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
SR 0.00571 0.03470  0.00000  0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
NT 0.00866  0.00293 0.00000  0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
AKO03 0.01008  0.00577  0.00590 0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
AKH 0.01107  0.00689  0.00732  0.00415 0.00040  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
AKO06 0.00747  0.00357 0.00376  0.00259  0.00392 0.00210  0.00000  0.00000  0.00000 0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
AK13 0.00929  0.00519  0.00505 0.00421 0.00554  0.00304 0.00000  0.00000  0.00000 0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
YDO03 0.01329  0.00720  0.00581  0.00599  0.00658  0.00497  0.00565 0.00000  0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
YDO7 0.01339  0.00703  0.00589  0.00585  0.00699  0.00536  0.00576  0.00258 0.00000  0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
FK 0.01511  0.00896  0.00799  0.00690  0.00861  0.00701  0.00775  0.00726  0.00710 0.00000  0.00000  0.00000  0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
OBO05 0.01701  0.01354 0.01375 0.01372  0.01484 0.01225 0.01322 0.01651 0.01670  0.01326 0.26130  0.49410  0.00000  0.00000 0.00000 0.00000 0.00000 0.00380 0.00000
OB06 0.01449 0.01171 0.01189 0.01323 0.01398 0.01080 0.01161 0.01523  0.01520 0.01323  0.00568 0.33410  0.00000  0.00000  0.00000 0.00000 0.00000 0.01910 0.00000
OB07 0.01504 0.01117 0.01138 0.01181  0.01229  0.00999  0.01100 0.01391  0.01386  0.01210  0.00485  0.00420 0.00000  0.00000  0.00000  0.00000 0.00000 0.00050 0.00000
OB14 0.01571  0.01120  0.01185 0.01076  0.01135  0.00946  0.00964 0.01217 0.01197 0.01094 0.00748  0.00592  0.00509 0.00000  0.00000  0.00000 0.00000 0.00000 0.00000
MYO05  0.02245 0.01991  0.02025 0.01695 0.01770  0.01727 0.01827  0.02042 0.01993 0.01694 0.01795 0.02101 0.01737 0.01673 0.03140  0.00060 0.00000 0.00000 0.09870
MYH 0.01969 0.01708 0.01750 0.01395 0.01518 0.01401 0.01573 0.01716 0.01632 0.01438 0.01638 0.01869 0.01633 0.01426  0.00343 0.00050  0.00000 0.00000 0.05170
MYO07  0.02015 0.01715 0.01771 0.01423  0.01516  0.01449  0.01512 0.01675 0.01644 0.01315 0.01526  0.01773  0.01492  0.01240  0.00264  0.00393 0.04820  0.00000 0.01180
MYO08  0.01804 0.01603 0.01651 0.01353  0.01409 0.01357 0.01479 0.01645 0.01583  0.01363  0.01426  0.01741  0.01415 0.01330  0.00206  0.00414  0.00237 0.00000  0.00000
MY13  0.01503 0.01198 0.01196 0.01208 0.01278  0.01082 0.01103  0.01427 0.01456  0.01358  0.00649  0.00492  0.00476  0.00571 0.01913 0.01783  0.01671 0.01600 0.00000
MT 0.02144 0.01861 0.01888 0.01560 0.01623  0.01567 0.01705 0.01864 0.01776  0.01542 0.01679 0.02014 0.01725 0.01558 0.00249  0.00308 0.00335 0.00290 0.01920

Italic values indicate no significant differences after Bonferroni correction (P=0.05/190=0.00026)
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Table 5. Effective population sizes (Ne) with 95% parametric confidence
intervals for the herring populations.

Location Samples (n) GL Ne

Lake Akkeshi AKO03 (338) — AK06 (369) 1.28 124 [87, 178]
AKO03 (338) — AK13 (99) 4.26 298 [190, 488]
AKO06 (369) — AK13 (99) 2.98 746 [341, 4450]

Lake Yudo—numa YDO03 (221) -YDO07 (330) 1.70 199 (129, 318]

Lake buchi-numa OBO0S5 (34) - OB14 (112) 3.83 114 [60, 254]
OBO06 (58) —OB14 (112) 3.40 178 [92, 434]
OBO07 (98) —0OB14 (112) 2.98 183 [97, 405]

Miyako Bay MYO05 (378) —MYO08 (388) 1.28 261 [149, 504]
MYO05 (378) — MY 13 (90) 3.40 48 [34, 66]
MYO07 (146) — MY 13 (90) 2.55 41 [28, 59]
MYO08 (388) — MY 13 (90) 2.13 37 [26, 51]

n; sample size, GL; generation length
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Table 6. Genetic mixing proportions of the Pacific herring in Miyako Bay and Lake
Obuchi-numa before and after the Great Tohoku Earthquake estimated by BASEMIX and

ONCOR.

Mixed population Baseline BASEMIX ONCOR
populations

(sample size) (sample size) Estimate SE Estimate 95%ClI

Miyako Bay

Before

MY07,08 (534) MTO5 (150) 0.258 0.094 0.199 0.098-0.361
MYO05 (378) 0.635 0.098 0.716 0.539-0.812
0B05,06 (92) 0.080 0.016 0.068 0.042-0.098
FKO03 (354) 0.009 0.006 0.000 0.000-0.018
YDO03 (221) 0.005 0.019 0.005 0.000-0.022
AKO3 (338) 0.012 0.014 0.013 0.000-0.039

After

MY 13 (90) MTO05 (150) 0.000 0.145 0.016 0.000-0.095
MY07,08 (534) 0.090 0.170 0.064 0.000-0.201
OBO07 (98) 0.752 0.051 0.836 0.627-0.891
FKO03 (354) 0.035 0.021 0.000 0.000-0.072
YDO07 (330) 0.000 0.018 0.000 0.000-0.014
AKO06 (369) 0.112 0.037 0.083 0.000-0.220

Lake Obuchi-numa

Before

OBO07 (98) MTO05 (150) 0.000 0.188 0.000 0.000-0.022
MYO05 (378) 0.079 0.197 0.008 0.000-0.086
0B05,06 (92) 0.822 0.046 0.912 0.752-0.949
FKO03 (354) 0.000 0.062 0.011 0.000-0.063
YDO03 (221) 0.000 0.046 0.000 0.000-0.015
AKO03 (338) 0.100 0.079 0.069 0.016-0.195

After

OB14 (112) MTOS5 (150) 0.042 0.150 0.000 0.000-0.026
MY07,08 (534) 0.070 0.201 0.029 0.000-0.182
OBO07 (98) 0.817 0.066 0.909 0.678-0.947
FKO03 (354) 0.000 0.020 0.000 0.000-0.000
YDO07 (330) 0.009 0.021 0.032 0.000-0.114
AKO06 (369) 0.048 0.036 0.032  0.000-0.194
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Figure 1. Sampling sites, tsunami heights, and herring catches. a Ishikari Bay (IK), Lake
Saroma (SR), Lake Notoro (NR), Lake Akkeshi (AK), Lake Yudo-numa (YD),
Funka Bay (FK), Lake Obuchi-numa (OB), Miyako Bay (MY), and Matsushima
Bay (MT) (see Table S1).Yellow star shows the epicenter. b Catches of spring
spawning herring in Lake Akkeshi, Lake Obuchi-numa, and Miyako Bay where
the after-impact samples were collected. Dotted lines indicate the time in 2011

when the Tohoku Earthquake occurred.

74



ad Obuchi-numa Miyako Bay b Obuchi-numa Miyako Bay

- 0.4
o6 Before 0a] 2005 Before 2005
0.5 2004,05,07 554
0.4 0.11 J
Sl 1 N | "
0.3 ]
ot 2006 2007
0.2 J‘m 0.3 1
> 2> 0.2
[&] 0.1 l (5] J-
cC C 0.1
g 0.0 Lol 0l i 1 L B Jm- dl — oMW s .
Y o =
$ 08 After o 04 2007 2008
e LL 0.31
L 05 2014 2013 :
ool il
05 00 oll M o
041 2014 After 2013
0.2 0.3
614 0.2 ’J Lm
’ 0.11
0.0- 0.0 nH dl ju I I
mitochondorial haplotypes microsatellite alleles (Cha113)

Figure 2. Temporal changes in herring gene frequencies. a mtDNA control region
haplotype and b microsatellite Chall3 locus allele frequencies in Lake
Obuchi-numa (OB, yellow) and Miyako Bay (MY, green) before and after the

Tohoku earthquake. Numbers indicate sampling year.
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Figure 3. Significance levels (P-values) for the Hardy—Weinberg equilibrium test in each

locus and the Pacific herring sampling sites.
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Figure 4. Japanese herring spatiotemporal population structure. a STRUCTURE
(LOCPRIOR model) bar plot (K = 7), neighbor-joining trees based on the

empirical Bayes pairwise Fsr values estimated from b microsatellite genotype and

¢ mtDNA control region haplotype frequencies, and d the distributions of the

pairwise Fsr values. Numbers after the sample abbreviations indicate sampling

year (Table 1).
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Figure 5. Herring catch compositions before and after the earthquake in the Tohoku area.
Catch compositions calculated based on estimated genetic mixing proportions
given in Table 6 and mean catches for a Miyako Bay and b Lake Obuchi-numa
(calculated catches are given in Table S11). Geographical features of Miyako Bay
(c, 1), Lake Obuchi-numa (d, 2), and Lake Takaho-numa (d, 3), which has a

seawall indicated by the red arrow. Yellow lines show major roads.
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Table S1. Pacific herring measurement data. Sex 1 = female, Sex 0 = male.
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Table S2. Mitochondrial DNA control region haplotype counts for the Pacific herring.

MT Total

FK OB0405 OB07 OBI144Y0405 MY07 MY13

NT AKO03 AKO06 AKHO6 AK13 YDO03

SR

IK

30
21

5

Hap_1

Hap_2

73

16

Hap 3

Hap_4
Hap_5

90

10

12

Hap_6

68

Hap_7

Hap_8

10 32

17

Hap_9

Hap_10

0

Hap_11

18
29

Hap 12

4

Hap_13

Hap_14

Hap_15

Hap_16

0

Hap_17

Hap_ 18

Hap_19

Hap_ 20

Hap 21

Hap 22

Hap_ 23

Hap_24

Hap_25

Hap_26

Hap 27

0

Hap 28

Hap_ 29

0

Hap_30

Hap_31

0

Hap_32

Hap_33

0

Hap_34

Hap 35

0

Hap_36

Hap 37

Hap 38

Hap_39

0

Hap_40

Hap_41

0

Hap_42

Hap_43

Hap_44

Hap_45

Hap_46

Hap_47

Hap_48

Hap_49

Hap_50

Hap_51

Hap_ 52

0

Hap 53

Hap_54

0

Hap_55

Hap_56

3

Hap_57

Hap_58

Hap_59

Hap_60

Hap_61

Hap 62

Hap 63

Hap_64

0

Hap_65

Hap_66

0

Hap_67

Hap 68

Hap_69

Hap_70

Hap 71

0

Hap_72

Hap_73

0

Hap_74

Hap_75

0
41

Hap 76

31 30 31 33 53 30 30 30 34 80 30 36 67 30 618
81

32




Table S3. P-values for the pairwise difference tests of the Pacific herring haplotype frequencies.

SR NT AKO03 AKO06 AK13 AKHO06 YDO3 IK FK OB0405 OB07 OBl4 MY0405  MY07 MYI3
SR
NT 0.6269
AKO03 0.0332 0.0227
AKO06 0.0062 0.0015 0.2133
AK13 0.0982 0.0568 0.2195 0.2927
AKHO06 0.0065 0.0030 0.8812 0.5763 0.0342
YDO03 0.0390 0.1622 0.0056 0.0001 0.0018 0.0042
IK 0.1616 0.1390 0.3354 0.0005 0.0093 0.0354 0.0085
FK 0.0670 0.1983 0.1291 0.0079 0.0096 0.0254 0.1851 0.0119
OB0405 0.0012 0.0118 0.0224 0.0000 0.0023 0.0015 0.0075 0.0058 0.0164
OBO07 0.0031 0.0100 0.0942 0.0001 0.0597 0.0105 0.0141 0.0068 0.0807 0.3888
OB14 0.0001 0.0000 0.0018 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.9587 0.4552
MY 0405 0.0509 0.0790 0.1861 0.0007 0.0237 0.2679 0.0155 0.2148 0.0890 0.0468 0.0509 0.0071
MY 07 0.0031 0.0092 0.1085 0.0000 0.0044 0.1117 0.0019 0.0239 0.0237 0.1161 0.1180 0.0095 0.9286
MY13 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.9844 0.1031 0.7301 0.0027 0.0031
MT 0.0004 0.0092 0.0949 0.0004 0.0012 0.0659 0.0046 0.0584 0.0189 0.2259 0.1081 0.0513 0.6133 0.8312 0.0607

indicate significant differences after Bonferroni correction (P=0.005/105=0.00048)
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Table S4. Microsatellite allele counts and summary statistics for the Pacific Herring.

Allele 1K SR NT  AKO03 AKH03 AKO06 AKI3 YD03 YD07 FK OBO05 OB06 OB07 OBI4 MYO05 MYHOS MY07 MY08 MYI3 MT

95
97
99
101
103
105

0 1
0 1
0 1
0
2
0
107 7 1
1
0
12
6
15

3 1
0 1
0 0
2 8 1
3 15 5
3 10 5
9 16 8
109 9 16 11
111 0
113
115

117 1
119 106 62 42 128 5
121 3 11 10 6
123 5 3 5 21
125 0 3 8 13
127 8 5 10 6
129 51 50 41 117
131 21 15 11 104
135
137
139
141
143
145
147
149
151
153
155
157
159
161
163
165
167
169
171
173
175
177
179
181
183
185
187
189
191
A
Ar 16.232 19.994 22.459 17.745 17.553 20.997 20.819 20.975 2291 18.984 14 17.351 15.238 12.863 11.504 10.196 12.247 12212 18572  9.666
He 0.815 0.901 0932 0.891 0.86 0.903  0.908 0.92  0.937 0.886 0907 0921 0905 0.881 0.798 0.808 0776  0.82 0.926 0.807
Ho 0.746 _0.897 0.865 0.867 0.871 0.865 0.828 0.914 0939 0873 0.882 0914 0.898 0.911 0.807 0.813 0.781 0.807 0.956  0.82
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88 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
102 1 1 9 12 6 14 9 12 23 1 0 0 0 0 0 0 0 0 0 0
104 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0
108 1 0 2 4 3 4 0 2 3 3 1 0 0 0 0 0 0 1 1 0
110 0 0 0 1 0 0 0 2 0 0 0 0 0 1 0 0 0 0 1 0
114 1 1 0 2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0
116 13 26 26 28 7 32 7 16 25 28 1 0 2 3 4 1 3 6 1 2
118 2 10 11 34 6 38 6 20 38 60 1 0 3 2 30 8 10 37 0 17
120 69 40 33 135 23 11 27 57 109 100 14 17 24 23 192 49 74 209 26 86
122 99 79 78 107 25 173 43 96 17 92 13 38 49 60 118 27 49 133 52 38
124 21 43 54 148 53 153 50 109 143 114 4 6 25 26 192 36 60 179 23 60
126 30 42 28 52 20 71 17 37 52 99 15 24 40 46 73 19 38 81 16 32
128 11 9 19 28 3 29 14 19 22 32 1 2 4 6 0 0 2 1 3 0
130 18 21 16 33 16 33 6 13 22 63 0 1 5 7 12 6 5 11 3 2
132 15 10 8 50 19 38 12 19 39 36 15 23 39 43 78 18 27 84 46 31
134 0 1 1 4 2 3 0 0 2 41 0 0 0 2 16 6 8 18 1 12
136 0 1 0 0 0 7 1 3 5 7 0 0 0 1 2 0 0 1 1 0
138 0 0 0 13 1 5 2 25 50 10 0 0 0 0 0 0 0 0 1 0
140 0 2 4 8 1 15 1 4 4 5 0 0 0 0 1 0 1 1 0 0
142 1 3 4 7 1 8 2 5 4 5 0 1 0 0 0 3 0 0 0 0
144 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
146 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
148 1 1 1 7 0 1 0 0 0 4 2 0 3 3 37 9 15 7 3 19
150 0 0 0 0 0 0 1 0 1 1 0 0 0 0 1 0 0 5 0 1
152 1 0 1 0 0 0 0 0 0 0 1 2 2 0 0 0 0 1 2 0
154 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
156 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
158 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
162 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
168 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
170 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
172 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
174 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
180 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
186 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
190 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
192 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

A 15 16 17 21 15 20 15 19 18 24 11 10 11 14 13 11 12 17 15 11

Ar 9.763 10.918 12.34 13.229 12.026 12.689 11.938 13.049 12.458 13.258 11 8661 9302 10.084 9.044 9981 9.731 9212 10.165 8.971
He 0.795  0.85 0.861 0868 0856 086 0.853 0.858 0.872 0894 0831 0792 0827 0.827 0823 0843 0838 082 081 0.834
Ho 0746 0.855 0.831 0.882 0.882 0859 0.818 0.882 0.879 0.881 0.676 0.776 0.847 0.714 0.831 0.824 0.822 0.799 0.833 0.827

130 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0 0 0 0
132 0 0 0 0 0 0 0 2 0 1 0 0 0 0 0 0 0 0 0 0
134 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0
136 3 1 1 2 1 5 0 9 11 2 1 0 1 0 0 0 1 1 0 0
138 0 0 1 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0
140 13 4 11 31 9 39 6 24 21 13 4 4 14 6 2 0 4 9 7 0
142 0 2 1 0 0 3 0 6 10 4 0 0 0 0 0 0 0 0 0 0
144 6 2 1 18 3 21 12 1 4 54 14 18 18 29 50 11 27 59 23 22
146 5 2 2 1 0 5 3 5 3 6 0 0 0 0 0 0 0 0 1 0
148 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
150 42 31 33 63 11 79 27 41 52 50 6 16 20 27 74 17 39 86 13 19
152 4 0 3 14 4 8 0 5 2 16 1 0 4 0 30 15 13 21 4 12
154 11 21 21 37 16 52 14 7 16 31 2 2 6 2 41 9 24 51 6 22
156 8 12 19 25 5 23 6 41 47 38 0 0 3 6 0 0 0 0 1 0
158 0 0 0 0 0 0 0 1 1 7 0 0 0 0 0 0 0 0 1 0
160 81 70 66 165 42 188 35 71 123 106 12 20 29 30 128 40 38 150 19 56
162 35 32 30 51 10 48 21 34 79 48 4 13 30 20 24 7 3 13 15 4



158 0 0 0 0 0 0 0 1 1 7 0 0 0 0 0 0 0 0 1 0
160 81 70 66 165 42 188 35 71 123 106 12 20 29 30 128 40 38 150 19 56
12 35 32 30 sl 0 48 21 #7948 4 13 30 20 24 7 3 13 15 4
164 40 40 30 14 36 125 40 8 130 97 10 16 36 53 130 26 57 142 4l 43
166 13 8 2 2 15 3 9 1 2 sl 1 1 4 58 15 18 56 9 3
168 6 17 20 3 19 49 0 70 8 6l 5 13 16 2 77 2 27 M 15 28
170 8 9 17 2 4 25 6 14 135 3 5 6 15 77 18 35 81 2 5
172 8 16 0 30 6 21 8 10 19 12 5 8 9 9 3 1 2 2 8 1
174 0 9 7 0 0 2 0 1 2 2 0 0 0 0 0 0 0 1 0 0
176 0 1 1 5 3 6 0 3 8 14 0 0 0 1 31 1 4 25 5 8
178 1 2 0 3 1 2 1 0 0 6 0 0 0 0 0 0 0 0 0 1
180 0 0 0 1 0 1 0 0 0 3 0 0 0 0 0 0 0 0 0 0
182 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
184 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
186 0 0 0 1 0 1 0 0 0 7 0 0 0 0 0 0 0 0 0 0
190 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
196 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
A 16 19 19 20 17 23 14 20 20 28 13 1 14 13 13 12 14 15 16 13
Ar 13412 13778 13792 13579 1408 14277 12759 13932 13.509 17.269 1310379 12541 11397 101184 11311 11468 1135 1377 10918
He 0855 0883 0895 0867 088 0.874 0885 0884 0879 0919 0.889 0882 089 0874 0887 0888 088 0.879 0894 0.881
Ho 0894 089 0912 0873 0903 0889 0.899 086 0906 0946 084 0.897 0878 0.893 (.88 00934 0.863 0843 0911 0.887
102 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0
104 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0
108 0 0 1 3 1 1 2 0 0 3 1 1 1 0 9 4 7 18 3 4
110 0 0 0 10 2 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0
112 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0
a4 15 15 27 6 24 9 1 7 4 4 4 12 760 14 1465 8 25
116 53 50 46 155 33 156 38 76 120 122 13 23 39 56 339 8 118 273 9129
118 3 6 4 9 3 18 4 4 5 40 0 0 0 0 4 0 3 4 1 2
120 0 0 0 2 2 3 1 1 0 7 0 1 0 0 0 0 0 1 1 0
122 8 9% 9% 211 63 22 6 170 275 210 8 14 35 67 233 64 103 271 28 107
124 9 9 17 39 21 58 2l 9 2 31 6 13 18 2 29 2 15 37 12 13
126 2 12 5 14 4 19 4 2 557 9 3 2 7 3 3 9 4 2 4
128 12 15 17 4 3 15 2 6 9 3 0 1 2 7 0 0 1 1 4 0
130 2 5 3 4 4 3 3 3 3 6 0 0 0 0 0 0 0 2 0 1
132 1 2 6 6 0 8 2 28 29 2 0 0 0 0 4 0 3 2 0 0
134 0 0 0 0 0 0 0 3 2 25 0 0 0 0 0 0 0 2 0 0
136 3 11 6 32 6 23 17 16 25 27 0 6 10 8 2 0 2 6 2 0
138 0 0 0 2 0 1 0 0 0 10 0 2 0 0 0 0 0 0 1 0
140 9 1 10 8 5 14 6 7 9 15 2 3 2 R 13 2 0 20 34 8
144 0 0 1 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0
146 1 4 1 15 3 16 2 17 25 & 0 0 0 0 0 0 0 0 0 0
148 25 24 1 31 547 12 520 5 0 3 0 3 2 0 1 0 2 0
150 1 » 2 100 24 88 1 34 36 25 6 0 25 15 21 5 5 4 2 5
152 3 5 12 4 1 10 1 21 31 10 0 0 0 0 2 0 1 14 0 2
154 1 3 6 0 0 2 0 5 2 13 0 0 0 0 0 0 0 0 0 0
160 0 0 0 0 0 0 0 1 3 0 0 0 0 0 0 0 0 0 0 0
164 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
166 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
168 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
170 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 16 16 20 19 17 2 17 2 20 2 8 13 10 10 13 9 14 16 15 1
Ar 11578 13.648 15339 12456 13.529 13517 13209 1279 12456 1579 8 1149 8904 938 8204 7.103 9.6 9473 11331 7.889
He 0838 0839 0862 0818 0823 0837 0836 0801 0777 086 083 087 0862 0813 0693 0644 0706 074 0861 0.68
Ho 0824 0766 0885 079 0839 0816 0.697 0765 0815 0.876 0794 0.879 0888 0866 0.683 0714 0.699 0755 0911 0713
175 0 0 0 0 0 0 0 2 0 7 0 0 0 0 0 0 0 0 0 0
177 0 0 0 0 0 0 0 1 0 10 0 0 0 0 0 0 0 0 0 0
179 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0
181 0 0 2 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 1 0
183 0 0 0 0 0 1 0 0 0 29 0 0 0 0 0 0 0 0 0 0
185 3 2 1 0 0 1 1 0 0 3 0 0 0 0 0 0 0 1 0 0
187 0 0 0 3 0 0 2 0 0 4 0 0 0 0 0 0 0 0 0 0
189 2 5 1 0 0 2 2 0 0 1 0 0 0 0 0 0 0 0 0 0
191 0 0 1 0 0 4 0 3 0 24 0 0 0 0 0 0 0 0 0 0
193 1 5 2 0 1 14 3 0 0 3 0 5 2 6 10 5 6 16 3 1
195 0 0 1 14 2 6 0 2 1 10 0 1 0 0 0 0 0 1 0 0
197 0 1 3 0 1 7 1 5 3 7 0 0 0 0 0 3 0 0 2 1
199 9 9 8 14 8 26 72 50 31 2 132 18 65 15 2 45 20 21
201 1 3 7 & 3 4 3 17 0 32 0 0 0 0 0 0 1 3 0 0
203 2 2 3 6 1 3 3 19 26 48 0 0 0 0 1 0 0 0 0 0
205 16 11 13 14 6 3 14 17 11 38 0 0 1 0 15 2 4 9 0 5
207 6 8 4 56 19 6 0 20 19 31 4 7 9 2 3 1 2 e 10 9
209 19 6 5 21 6 12 6 13 24 16 2 1 3 9 9 1 5 13 3 6
211 6 3 7 2 1 20 13 14 10 10 0 1 1 0 1 1 0 1 0 0
203 29 19 10 0 13 2 13 0o 28 0 1 6 7 2 e 20 2 @4 9 a1
215 16 19 19 27 0 50 20 21 33 29 0 0 0 0 0 0 0 0 2 1
207 21 26 17 45 19 28 6 20 25 3 0 1 4 1 21 1 9 14 1 7
219 4 6 9 17 6 17 8 0 77 13 0 4 3 7 4 0 4 8 4 2
21 20 2 725 5 R 8 40 30 24 5 2 10 19 6 3 13 17 14 6
23 40 38 36 27 6 53 10 18 31 16 17 1“4 23 248 39 79 254 26 83
25 3 19 26 30 7035 2 2 4570 2 7 6 4 4 0 3 12 8 1
27 13 18 29 43 15 47 9 34 31 16 3 3 8 11 58 9 26 57 2 24
229 6 16 1 43 6 46 18 16 24 03 10 18 19 28 1 0 4 0 2 0
231 12 8 1 42 1 41 13 2 2 12 5 1 18 41 42 12 9 42 26 2
233 13 9 8 25 20 7B 709 41 3R 12 6 3 27 8 R 27 8§ 1 56
235 8 7 9 66 5 13 7 9 38 28 3 5 9 6 12 1 5 13 6 4
237 10 2 4 2 7 28 6 21 15 12 2 1 2 0 6 15 28 sl 0o 29
239 3 1 24 8 18 1 5 15 15 0 0 0 0 2 0 0 2 0 1
241 0 3 6 26 2 9 2 18 8 13 0 0 0 0 0 0 0 0 0 0
243 1 6 5 4 2 4 0 1 1 6 0 0 0 0 1 0 0 0 0 0
245 10 8 5 5 3 9 3 2 5 1 0 0 0 0 5 1 1 1 0 1
247 0 2 3 4 1 7 0 7 0 7 0 0 0 0 0 0 0 0 0 0
249 1 1 2 6 2 1 0 5 6 2 0 0 0 0 0 1 1 3 0 1
251 0 1 0 1 0 3 0 2 4 3 0 0 0 0 0 0 0 0 0 0
253 1 0 1 0 0 3 0 2 0 3 0 0 0 0 3 0 3 2 0 0
255 0 0 1 0 0 0 0 3 1 4 0 0 0 0 0 0 0 0 0 0
257 0 0 0 1 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0
259 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
261 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0
263 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
265 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
267 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
271 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
291 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 2% 35 38 30 28 36 28 34 30 4 13 18 18 15 23 18 21 25 18 21
Ar 20782 23.64 25371 22039 22073 23308 22.684 24001 2215 28.093 13 15638 14907 13.696 13.66 13.262 1587 15699 15257 13.667
He 0938 0945 0949 0949 0943 0949 095 095 0947 096 0876 0912 0893 0904 0847 0882 0883 0853 0912 0859
Ho 0915 0966 0932 0941 0925 0951 097 0955 0942 0969 0971 0966 098 0946 0.839 0857 0904 0866 0956 084

&4



Table S5. Tests of linkage equilibrium for all pairs of the five Pacific herring microsatellite loci.

Sapmles Pairs of loci

Chal7 Cha20 Chal7 Cha63 Cha20 Cha63  Chal7 Chall3  Cha20 Chall3  Cha63 Chall3  Chal7 Chal23  Cha20 Chal23  Cha63 Cha 123 Chall3 Chal23
IK 0.2643 0.9978 0.2666 0.3563 0.3156 0.5752 0.4030 0.8030 0.4654 0.8640
SR 0.3135 0.5424 0.2636 0.8334 0.1838 0.0787 0.4720 0.0031 0.2261 0.0511
NT 1.0000 0.9061 0.8301 0.0299 0.1289 0.0670 1.0000 1.0000 1.0000 0.8812
AKO03 0.3366 0.4700 0.0844 0.9577 0.8525 0.0000 0.7495 0.0000 0.5219 0.1830
AKHO03 0.7300 0.9820 0.9158 0.7049 0.9836 0.0168 0.6156 0.7123 0.4935 0.3474
AKO06 0.6603 0.2883 0.2861 0.4878 0.9446 0.7814 1.0000 1.0000 0.1071 0.5376
AK13 0.3277 0.3653 0.4308 0.5871 0.2568 0.4127 1.0000 0.5589 1.0000 0.1322
YDO3 0.2163 1.0000 0.6105 0.2294 0.6815 0.1308 1.0000 0.6372 0.6245 0.1522
YDO7 1.0000 1.0000 1.0000 0.9963 0.5101 0.2988 0.8801 0.0157 0.5733 0.9132
FK 0.9376 1.0000 0.9622 0.1825 0.3623 0.1003 1.0000 0.7125 0.8037 1.0000
OBO05 1.0000 1.0000 0.3886 1.0000 1.0000 1.0000 1.0000 0.4027 1.0000 0.4896
0OB06 0.7399 0.2710 0.9376 0.3976 0.8043 0.4980 1.0000 0.4356 0.4697 0.5437
0B07 0.9803 0.1896 0.0762 0.3754 0.2022 0.0000 0.6785 0.9488 0.8214 0.1600
OBl4 0.5677 0.4537 0.6788 0.1517 0.3467 0.0921 0.4530 0.0383 0.7949 0.4956
MYO05 0.3747 0.0731 0.8273 0.0052 0.1115 0.0000 0.9103 0.3484 0.6756 0.1267
MYHO05 0.0998 0.1452 0.5799 0.7481 0.8151 0.0086 0.3144 0.6918 0.1577 0.1806
MY 07 0.1521 0.6040 0.8262 0.8778 0.0007 0.0686 0.3958 0.7064 0.7600 0.1096
MY08 0.8229 0.6559 0.0071 0.4372 0.9502 0.0000 0.2804 0.6747 0.5181 0.5911
MY 13 0.3928 0.0154 0.2695 0.9355 0.4384 0.1059 1.0000 0.6448 0.2638 0.2764
MT 0.6061 0.4100 0.6858 0.9551 0.2739 0.1161 0.2209 0.1955 0.9976 0.4313

Bold values show signifficant departure from linkage equilibrium (P<0.05,Bonferroni correction).
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Table S6. Tests of departure from Hardy—Weinberg equilibrium (HWE) over the five Pacific herring microsatellite loci.

N L . Locus
© ocation 7 T~ 17  Cha20  Cha63  Chall3  Chal23  Over loci
Hokkaido
1 K 142 00093 0.1864 0.1188 05024  0.7926 0.0430
2 SR 145 04149  0.6333 03458 00063 02195 0.0560
3 NT 148 0.0345 05666 09289  0.0410  0.5633 0.1130
4 AKO03 338 09383  0.1899 05534  0.1108  0.7225 0.4690
5 AKHO3 93 08029 0.1233 07282  0.6974  0.3324 0.6110
6 AK06 369 02657 0.1081 0.8529 02472  0.0230 0.0590
7 AK13 99 02176 0.0572 05120  0.0041  0.0229 0.0010
8 YDO03 21 0.6784 0.6171 03054 00513  0.0143 0.0470
9 YDO7 330 0.0498 06364 07211 05148  0.1768 0.2620
10 FK 354 04611 03535 00451  0.6964  0.0135 0.0380
Honshu
1 OBO05 34 04820 02286 04223 07652  0.8508 0.7260
12 OBO06 58 0.6032 04452  0.0957 09396  0.7607 0.6290
13 OBO7 98 02335 09657 0.1918 03630  0.4464 0.4470
14  OBl4 112 01253  0.1223 04861 02929  0.0010 0.0040
15  MYO05 378 0.0103 07121 09701 02054  0.2655 0.1080
16  MYHO5 91 01627 04081 07152  0.0012  0.0373 0.0040
17 MY07 146 0.9039  0.8052  0.1230  0.0645  0.0784 0.1180
18 MYOS 388 0.0017 04408 0.0002  0.0083  0.2678 0.0000
19  MYI3 90  0.0617 03519 03458  0.0942  0.0053 0.0050
20 MT 150 04191  0.8258 03450  0.1681  0.9667 0.6400

Bold values show signifficant departure from HWE.
After-impact samples
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Table S7. Diversity indices at the five Pacific herring microsatellite loci.

Population Hokkaido Honshu

1K SR NT AK03 AKH AKO06 AK13 YDO03 YDO7 FK 0OB05 0B06 OB07 OB14 MY05 MYH MY07 MYO08 MY13 MT
Number of allels
chal7 25 31 35 35 27 41 32 36 39 37 14 20 21 17 2 12 18 18 23 12
cha20 15 16 17 21 15 20 15 19 18 24 11 10 11 14 13 11 12 17 15 11
cha63 16 19 19 20 17 23 14 20 20 28 13 11 14 13 13 12 14 15 16 13
chall3 16 16 20 19 17 22 17 22 20 22 8 13 10 10 13 9 14 16 15 11
chal23 28 35 38 30 28 36 28 34 30 42 13 18 18 15 23 18 21 25 18 21
Allelic richness
chal7 16.232 19.994 22.459 17.745 17.553 20.997 20.819 20.975 22.91 18.984 14 17.351 15.238 12.863 11.504 10.196 12.247 12.212 18.572 9.666
cha20 9.763 10.918 12.34 13.229 12.026 12.689 11.938 13.049 12.458 13.258 11 8.661 9.302 10.084 9.044 9.981 9.731 9212 10.165 8.971
cha63 13.412 13.778 13.792 13.579 14.08 14.277 12.759 13.932 13.509 17.269 13 10.379 12.541 11.397 11.184 11311 11.468 11.35 13.77 10.918
chall3 11.578 13.648 15.339 12.456 13.529 13.517 13.209 12.79 12.456 15.79 8 11.49 8.904 9.38 8.204 7.103 9.6 9.473 11.331 7.889
chal23 20.782 23.64 25.371 22.039 22.073 23.308 22.684 24.001 22.15 28.093 13 15.638 14.907 13.696 13.66 13.262 15.87 15.699 15.257 13.667
He
chal7 0.81521  0.90111  0.93227  0.89126  0.85969  0.90283  0.90776  0.91967  0.93708  0.88578 0.9065  0.92084 0.9045  0.88053  0.79828  0.80845 0.7755 0.8199  0.92551  0.80745
cha20 0.7951 0.8499  0.86056  0.86756  0.85644  0.85955 0.8533  0.85815  0.87189  0.89383 0.83055 0.7922  0.82747  0.82663  0.82305  0.84348  0.83776  0.82012 0.8095  0.83358
cha63 0.85517  0.88252 0.8945  0.86695  0.87992  0.87381  0.88463  0.88386  0.87932  0.91899 0.88894  0.88246 0.8898 0.8738  0.88715  0.88847  0.88561  0.87924  0.89361  0.88094
chall3 0.8379  0.83871  0.86168  0.81838  0.82331  0.83652  0.83628  0.80064  0.77674  0.86048 0.82968  0.86957  0.86248  0.81274  0.69327  0.64368  0.70647  0.74046  0.86052  0.67989
chal23 0.93811  0.94471  0.94867  0.94882  0.94345  0.94908  0.95006  0.95439  0.94705  0.96049 0.87577 091244  0.89299  0.90367  0.84654  0.88185  0.88311  0.85339 091179  0.85866
Ho
chal7 0.746 0.897 0.865 0.867 0.871 0.865 0.828 0.914 0.939 0.873 0.882 0.914 0.898 0.911 0.807 0.813 0.781 0.807 0.956 0.82
cha20 0.746 0.855 0.831 0.882 0.882 0.859 0.818 0.882 0.879 0.881 0.676 0.776 0.847 0.714 0.831 0.824 0.822 0.799 0.833 0.827
cha63 0.894 0.89 0.912 0.873 0.903 0.889 0.899 0.86 0.906 0.946 0.824 0.897 0.878 0.893 0.889 0.934 0.863 0.843 0.911 0.887
chall3 0.824 0.766 0.885 0.796 0.839 0.816 0.697 0.765 0.815 0.876 0.794 0.879 0.888 0.866 0.683 0.714 0.699 0.755 0911 0.713
chal23 0915 0.966 0.932 0.941 0.925 0.951 0.97 0.955 0.942 0.969 0.971 0.966 0.98 0.946 0.839 0.857 0.904 0.866 0.956 0.84
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Table S8. Likelihood values for K=1 to 10 by original STRUCTURE and LOCPRIOR

models.
Original STRUCTURE LOCPRIOR
K LnP(D) Var(Ln P(D)) LnP(D) Var(Ln P(D))
1 -97574.7 93.8 -97574.6 93.6
2 -949394 1653 -94867.2 1495.6
3 -94111.2 2901.2 -93343.1 1315.5
4  -93914.5 4199.6 -92621.7 1548.4
5 -93815.5 51934 -92111.5 1585.1
6 -93560.2 5832.2 -92196.3 2704.3
7 -93985.3 7441.9 -91813.5 25979
8 -96663.4 13408.9 -92369.9 3809.3
9 -95245 11264.6 -93137.1 6284.1
10 -95111.6 10993.3 -93863.4 7393.4

Maximum likelihood values
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Table S9. Empirical Bayes pairwise FST estimates inferred from the Pacific herring mtDNA control region haplotype frequencies.

SR AKO03+06 AKI13 AKHO06 0OB0405+07  OB14 MY0405+07  MYI3
SR
NT 0.00893
AKO03+06 0.01167 0.01277
AK13 0.00932 0.00983 0.00770
AKHO06 0.01114 0.01108 0.00724 0.00937
YDO03 0.01076 0.00902 0.01358 0.01190 0.01138
IK 0.00891 0.00944 0.01027 0.01042 0.00936 0.01055
FK 0.01069 0.00944 0.01111 0.00990 0.01001 0.00972 0.01034
OB0405+07 0.01914 0.01457 0.02023 0.01892 0.01746 0.01354 0.01789 0.01449
OB14 0.01806 0.01366 0.01896 0.01798 0.01653 0.01335 0.01674 0.01460 0.00470
MY 0405+07 0.01196 0.01045 0.01368 0.01175 0.00997 0.01155 0.01124 0.01072 0.01185 0.01171
MY13 0.02708 0.01987 0.02916 0.02789 0.02552 0.01786 0.02347 0.02120 0.00790 0.00749 0.01819
MT 0.01478 0.01166 0.01527 0.01470 0.01182 0.01150 0.01239 0.01194 0.00920 0.00882 0.00763 0.01331
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Table S10. Geographical distances (straight line) between sampling sites.

Longtitude Latitude LakeAkkeshi LakeYudo numa FunkaBay LakeObuchi-numa MiyakoBay
Lake Akkeshi 144.882810 43.059836
LakeYudo numa 143.539182 42.606913 120.72
FunkaBay 140.486082 42.556759 363.37 250.30
LakeObuchi-numa 141.350198 40.959180 374.19 258.17 191.77
MiyakoBay 141.959770 39.598669 456.17 360.11 351.73 160.05
MatsushimaBay 141.094597 38.355190 613.41 516.52 470.54 290.70 157.37
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Table S11. Changes in catch composition in Miyako Bay and Lake Obuchi-numa before and after the earthquake.

Baseline populations Miyako Bay Lake Obuchi-numa
Before After Before After
Estimate SE Estimate SE Estimate SE Estimate SE

Matsushima Bay 0.2841 0.1033 0.0000 0.0289 0.0000 0.1692 0.0880 0.3150
Miyako Bay 0.6982 0.1073 0.0180 0.0339 0.0707 0.1777 0.1464 0.4217
Lake Obuchi-numa 0.0878 0.0175 0.1503 0.0102 0.7396 0.0413 1.7163 0.1384
Funka Bay 0.0102 0.0063 0.0069 0.0041 0.0000 0.0554 0.0000 0.0420
Lake Yudo-numa 0.0059 0.0206 0.0000 0.0035 0.0000 0.0418 0.0179 0.0445
Lake Akkeshi 0.0135 0.0160 0.0223 0.0074 0.0896 0.0713 0.1012 0.0760
Total 1.0998 0.1975 0.9000 2.0698

Estimated based on the mixing proportions in Table 4
Unit, ton
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1. X C oI

BAE B K 260 FHEA 2 DL 1 TR E ToHMETH L EHH
Bix, —EoXKB -—HKHEH OB IRLICKDRMKEH N K
L, MEAKRKERKIEZR EDOE{EE LU (Rohling et al. 1998;
Lambeck et al. 2002; Hayward et al 2008), Z @O K o K & £ &)
FiEFEEMICRE g B2 5 27 (Liuetal 2012),
KA B 8o oy A AR bR & B E LK H M E R R
roeZeZirTmE iz, = iEZ 7V a—vx VHE%ZBEICKF
HEEEERBTELWIZR LY, T oo iTEHHICEL R
EEBE 2 b TWDH (/AR 1993; Liuetal. 2011; Liu et al. 2012),
F# 12 Liu et al. (2011) KX O Liu et al. (2012) X mtDNA © i
i oM LB O RBKBENST 2T N—=VU TN DLHEO
KEHEAAEL O ELEH T 3 >0 F FE A haplotype linage A, B B X
CCoo>bHb AR T HE LKL, Liuetal. (2011) T H KE D
R &2 FA v T w2 w2y Livetal. (2012) 1T B AW FE 0 AR5
tmE AR —Y 27 EEBIXOEBROERZ M W TMHE KD E
% (Demographic history) Z f#r L. KREFEILLEH O = X
ERHEO=v LV b EEETERAB ORI KL KIEDO RS 0 E
HArRRBR L COFEHOIE R EESTZEHELEZL TWWD, LL,
IhLETHMHECIT . AIMKEERMOELRITH WL AL TE L T,
HAE=YYICHITLIFEMRERIITbL TRV, £, B
2 ETEHADO EE 9O EMMPORELCHBMME=Y EARER
£ L. msat 8 X " mtDNA (& B W THi % = > > o % M ] &
KAARBREP =V THEZLEZEBOFHMEZIT > TWVDLEH DD,
AR BREELEICSDWTEMHITL TR, 22 TAHRMFRECTIE
AAE=v yrOofHEEZ LV FEMCEET LD, B 2 &
TH W7 mtDNA O KB 5 72 6 @K B EYL XM T 2 L L
b, BEXRORZBBIOKKADREIZ OS>V TERT D,

o
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2. MBE L B

fit 3 £

ARG TIE 20034 A 5 20144 o M db v E O A 5B (ITK)
7w (SR). W (NT). EE#M (AK). B #E (YD),
KW (FK), HH R ORBRBKE (0OB), 2 FROE HE (MY)
BrowEmHgRoRBE (MT) T, FEIHICHMEE 21T EBEMEIC
X E I AR X OKIKMAEZH W (Table 1, Fig. 1),
HACIH2FEEELITWV., 2L Lok L 618 1k %2 H

&

i

v
Y

I

5 b AK13, OB14 % O" MY13 |% 2011 4 3 A2 % 4 L
BEROBICERESNEEARTHL 5.,

DNA # & & M A & 5 ik &

DNA i E & ARV R EEIT®E 2E TR, ToHHE %
1S R N s

HCL AT, DNAFIHICH#H I 2 £ T 99.5%= % / — L if
THRFLZ, DNAMHIT 7 =/ — v - 7 mma 7 3V AEZE IR
QuickGene-Mini80 (WAKO) T X v 17 » 7=,

PCR & IZ X %, mitDNA HE HB OME T, 77 A4 < —
12S-CP 5" -TCCTAGGGCTCGTCTTAACATCT 3’/ B L O Cytb-CP
5’ TGTAATCCGGAGATCGGAGGTT 3’/ Z H Wi, PCR X i IZ
X GeneAmp PCR System 2700 Thermal Cycler ( Applied
Biosystems) % ff 1 L 7., PCR IGIT 1 M AE H 7= 0 W EHEYE
K% 17.4pu 1, 10XEx Taq Buffer # 2.5 1, dNTP Mixture % 2.0
v, 10pmol/pl 77 4 ~—% 05ul 3 >, Takara Ex Taq
polymerase (TAKARA) % 0.125 gl . # W L 7= DNA A K %
2p Iz 724 & 25u 1 & L7, PCR G MIX 94C T 14 @ B E %
. 94C T 30 M., 56C T 308 M. 72CT 345 % 35 % A7
Jb& L 7=, PCR E I ExoSAP-IT(USB corp.) i X v ¥ H® L 7=,

Wy AE7 71— b DNA & L. GeneAmp PCR System 2700
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Thermal Cycler (Applied Biosystems) Z ffi H L%+ 4 7 v ¥ — 7
T AEfToo L A I VY —F = RIZEF TS T A4~ — Cyth-CP
5’ TGTAATCCGGAGATCGGAGGTT 3’ ¥ X O Cytb-E 5°
-CCTGAAGTAGGAACCAGATG-3" Z#H Wk, ¥4 27 v — 27 =
ARSI E 1 EEH e W A KEZ 158 1, BigDye
terminator v3.1Cycle Sequencing Ready Reaction Kit ( Applied
Biosystem) % 1.5pul, 10uM 7 7 4 = — Cytb-CP ¥ £ 8 Cytb-E
Z 0.32ul # >, ¥ 7 1v— K DNA %X 3ul M x7=2& 20l &
L, A4 7 vy =27 2 20K ESRMFEIT. 96C1 5 M o
AR, 96°C 10 B M . 50C5 B M. 60 % 44 M % 25 %4 7
V2R Ul e

BeohitY A7 Vvy — 2 = AFEHE ABI PRISM 3100-Avant
(Applied Biosystems) Z i H L T % v v 7 U —FB XKk @ &2 17 |
HEE A OB ERIMNZRELEL, BEKEINOT 7 4 X FIZIE
ClustalX (Thompson et al. 1997) # Wik, N7 v ¥ A4 731
Bl ¥ % %12, DnaSP ver. 5.10 (Librado and Rozas 2009) #% ff
MLTE®RL &,

T — X AT

NT AT O FKRMEAREM D 2O Median-joining &
(Bandelt et al. 1999) (% S5 < % v F VU — 7 #f & Network4.613
B Wvw THER L 2,

Arlequin 3.5 (Excoffier and Lischer 2010) % A \» T, Tajima’D
(Tajima 1989) & Fu’s Fg (Fu 1997) ##&E L. N7 ua & A4 7
D I A~ v F 44 (Rogers and Harpending 1992) # # & L 7=,
RAR Yy TFoMIE T AT oEEROE LA S EROEE S AME
# L., 10,000 D7 — b AT v I RECEDEMERE TV
DB ME~0H TITEV2HRFTLE, 2, £HMEELHHMED
H CTIE EF VTR EF S M (sum of squared deviation : SSD)
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(Schneider & Excoffier 1999) I X " Harpending’s raggedness
index (HRI) (Harpending 1994) . Znh 60 H E K% (pfE) T
WL 2., & 5. Arlequin 3.5 X % 10,000 H o 7 — b % b
7y I REICEIVHEE SN cHEEE DO 95%E XKML
M O R P E > TUBROEK (1) 2#E L 7L, t1F r=0/2u i
X v # % L7~ (Rogers and Harpending 1992), Z Z T. u l¥. 1
WMELLVORRERBEXHEEKRICIVERLE, 1 HEDHD L
DD 28R A B RITIL Livetal. (2011) 2 L W #E 7t 0.795%
S BEATE R W B ERIIAMN I THWIR 551bp & L7, B
Tajima’ D, Fu’s FgB X "I X~ v F 454 © i #1X Table 1 ® 16
mEAZLENE ., dlEE (IK, SR, NT, AKO03., AKH. AKO06,
AK13.YD % 0" FK) 8 X " A Jf (OB0405, OB07, 0OB14, MY0405,
MY07, MY13 Kk 8 MT) Ok % 27— L T7 v — 7 I

1T - 7=,

3. R

mtDNA Ff & 58 8 © 551bp @ ¥ KA 5 &2 i H v, 4 618 f
Kb 76 MEAO NN a4 7R KMz, 76 N7 na X A4
MoEMBEEZEZ T Xy P =27 T, @ TCTOEARTEENT
X475 TREBIEO®IEILAELE (Fig.2), 7. ™ kKEHEHA
D16 DO NNT a X AT b D T TAE—BNERSN,JEE
A ONTw x4 7% 62 (M ABEAO L1625 T), £INEA
DNTa B AT FE3ITHY, AMIFTIdBBEICERELF T X

A T WL o T

Tajima’s D (X b ¥ & © %2 &K T i%-0.829 (SR) » 5 0.287 (1K)
L7 9K 54K (SR, NT, AKO6, YD, & O® FK) TH O
&b, ¥ XTHE Lo e AN o FE AKX 0BO7
(D=0.088) R W7+ X TOEARTIEDMH (D=0.008~0.948)
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LD, T RXRTHBETIE R o7 (Table2), dLiEE 7 v — 7 i
D=-1.260 (p=0.075), A M 7 /L — F X D=0.991 (p=0.865) T &
> 7., Fu's Fs lZ3dbt#B\E D+ R ToEARKTHADM (Fg=-5.808~
-0.994) A LV  HBABEEBEABE TCHETH -, ZTHITx L,
AN O B AR X OBO7 (Fg =-0.273) R W7k & X ToOEAKRKTIEOD
fii (Fy=0.982~3.529) # & > 7= RN, A CTlxhh»-oiz, biFiHE
TV — T IEH E A DO Fg=-24.540 (p=0.000) % & 0 . AN 7
WVo— T IXIEDME TH oA E CTCER»o- T (Fg=2.231,

»=0.786) .
R Ry F oA, db i D % K T L unimodal @ fH A & & L
7o AWM O FEAITILWEE OEKRICH XELBEBRBRKZ 0, 4, 5 K&

6 OBHENRELS, 2,3 07T THEODEKRTARD LI
(Fig.3), 7. MABIXTHEEEHBR K ORE KN 22T, £— Fb
B3 EfoEREEXRE Lo, kiBEZV—TF 0 KN 7 L —
TIFE Lo REGAL. ZOEMIIED L R0 o (Fig.4d), E
MoEA® > b, A (AKH) & E 8% oA (AKL3) X
ER Ao EROEAR (AKO3 & 8 AKO06) & [F Bk @ 4 fi & &~ L
s BERWE B RERBEIC., BERKZBOEAXR (0BL14) 28 E KAl O B K
(OB0405 }x O OB07) Lt O WMEO S E R L, —FH ., B HE
DK BEOEAR (MYL3) T8 B O KK OEAER (MY0405 K&
W MY07) LV b, REBMBEOEKRO M EHMUL L, LifFEEO®
mARP LI E 7 v — 71X SSD B L " HRI A Z L £ 4L 0.005

FE

o

~0.024, 0.010~0.035 & e W AECE o, —FH. KMOD
AR CTliX OB14 X 8 MT T SSD & HRI & I E T, #£ MK
ET AL OB PR O S T (Table 3), £ 7. MYO0405 @
HRI & MY13 ® SSD b Zh ZThAETH-, KMNDOI Do
EARAITAETCER»>72H Do SSD 8 X X HRI @ p fE 1L 0.05
iz W fE & e - 7= (p=0.051~0.166), K M 7 L — 7 T &L
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SSD=0.045 (p=0.037). HRI=0.071 (p=0.046) Lt A EF & 7 v  *#H
Mt KRETADDLOHBMPB DN, EHOIEKROBFEETD
5 ot O R HEEM (95% 8 B X ) 1T MW kiE A r=13.014 (7.518
~17.15) & b o L& b R&EL, EHOI KRNI E o 72 DT 148.5
(85.8~195.6) FAEMMBE LHEINLL, dLiBE 7 Vv — 713 ¢
=7.592 (3.342~12.002), AM 7 Vv — 71 r=6.172 (1.391~
10.545) TH YV . EFHOE KI5 E o ThHrH O F KX EE S
Jvo— 7 % 86.7 (38.1~137.0) FHAFERIFEE ., KM 7 v — 7 N 70.4
(15.9~120.4) T MBE LIZEFRLCER L o,

4. &
AW TIX, 618 K DIE RO EBR I NS B KE = 0D
MEHHELZHEELEZ, TOoME., LiEE O = i 86.7
(38.1~137.0) F AT DB AEME O KRNMHE > 7 I &8 #HE
S, AMO = I TEEHEOIRITZED ORI,

P

3

NTmE AT Ry NTU =7

A EA O 16 ONNT u X AT BRI T AE—FRRLIRZ,HE
KBOZDOIENHO 6 HMBEONT ¥ 4 7 iF3fhoEAERLELEL L
NTm A 4T Thole, e, KINBEAONNT v & 47T D 7%
K, kB EOEANAMEIV BZHREOCHENAFEICEH WV & W
DB 2 EOMEE LT L, BREZOERL K AD Mo R
Mo T A =K T D EFE R0 T,

8 = B &) B

dt¥EE X, BmIEE. MAB R X OIWEE S VY — 7 IE Fu's Fs
THERAOEZ LYY  WwWIFhb I A~y F A unimodal @
M CTHEMIERETT VLD OG®RBITEBD DR &MDL,
I EFBEICEROIBMRKRYNEZ o722 NIk, il
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HOZXZofoEER (AFRFE., o<l BRHLOERMN)
HbLAETEHRZVWLODT XRT FU'sFs A DOMHEAZ &0 . % H 4L
RET NV POEOBRBIZRD bNARN > &b, Z % H
DRI EZ o MR, bifFEOEALRL LU
EBI7Z NV —7ICBTL5EHOIKRDEE > THr 5 OFEH (95%F
B X M) 1% 61.3 (31.6~82.5) 7~ H 148.5 (85.8~195.6) 4 i &
FErHEINL EHOIMRIEFHEYICH T - L HEINL,
Btz Emib T AU I RENL 2 —F T KEICZHITT
DKKOIL R RLEZD, KIS KR REH N AL L
B 81 © H» %5 (Sancetta 1983; Mann and Hamilton 1995; Lambeck et
al. 2002), Z o ZEBHICIVERHBEEIZ B2 T L LE XD
LN KO MWL S TP (Liuetal. 2006a; Liuetal. 2006b;
Liu et al. 2007; He et al. 2010; M 5 2014)., K F ¥ #H o 7V
a— vy AR WEEHEO =Y b FEKTH S (Liuetal 2012),
MAKBIZIERDPBE TR -—FR, AT v F A
TE2ZIRAL, BN ERELDMOERICE X&Gm»2o 7t (F
2 ®), MAkBoO=vrriZRABLZOERO P TIEHKRHE
BEONTv 2 472k ATED2EFEM[MAEHEYS XN RKE
EMWMLU EORMENLEEZLND, LU AR L, /N (2002)
X s AW REOMBMYE = o BEICEA T ZRBO P T M0
KBO = i3 EFREINBD L) &S, E# Kk AE
R CTIHEEMABELOEE O BA OB S W TIZI N E TAH
bh T WHHBHABEOoOTRERENG W LEREMIALTW DS (KW
N o« Il 2012), & B2, msat & A W 2 AT TUx . Mok B £
T B E TS EE oW EEER 2 ER S T DM R

=
&
Kt

¥+

JI

v

EF

ThHIHREENPIBINTWVWD (RBRAS 2008), Zi1ub D &
MmH ., EkE =T, dtEE - YN R NS

R holtBICERSINMNBDODEARFEBELEREWH O = 0 X9

WLLHEI S Z OB ICERfS W T WD = v TR0y o s dah

[
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MW, KM THVWEEAKBOEARKIKRALEZEMKTH B L
MmH . EFRMICRELERBERST AU R L M ER O M
KErHEELZATREELEZE LN D,

Liu et al. (2012) T AMFE OEARK 24 K & JE = O K 36
il 12 > v T mtDNA == > b v — L fH 463bp @ H & K ¥ 7 &
Fu's Fg & tflEZHEL TR, TN ENAFFE T Fyg =-1.635
(p=0.242), t=5.266, JE ¢ C Fg = -15.903 (p<0.001), t= 3.654
EMELTWVWD, KM EOAFBELE LOERMICTE T D Fu's Fs
LA DOME % L., Livuetal. (2012) A OFKERTH - 7=,
F 7. Liu et al. (2012) T t O HE ZIT > TV R WA, KIZA
e CHWEHRHZD o 1BEESHEZY OERERE=0.795%
/S B J7 4 (Liuetal.2011) ZH W Tt 28T 5 & #15FE N
t= 715,000, & A t=496,000 & 725, Z A bix, WTnhb &
IO AMMEOHRLE T 25, LEDZ &L,
b E o = > v 0F EOH MW E R RE DR AR FE o T b HEE S
n o,

JE R B W T W A o AR 2R W AT o R
LA THEERN o, ERETHR I TV D EH O
AEICET., BEHRAEAEALDS 200 B Lo # A &2 %L TAT
BEREICHWTEBYD, K EH T RAREMN LI CTERE FHEICE
W T EN W LRI I T WD (Sugayaetal.2008 ; Kitada et
al. 2009), AWM OF RIX v d X F L,

AN O EAREL L OAKMN 7 Vv — 71 Tajima’ D & Fu’s Fg 2 IE ®
Exax Lol &b BEOEMOIRITIXF IRV, E 2,
RAY Yy TS TCTHBEEBBRLE 2.3 TCETLHEEOKT
R REBEBBBIXOAM IV TEMHMIERETVNLDLOAER
AR OO L BEICHRMLEX Yy 7 2RREB LKL
ERosMEn, MAEBFoORKE RS LAELEEOEALR L TR R
Sl@mAEas Lz, KINKFEFEMO = »iF. 500~ 800 F & [H
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b T YR LIEAET D KHME (Sawaietal. 2012) O ¥ 2|2 LV
BB EZHEEPEKTL TR (B 2%), A% THR S LK
N7 v —=T0R M3y ZIiE, BYVIKRLFEETDZKHBEN R

EEZXZ BN,

AW TIE., HAEAREXKEZ O 2013 FICRE =i & & B T,
2014 FFICEREBRBCHERBMLEERZHA WM 2T, BREK
CRBEBETIE., Th2h o0& XAT&R OBFEARTHAA R ICEL L
ROLNRMNo T, BB T
AEVDV bERBOBEARICHB L,  2FE L. #HAKRKEK
CEVERMEVCRERABTCE =V ICE s THREIWCR » 72 2
ERL BB KENE SO = v T EE A ERL
B\ E&EEEBWICE B Do ZH L2 L TR, KM
TR BRIT TN EZ XL,

DD T & KT 500t o it a2 Gl e L RIRRWME O = v
AN KFEEM= OB OER TH o 72 (FE 1983),
BEFEMRE N RES L TCELT ., REE - TAHALO =
CUBNARIMNKFEEMOEROER L Lo TWD (/A 2002),
L OERIZIMBH 2T TR, FAOERF., BB
FUOKEHBEEA T T
2006) . 4 % b b ME JE & OV K L
TWwW, BEHROKRRELEZOFROAMBIZHEY TDHZ LR LETDH
AR
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Tablel. Sampling information of Pacific herring examined in this study

Sampling location Abbreviation Year Month n?
Hokkaido
Ishikari Bay IK 2006 Feb.—Mar. 41
Lake Saroma SR 2006 Apr. 32
Lake Notoro NT 2006 May 31
Lake Akkeshi AKO3 2003 Apr. 30
AKO06 2006 Mar.—May 31
AKH! 2006 Mar.—May 33
AK13 2013 Apr.—May 53
Lake Yudo-numa YD 2003 Apr.—May 30
Funka Bay FK 2003 Mar.—June 30
Honshu
Lake Obuchi-numa  OB0405 2004 Mar. 30
2005 Mar.
oBO7 2007 Feb. 34
OB14 2014 Mar. 80
Miyako Bay MY 0405 2004 Mar. 30
2005 Jan.—Apr.
MYO07 2007 Feb.—Mar. 36
MY13 2013 Jan.—Apr. 67
Matsushima Bay MT 2005 Feb. 30
Total 618

! hatchery-reared fish returned to spawning

2 sample size
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Table2. Number of haplotypes, Tajima’s D and Fu’s Fg values for mitochondrial DNA control region
of the Pacific herring

Sample Number of Tajima’'s D Fu’s Fg
haplotypes D P F Pt
Hokkaido
IK 15 0.287 0.672 -1.213 0.353
SR 15 0.829 0.222 -2.250 0.197
NT 14 -0.282 0431 -2.181 0.194
AKO03 13 0.055 0.578 -0.994 0.354
AKO06 15 -0.167  0.488 -2.234 0.200
AKH 14 0.023  0.563 -1.080 0.357
AK13 17 0.018 0.583 -1.970 0.263
YD 17 -0.646  0.282 -5.567 0.017
FK 22 -0.206  0.469 -5.808 0.030
Hokkaido combined 73 -1.260  0.075 -24.540 0.000
Honshu
0OB0405 6 0.008 0.560 2.027 0.834
OoBO7 10 -0.088  0.525 -0.273 0.484
OB14 9 0.847  0.839 2.627 0.852
MY 0405 8 0.671 0.788 1.980 0.816
MYO07 9 0.463 0.724 1.472 0.761
MY 13 10 0.119 0.614 0.982 0.691
MT 6 0.948 0.856 3.529 0.926
Honshu combined 14 0.991 0.865 2.231 0.786
! p-value
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Table 3. Summary of mismatch distribution analysis under the sudden expansion model for the Pacific herring mitochondrial DNA control region sequences

ssp!

HRI?

2% (95% CI)

* (95% ClI)

Sample p p

Hokkaido

IK 0.011 0394 0.021 0.459 7.721 (2.939—11.846) 0.881 (0.335—1.352)
SR 0.017 0313 0.028 0.387 8.287 (2.875—12.941) 0.946 (0.328—1.477)
NT 0.012 0.212 0.031 0.245 5.998 (2.619—8.801) 0.685 (0.299—1.005)
AKO03 0.019 0.175 0.035 0.240 8.049 (3.193—12.199) 0.919 (0.364—1.392)
AKO06 0.024 0.093 0.034 0.362 9.406 (3.094—14.131) 1.074 (0.353—1.613)
AKH 0.016 0.234 0.023 0.380 8.121 (3.463—12.270) 0.927 (0.395—1.401)
AK13 0.012 0.384 0.023 0.508 8.244 (2.244—12.867) 0.941 (0.256—1.469)
YD 0.012 0.136 0.033 0.171 5.367 (2.770—7.227) 0.613 (0.316—0.825)
FK 0.009 0.357 0.022 0.156 13.014 (7.518—17.135) 1.485 (0.858—1.956)
Hokkaido combined 0.005 0550 0.010 0.630 7.592 (3.342—12.002) 0.867 (0.381—1.370)
Honshu

0B0405 0.101 0.076 0.156 0.116 6.174 (0.164—11.553) 0.705 (0.019—1.319)
0BO07 0.032 0.147 0.069 0.150 5.342 (1.264—9.441) 0.610 (0.144—1.078)
OB14 0.054 0.036 0.089 0.047 6.199 (1.164—10.568) 0.708 (0.133—1.206)
MY 0405 0.031 0.120 0.087 0.049 7.143 (2.029—11.375) 0.815 (0.232—1.298)
MYO07 0.029 0.116 0.050 0.166 6.631 (2.266—10.750) 0.757 (0.259—1.227)
MY13 0.080 0.044 0.129 0.051 6.266 (0.563—11.252) 0.715 (0.064—1.284)
MT 0.064 0.020 0.141 0.014 6.250 (1.887—10.215) 0.713 (0.215—1.166)
Honshu combined 0.045 0.037 0.071 0.046 6.172 (1.391—10.545) 0.704 (0.159—1.204)

'Sum of squared deviation

Harpending’s raggedness index

*Time since the population expansion

*Absolute time (million years) since the population expansion
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Fig. 1. Sampling sites for Pacific herring. Ishikari Bay (IK), Lake Saroma (SR), Lake Notoro (NR),
Lake Akkeshi (AK), Lake Yudo-numa (YD), Funka Bay (FK), Lake Obuchi-numa (OB), Miyako Bay
(MY) and Matsushima Bay (MT) (see Table 1).
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represent the simulated values under the sudden expansion model.
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Fig. 4. Distribution of pairwise differences between mitochondrial DNA control region for Hokkaido
and Honshu groups of Pacific herring. Gray bars show the observed frequency distribution and the
sold lines represent the simulated values under the sudden expansion model.
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=0.971)., B E#M K (R*=10.844)., & F M % (R?

k=11

I
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A L, 26 D CTWiekBBEHAITE2WL ., —FH . B
BRI IX . 8% 6 TE5%ICH N L. M E CH AT S L2007
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M 25 0.698 t, I & & £ M 2 0.284t, EERBHEMMN 0.09t Th -
ool x L, 2013 oA & 0.2t O ITE HE A 0.018 t,
A 0t BEREMN 015t o, MEDZ &b Hif
E
boTwWwaZbxzhrnwELE, £, BTy, ERE
BB, MABEPLOEENZBH N LA, 2 hicx
L. BB CHBRMEAGHRLETIREC., 820 BRI AEEE. 8%
PDEEE . 10% R ENGEEOEMN TH o o, EE O MK IX
BB BERMDELXLAMO 0.74 t 226 B XK HZ 1T 1.72 t I2F B I2HE M
L. 2homb  EFMREINMRIRE EINSGHOBH (K AN)
Ly, BB THRBARETWVICLE DL T HHEE D MRS
nTWwa e MWL,
WIS 2l T
WD, BREFEoOKBEOEFIFTH Im T, BRKEFIZEALZE T LN
TWR IRkl oHEY s b P, BEEMNREBREFR® R
THEHBOEINER LR o2 THAH EREMTIERK 3IEMOD
WM AEEL, MANO TV Y LB X o R RN KE IR,
EREMoO=v v ENGEIEELEZTLTHA N, BEORAE
TRER=v O EMNY (4 AP ~5 A LEA) ABTTH Y, 2013
FOBAEEICTIEBEBR Lo ERHREREINLE, &I, B
BELAOCERHM CEIERZICHEELNHB ML T, BEHKICXK
LZWMBEARNOERRELEN IR I LI,

BowmEMH=v 0 tA P TREEHEOMBE= L&

Y . WX 1.5km DO/ TEN 5T

e
g
~
o

B 3 W TIX H KRE =1 O f#l (& B 8 & &2 (Demographic history)
WAL L, KRFEFEILHBEEHO oM EEN»DL =2 0
Kz fE L mtDNA O RS 2 i L. 7 = —
Vo VAR A KRFEEESERBTAT B X AT ORGP R
D EEW LIl KFEFELEBEHEO =Y IHEETFH
MoK KEDOREREHZ2RKRR L TOFEEHOIKRKNE X

117



e ELTWD, T2 THE., BAE=YIZOWTH ML
T2, EBAEHAKLIWROSL T, T TEIETIE., &F
2 ECH Wb E & AN AL #HOR SE o 9 T T OE B BT B
# X 7 618 8 KT >\ T, mtDNA 7 fi f8 8k 551bp o i & & 5
EHWTAT v XA T Xy VT =7 BEEKRT HEE DI HE KR
EI SR Sl A T D (e

L6 T XA T 0L BB EBEAO TR Y AT
X 62, AMBEAHOZENIFT I &R, LWBEEOFDNAMN I Z

BREMNBWE W E 2FOME L2 XFE L,
b ¥EE B W T, Tajima’sDIE ¥ v ~#l. REHLW . 2006 4 D
EREM ., BHAELYIEABE CTCAETCEELYIYAOMEE & o 72,

i

F/7-.FUSFs T 9O AT XTCTCAOHEZ LV F TH HEIFE &M
KETHBERL T, £, kBB ESF X TOBEARE S — L L1k
Wl 7 v — 71X Tajima’s D A A B R AOME A2 & VY . Fu's Fs I

il

A

24540 THE CTh o, I A~y F oMo cid, i & o
BEEAROCETCOREARZ £ LD dtipE 7 v — 7T SSD (Sum
of squared deviation) K& " HRI (Harpending’s raggedness index)

FAHEECTCERLS ., B ECTCRIBEECEH O RN E Z o2 2 &
nHEREIhE, B EOCEARBIYILEBE 7V — T2 T 5%
Ml O gL K 2346 £ - TH 6 O F %% (95%fE | X W) ¥ 61.3 (31.6
~82.5) 7»H 148.5 (85.8~195.6) i BE L EI L., FHOD
PEOREE B (A 258 TAE~M 1L HERT) T E oL HE
L7z,

— . AN = 22w Tix., Tajima’s D X " Fu’s Fs (&
2007 F O RBRW CRAOHEZ L oo, ZOM DT XTOEART
KicEoEE Lo, RINOETOEREZELDZRAMNT L —
THREBRICEOHE & o, I A~y F MO TIX.
BEHRHE 2.3 07T THEOCERTARDLONL. BEB LK TAEIMNZ
NV — 7 T SSD &L HRIDNAE LR, ZnAb DI &b, KAINT

118



A
(&

EOHEMOBERKITLXFEINLT AL X Yy 7 2B LEZL
e shi, o —K &L T, KIH I T 500~8004F o JE
DR LEAET D RHENEZ XL NI,
KBITE A N7 v &4 7% 164K AL ., HKEEOIE KD H
e #1728 1.485 (85.8~195.6) K FE @i E L, HwvwiiER
TR bLbEPo T, F, B 2ETITEEMNZHKE L MO E
iR TEWI ERERINLE, BAEO=Y 2 IZHAHAE
EHoBTCRFERMELS, BREEO AN 2 4 72K HFT
FEEEABEY S XN REVZERNEZXZLNREZ, L2L, M
U ERE S D e L B R R A
BEOWwEROBAEOHMBEICSD YT I E THL
MM EAHOREELr2E WV EREHINL TS, £ 7.
BT 2 E B oW EEERZEKE T 5P R
PEARE S T WD, bz, B 1 ®CTEHELLE
1IR3 S Gl = SN = B N Y
g LT Wbl T
HoH L 7 i
AR Y T
Ix . KW T
oY== = )

A ISy
2 P2
e N

0 /t

i

v
A

N
I

"

> 9 H O

e

S
I
A A X
b

S
T X
&

Tt

H
N
=/t

=
=
A

AL
[y
E

MWoomk &
il
)

AN
O
=
i

Nk

>
o

S
1

AN B O i N

At

il

Y

5 1986 412 M kT AL E
S, ZTOFITEHE. ®A
KO BCRE A RE L 7o TR M D
Wi Wnw Yol R E R E DM
frickyv, zoEIFEMHAD LELEZE X

H N A
o
&
e
r

it
P A
o Sk
[

H#H |\
A

N

o X
po S S (AN

R
o

F
==y
4

NI v N ) HElEE BB =B HAEARRKERIZ
FEALEERLEZEVBSHLNIZIRD, BEICR ML YT
BB L TWa ZebHERINTL, ARITZLORERESEMDGH
=2y 7k vpEIEBEREEZEHRERL TS LEND D,

I

¢~ It
C oo s o d R S

«

a

BB BE=vrroroFT . U R =vOHEBEIC
W LEZEBAE=Y BROBELHFEROWAMNAOZD ., 4
FHHBFEOBERBMAE2EICHEET LI L LB, BT =4
7 O Mk RN EFEN D,

=

=N

=

119



o

Ao ZEXTTFSY, KKRBY 2 THBE LR IXOK
Bl 2 M > 7o i RZF RZPRARILEBE — & £ ICHE KB H
LET 2, £, @MU RIHWE L IHE LW - 72 [ #E H R G
& = W AR AN ATy - el & W OV A BB E B L
MEIcESBLBFLET 2, . s AFEELHER~0E ¥ %

ETWwWirngttHEANEEE 20850 H# &R

o

(Y,
)
3
—

-
F

o i N G T 1 O T N 3 G s (il [ I A O S i R 77 S
HEBEB OERICL XLV EHE L ET D, KETREE MR KN
N2z, KERKRAM ALY —F EEANK., T8+,
EREAR. BARBRICEIEARE, FhAET. AEEOANF
WM hEB»ELEBIC, =V ryREORERESFIZONTI

\

FoOoR o2 v Tz, e Mg TE K PE AR B BB K PE IR BLER 1B 2 Rl K. [
FIE -t FARKERBBLREA DM ER/F L W RICA BT
B e K 26 B R A o BRI TR AR IHE 2V
o2 e, 3RO HE PR OR O G EFEMAEEPBEEFME LICITT
— Mo W TR R DB "W e, F. OKBRET
fetr LBl 7 — 213, ThETRMEET=v 0 EHE
i botEEEBER., REWD K. RAREKK., 5T
K, sl EoR, BEAK, PR, KHEH K>S RE

%

S

o H
HoORY BE O

< s

I

~

gL w0 ThbbHr, TNDELDOHFEOITWINRITHR
EARME 2 ER T 5 FTCEhholn, BLEHMOEZRT

2

KRFBEIC, E£FPTHICHXZL TSN REIC, 0206 KE#H L L

120



