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Abstract

ChangesinthefbssilasseInblageofoffshoremolluscswithineachsixth－Order（41－k．y．）depositional

SequenCeOftheearlyPleistoceneOInmaFormationdocumentrepeatedrecolomizationsofwarm－Water

SPeCiesintotheSeaofJapan．EachrecolomizationstartedassoonasthewarmTsushimaCurrentbeganto

flowintheSeaofJapanduringadeglaciationandsubsequentinterglacialperiod．Hereweexaminedin

detailthestratlgraPhicdistributionofsixselectedsigmificantwarm－WaterSPeCiesandcalculated

COnfidenceintervalsfbrtheirfirst（local）appearancesinatotaloftendeglaciationsusingcontinuousbT

SaInPleddata．Theyweresubdh，idedintotwogroups，basedonthechronologlCalorderoftheirfirst

appearanceduringwarInlngPhases．CoInParisonofgeologlCalwithbiogeographicdatarevealsthatthese

InlgrationpattemSarenOtalwaysconsistentwiththemodemgeOgraPhicdistributionsOfthespecies．

TheseresultsshowthatfbssilrecordsmayanticIPatehowtheasseInblageoflocalspecieswouldchange

inresponsetOClimatewarInlng．

KbJWOrdk：mOlluscs；geOgraPhicrange；ClimatewarInlng；SeaofJapan；EarbTPleistocene

l．IntI℃duction

ManypaleoecologlCalstudiesinvariousreglOnShavedemonstratedthatcomInumitieshaveresponded

inaGleasomianmanner（Gleason，1926）toQuatemaryClimatechange（e．g．，OvelPeCketa1．，1992；Royet

al．，1996；FaunmapWo止ingGroup，1996；JacksonandOvelPeCk，2000）．BasedonGleasomiantheory，the

manneroftheresponseofeachspeciestoenvironmentalchangedoesnotaccordwithan”ecologlCal

SuCCeSSion”（Clements，1916）butdependsonitsownspecifictolerance．Therefbre，mOdelingthe

responsesofcomInumitiestoenvironmentalchangesthroughouttheQuatemaryperiodrequiresan

understandingofhoweachspecieschangesitsgeographicdistribution．Duringthepastfewdecades，a

IluInberofstudieshavedescribedthechangesofmolluscanfaunaSinresponsetothefrequentclimatic

ChangesduringtheQuatemary（e．g．，ThomsenandⅥ）rren，1986；Peacock，1989；Kanazawa，1990；

KitaInuraeta1．，1994；KamatakiandKondo，1997）．However，mOStOfthesestudieshavefbcusedonthe

replacementoftheentirefauna，andlittleattentionhasbeenpaidtothetiInlngOfmigrationofeach

SPeCieswithclimaticchange，eSPeCiallywithrapidwaming．ThepresentstudyatteInPtStOClarifythe

PreCisepattemOfmigrationfbrslgmificantwarm－WatermOlluscanspeciesduringawarInlngClimate

Phase．Thechronologicalorderofthefirstappearanceofsuchspeciesduringsevenselecteddeglaciations

intheearbTPleistoceneoftheSeaofJapanprovidesthedatafbrthestudy．Weestimateconfidence

intervalSforthefirst（local）stratigraphicoccurrencesofvariouswarm－WaterSPeCiesbasedonthedataof

KitaInura（1991）andKitaInuraetal．（1999，2000b），andthendeteminedthetimingofrecolomizationof



eachspeciesduringthesevendeglaciations．

2．Geologicalsetting

Theplanktomicmarine8180recordofsedimentcoresfromtheOkiRidgedemonstratesincreaseof

sea－SurhceteInPeraturefrom8－120catlOkato17－180cat8ka，ShowlngthebeginmngoftheiI劇ow

OfthewarmTsushimaCurrent（Obaeta1．，1980）．ThecurrenthascomeintotheSeaofJapanrecurrentbT

duringeachinterglacialstagesinceoxygenisotopestage59（KitaInuraeta1．，2001）．Therapidwaming

（Ca．3．5℃perl，000years）causedbytheTsushimaCurrentmayhavestronglyinfluencedthemarine

OrganismsalongthewestcoastofJapaneseIslandsthroughoutthepastl．7Ma．

TheearlyPleistoceneOInmaFormationaccuInulatedonthecontinentalshelfoftheSeaofJapan（Fig．

1），andcontainsabundantfbssilsofbenthicmolluscs，OStraCOdsandplanktomicfbraminifers，Whichare

SenSitivetoenvironmentalchanges（e．g．，KasenoandMatsuura，1965；Ogasawara，1977；Crominand

Ikeya，1987；KitaInuraandKondo，1990；BeuandKitaInura，1998；AmanoandVermeti，1998；KitaInura

eta1．，1999，2001；AmanoandWatanabe，2001；OzawaandKamiya，2001）．Themiddlepartofthis

formationattheOkuwatypesection（Figs．1and2）iscoInPOSedofelevensixth－Order（41－k．y．）

depositionalsequences（thesequence9isnotexposed）thatweredepositedininner－tOOuter－Shelfwater

depthsduringtheoxygenisotopestages50to28（Fig．2）（KitaInuraeta1．，1994，2000a；Kondoeta1．，

1998）．Thesesequencesincludethefollowingelements，inascendingstratigraphicorder：（1）abasal

SequenCeboundarythatissupelPOSedontheravinementsurface；（2）atransgressh，eSyStemStraCt（TST）

（2－5mthick）consistingofabasalshellbed（0．3mthick）（acondensedonlapshellbed）andoverbTing

nne－tOVery－fine－grainedsandstone；（3）amaxiInumfl00dinghorizonthathasthehighestconcentration

Ofsand－Sizecatbonategrains；（4）anhighstandsystemstract（HST）（2－3mthick）consistingof

nne－grainedsandstoneandsandysiltstone；and（5）anregressivesystemstract（RST）（＜1．Omthick）

COInPrisedofacoarseming－uPWardfine－grainedsandstone（KitaInuraeta1．，2000a）．Depositional

SequenCeSl，6andllincludecoInPletesetsofTST，HSTandRSTsediments，Whileothersequenceslack

RSTandevenHSTsedimentsbecauseofshorefaceerosionatthesupeqacentsequenceboundary

（KitaInuraeta1．，2001）．

ThetransitionoftheoffshoremolluscanfhunaintheTSTofeachdepositionalsequencealwaysbegins

withprominenceofthecold－WaterFblaniellaAssociation．Subsequently，theFblaniellaAssociationis

replacedbythecold－WaterClinocardtum－TbrritellaAssociationbecauseofthechangeinsubstratefrom

Well－SOrtedsandtoInuddysandassociatedwithdeglacialsea－levelrise．Finally，eitherthewarm－Water

Stellaria－P（甲hiaIAssociationorqノCladtcamaAssociationdominatesoverthefhuna．Thisfhunalchange

WaSCauSedbyinflowofthewarmTsushimaCurrentandtheassociatedrapidwaming（KitaInuraeta1．，

1994，2000b）．

Inanydepositionalsequence，thesedimentofthehorizonJuStbelowthefirstappearanceof

Warm－WaterSPeCiesisaInuddy，finetoveryfine－grainedsandstonewithInudcontentranglngfrom15to
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25％．Thistypeofsedimentlayercharacteristicallyyieldsacold－WaterC7inocardtum－Tbrritella

AssociationconsistingofClinocardtumjZJStOSum，Turritellasaishuensissaishuensis，AcilainsLgnisand

mIdtanotabilis，Whichinhabitedtheuppersublittoralzonefromlow－Waterma止to50－60mdeep

（KitaInuraeta1．，1994，2001）．Inotherwords，atOtaloftenimigrationeventsofwarm－WatermOlluscs

happenedunderalmostthesameconditionsOfsedimentationandwaterdepth．ThemolluscasseInblages

donotcontainpost－mOrtemtranSPOrtOfspeciesfromotherhabitats，becausemanyfbssilspecimensof

bivalvesarefbundwiththeirvalvesarticulated．Thewithin－habitatmixlngOfskeletalelementshadbeen

restrictedtoasurfacelayerabo血10cmthickthroughoutdepositionoftheInuddy，finetovery

fine－grainedsandstoneatthetransitionfrOmglacialtointerglacialstages（KitaInura，1992）．Usingan

averagesedimentaryratefromthethreebest－PreSerVeddepositionalsequences（17．5cm／1000yrs），

PerSistenceofwarm－WaterSPeCiesatthestudiedareaaretime－aVeragedatanestimated5，000tolO，000

yearsandabout600years，reSPeCtively．

3．MetllOds

Thedefimitionofcold－andwarm－WatermOlluscasseInblageoftheOmmaFormationisbasedonthe

modemgeOgraPhicdistributionoflklngrePreSentativesofthespeciesalongthecontinentalsheh，eSOfJapan．

ThewarmKuroshioCurrentveersawayfromtheJapaneseIslandsattheBosoPeminsulaat350Nlatitude

（Fig．1a），WhichisrecogmiZedasabiogeographicdiscontinuityformarinemimals．Forthisreason，theterm

Hwarm－WaterSPeCiesH，inJapan，hasbeenusedtorepresentthespecieswhichlkessouthof350Natpresent，

whileHcold－WaterHusuallyqualifiesthespecieslklngnOrthof350N・

The50％，80％and95％confidenceintervalswerecalculatedfbrthetruefirstappearanceof

Warm－WaterSPeCieswithineachdepositionalsequence，aCCOrdingtoMarshall（1997）．Sincethefbssil

recordisgeneralbTincoInPlete，uSlngtheobservedrangeofstratlgraPhicoccurrenceofaspeciesmaylead

ustounderestimatethetruerangeOfthespecies．ThemethodofassesslngthecoItndenceintervalson

Stratigraphicranges，PioneeredbyStraussandSadler（1989）andestablishedbyMarshall（1990，1997），

allowsanestimationofthestratlgraPhicrangeofthespeciesintermSOfstatistics．Whenthedistribution

Ofafbssilhorizonisnonrandom，CalculationoftheconfidenceintervalonthestratlgraPhicrangeofthe

SPeCiesrequlreSnOtOnbTameaSureOfthenuInberofindividuals，butalsothefbssilrecoverypotential

function．Inthiscase，themethodfbrcalculatlngtheconfidenceintervalisapplicableonbTtOCOntinuously

SaInPledsections．Consequently，WeuSethetotalIluInberoffbssilsrecoveredfromcontiIluOuSlysaInPled

SeCtions（KitaInura，1991；KitaInuraeta1．，1999，2000b）asadensity－distributionfunctionrepresentingthe

fbssilrecoverypotentiality．

Forallinsituspecimensexamined，eaChindividualwastaxonomicalbTidentifiedandthenuInberof

theindividualswithinasaInPlewascounted．EachsaInPleconsistedofarectangularsandstoneblockwith

thelongsidebeingparalleltothestrikeofthestrata，0．5minwidthand2．Ominlengthontheaverage．

ThesurfacesoftheexposuresweresouneventhatthethicknessoftheblockrangedfromO．05toO．5cm
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dependingontheconditionsofthesection．Fordisarticulatedshells，SeParatedvah，eSWereCOuntedand

thetotalsweredh，idedbytwotodeteminetheIluInberofindh，iduals．Asmentionedabove，themixlngOf

ShellswasrestrictedtoasurhcelayeraboutlOcmthickthroughoutdepositionoftheInuddysand

yieldingwarm－WaterSPeCies．Consequently，theaccuracyofthechronologlCalorderofimInlgrationof

individualislOcminthickness．

Inthepresentstudy，thefbllowingthreesequenceshavebeenexcludedfbrthefbllowingreasons：（1）

withindepositionalsequence4，nOWarm－WaterSPeCiesoccurexceptfbrStellariaexutum；（2）in

depositionalsequence7，allofthewarm－WaterSPeCiesexcludingPcphiaschnellianaarefbundinno

morethanasinglehorizonwithinthesequence；and（3）sincedepositionalsequence8hasbeenassigned

totwoobliquitycycles（Shackletoneta1．，1990），thestratigraphicdistributionofwarm－WaterSPeCiesin

thissequenceisconsideredtobetoocoInPlexfbrtheanabTtiCalapproach．

4．Results

Inthepresentstudy，Wefbcusonthesixspeciesamongsignificantwarm－WaterSPeCiesinthemiddle

PartOftheOmmaFormation，becausetheirconfidenceintervalsweresuccessfullydeterminedinmore

thanthreedepositionalsequences．AllofthemareextantspeciesontheshelfaroundJapan（KitaInuraet

al．，1994）．The50％，80％and95％coItndenceintervalsfbrthemwithineachdepositionalsequenceare

ShowninFigures．3to9．Mostofthe95％confidenceintervalsextendacrossthelowersequence

boundary．Withineachdepositionalsequence，mOlluscanfbssilsarerareinthehorizonrepresentedbythe

COld－WaterClinocardtum－ThrritellaAssociation，COInParedwiththehorizonyieldingwarm－WaterSPeCies．

ThesignificantdifEerenceoffbssilabundanceamonghorizonsreflectsthedifEerenceoftherateof

Sedimentationbetweentheearlyandlatetransgressh，ePhases（Kondoeta1．，1998）．InthepresentanabTSis，

lowabundancesofcold－WaterSPeCiesresultedinconsiderablywideconfidenceintervals，eSPeCiallyatthe

95％level．

Inanydepositionalsequence，thebottomofthe50％coI瓜denceintervalofJtpiteriagordonisis

StratigraphicalbTSituatedabovethebaseoftheobservedrangeofP（甲hiaschnelliana（exceptfbrthe

SequenCe3），Siellariaexutum，ZeuxiscastusandqノCladtcamacumingi（Figs．4，5，8and9）．In

depositionalsequencelO，thebottomofthe80％confidenceintervalofJgordonisisInuChhigherthan

thatoftheobservedrangeofPschnellianaandC．cumingi（Fig．8）．Indepositionalsequence2，the

bottomofthe80％confidenceintervalofO′enulilimQPSisoblo′智aislocatedabovethebaseofthe

ObservedrangeofSexutumandZ．castus（Fig．8）．TheseresultsclearbTShowthat，iniInmigrationevents

duringclimatewarInlng，Jgofd）nistendedtolagbehindPschnelliana，Sexutum，Z．CastusandC．

Cumingi，WhileSexutumandZ．castusheraldedthecoInlngOfC．oblo′智a．

5．Discussionandconclusions

Asfhrastheabove一mentionedsixspeciesareconcemed，thereisnoevidencethatecologlCalfactors，
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SuChascoInPetitionorpredation，reStrictthegeographicdistributionofthesespecies．Inaddition，SOmeOf

thesixspeciesoftenc0－OCCurwitheachotherandwithotherspecieswithinaslnglestratlgraPhichorizon

intheOInmaFormation（KitaInura，1991）．Forthesereasons，WebelievethatneithercoInPetitionnor

Predationisam毎OrfactorcontrollingthetimlngOfimInlgrationofeachspecieswithclimaticchange．

CoInParisonofthestratlgraPhicorderofthefirstappearanceofthesixspecieswiththemodem

geographicdistributionreliesontheassuInPt10nthattoleranceofthesespeciestoenvironmentalchange

hasnotsignificantlychangethroughouttheQuatemaryPeriod．Consequently，dataonthemodem

geographicdistributionofthesixspeciesprovideareliableconstraintonmodelingtheInlgrationof

OfEShoremolluscsduringaclimaticwamingphase（Thblel）．

ThefirstappearanceofJgordoniswithinasequencetendstobelaterthanothersignificantspecies．

Basedonthenorthemlimitsofgeographicdistributionandbathymetricrangesatpresent，Jgordonis

appearstohavealowertolerancetoalowteInPeraturethanotherspecies．Thisfactexplainswellwhyits

iInmlgrationissolateduringawarInlngClimatephase．Ontheotherhand，C．oblongalivesparticularlyln

deeperwateramongthesixspecies．Thus，itsbathymetricrangeand／ordispersalcapabilityoflarvaemay

bethereasonsfbrtherelativelylateriInmlgrationofC．oblongaduringadeglacialwarInlngClimate

phase．

BecausethemodemnOrthemlimitofdistributionofS exutumismorerestrictedthanthatofP．

SChnelliana，Z．castus，C．cumingiandCoblonga，itsiInmlgrationwouldbeexpectedtofbllowthem．

Nevertheless，SlgmificantdifferencesarenotfoundinthetiInlngOfiInmgrationbetweenSexutumand

thelatterfburspecies．Inthepresentstudy，thereisnodataontheenvironmentalchangeitselfduring

deglaciationsanditsinfluencesonthemannerofmigrationofwarm－WaterSPeCies．Thus，thereasonfbr

theunexpectedlyearlylInmlgrationofSexutumisstilluncertain．Apossibleanswerfbrthisquestion

maylieinthehighdispersalcapabilityofitslarvalstage．Ifso，absenceofthesignificantspeciesexcept

fbrSexutuminthedepositionalsequence4maylInPlythatthewarInlngduringtransitionfromoxygen

isotopestages44to43wassorapidthatthesewarm－WaterSPeCiescouldnotspreadtheirgeographic

distributionsbecauseoftheirlowdispersalcapability．

AnabTSeSOffossilshallowmarinemolluscsoftheeadyPleistoceneOmmaFormationdemonstratethat

thechronologicalorderofiInmgrationofthewarm－WaterSPeCieswasnotalwaysconsistentwiththeir

modemgeOgraPhicdistributions．Thisinconsistencymaybecausedbydifferenceindispersalcapabilities

amongthespecies．Therefbredetailedinfbrmationonlarvalecologyaswellasphysiologicaltolerancesis

necessarytodeteminehowmarinemolluscsrespondtorapidclimaticwarInlng．Theapproachinthis

Studyisusefulfbraddresslngtheissue．
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FigurecaptlOns

Figurel．TheSeaofJapanandsurroundingregion（a），ShowinglocationofOInmaFormation（b

a血C）．

Figure2．CoInPariSonbetweenthestratlgraPhicdistributionofmolluscanspeciesintheOmma

FormationatitstypesectionandtheoxygenisotoperecordatDSDPSite607（Ruddimanet

al．，1989）．BiostratigraphicdatumhorizonsareafterTakayamaetal．（1988）；

magnetostratigraphicdataarefromKitaInuraetal．（1994）；timescalefbrtheoxygenisotope

recordatDSDPSite607，andagesofbiostratigraphicdatumhorizonsandmagneticpolarity

ChangesarebasedonthechronologyofBergeretal．（1994）．

Figure3．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithin

thedepositionalsequenceloftheOInmaFormation．ThetotalnuInbersofmolluscanfbssils

includethoseofcold－WateちeXtinctcold－Waterandintermediatespecies．Transitionalassociation

COnsistsofmixtureofbothcold－andwarm－Waterelements．Horizonsrepresentthelevel（m）

abovethetopofthebasalshellbed．GrayshadedareasindicateobservedstratlgraPhicranges．

Linerepresents：doubleline，bottomofthe50％confidenceinterval；brokenline，bottomof

the80％coI瓜denceinterval；boldline，bottomofthe95％confidenceinterval．Thebottomofthe

95％confidenceintervalofqノCladtcamacumingiextendsacrossthelowersequenceboundary．

TST：tranSgreSSh，eSyStemStraCt，HST：highstandsystemstract，RST：regreSSivesystemstract．

（1）cold－WaterMqgangulusAssociation．

Figure4．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequence20ftheOmmaFormation．SeelegendinFig．3．

Figure5．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequence30ftheOmmaFormation．（1）FblaniellaAssociation．SeelegendinFig．3．

Figure6．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequence50ftheOmmaFormation．（1）Clinocaf偵um－ThrritellaAssociation．See

legendinFig．3．

Figure7．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequence60ftheOmmaFormation．（1）FblaniellaAssociation，（2）C7inocardtum－

ThrritellaAssociation．SeelegendinFig．3．

Figure8．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequencelOoftheOmmaFormation．（1）anintervalbarrenofmolluscs（KitaInuraet

al．，2000b），（2）FblaniellaAssociation．SeelegendinFig．3．

Figure9．The50％，80％and95％coItndenceintervalsfbrselectedwarm－WaterSPeCieswithinthe

depositionalsequencelloftheOInmaFormation．SeelegendinFig．3．

Thblel．WaterteInPeratureCOnditionsinthenorthemlimitsofthesixselectedwarm－WaterSPeCies．
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bathymetrical minimumandmaximumbottom

SPeCies　　　　．．＾．～＝山．J＾R．．．　nO止hernlimit rangein watertemperatures References
COmmOn

habitatdepth
no止hernlimit in nonhernlimit

OtsuchiBayatthe

Zeuxiscastus　　　　10－200m nonhernSanriku　　　20－70m　　　　　　　＿Hn7∩仙人＿…　　　　　　　　　Tsuchida（1991）
60Cand16－200C

at20－70mdeep
COaSt

Cydadcamacumlngl10－50m nOnh霊Fnriku10－200m　　　崇㌶諾　　　・shiyama（1973）
OtsuchiBayatthe

Paphiaschnelliana　　10－100m nonhernSanriku　　　90m　　　　　　　　＿Hn7∩仙人＿…　　　　　　TsuchidaandKurozumi（1996）
60Cand16－200C

at20－70mdeep
COaSt

OtsuchiBayatthe

C／℃nuliIh770PSisobl0nga　　50－200m nonhernSanriku　　50－150m　　　　　　　＾Hn7∩州．J〈＾n TsuchidaandKurozumi（1993）
60Cand16－200C

at20－70mdeep
COaSt

Sfe〟∂〟aeXUfum　　　　　20－350m 器慧　20－40m　　　90£；呂霊3芸C　　”i芯Stミ7ta還3），
TakayasuandYuzuhara（1977），

Jupiterlagordonis　　　20－200m L．＝＝〈〈．〈〈P〈〈　　　20－100m　　　　　　　＾Hnn州．J〈＾n ltoetal．（1986），lto（1990）蒜ご慧芸　20－100m　　　9崇忘霊三諾
TsuchidaandHayashi（1994）

Kitamura，Ubukata Tablel


