
学 位 申 請 論 文

奥 田 昇



王論文1

 ]D>c0)cCTORAL T]H[]E S][ S  

Life History and Sexual Strategies of 
the Cardinal Fish (Pisces: Apogonidae) 

      in the Temperate Sea 

            by 

          Noboru Okuda 

      Center for Ecological Research 
           Kyoto University 

        Otsu, Shiga 520-01, Japan 

October 1997



要旨
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「温 帯 海 域 に 生 息 す る テ ン ジ ク ダ イ 科 魚 類 の 生 活 史 ・性 戦 略 」

奥 田 昇(京 都 大 学 ・生 態 学 研 究 セ ン タ ー)

南 日本 の温帯 海域 に生 息す る雄 口内保 育テ ンジクダイ科魚類3種 の生活史 ・性戦略 を

比較研究 した。転 石域 に生息す るオオス ジ イシモチ、 クロホ シイ シモチ と砂 地 に生息 す

る クロイシモチの 間には明瞭 な生活史戦略 の相違 が見 られた。 クロイシモチ は転石生 息

種2種 よ り顕 著 に高い死亡率 を示 した。 これは砂地域 で繁殖 活動 を営 む際の高い捕食 リ

ス クによるこ とが示唆 され た。 クロイシモ チは他2種 と比べ て小卵多 産型で、その上 、

長 い繁殖期 間 に多 くの産卵 ・保護 を行 った 。 この戦略 に よって、砂地種 は若成魚期 に多

くの騨化仔 魚数 を実現す るこ とがで きた。 クロイシモチの例 は成魚 に対 する死 亡率が 高

い環境 で は若い時期 に繁殖努力 を大 き くすべ きである、 とい う生活 史理論 の予 測 によ く

当ては まってい た。

一方 で、幾つかの生活 史形質 は生息域 とは無 関係 に種 間で類似 していた.3種 とも1

歳 で繁殖 を開始 し、極 め て限定的 な成長パ ター ンを示 した。雄が卵 を口内保 育す る とい

う繁殖様式 の ため、 テ ンジクダイ科魚類 の繁殖成功度 は年齢 に伴 って飛躍 的 に増 加す る

ことは なか った。かれ らにとって、繁殖 の早期 開始 は生涯繁殖成功度 を大 き くす る1つ

の有効 な手段 であ る と考 えられ る。 また、 限定 的な成長パ ター ンも雄 口内保 育 に伴 う繁

殖上 の制約 によって もた らされ ることが最適 エネルギー分配 モデル よ り示唆 され た。

この特殊 な繁殖様式 の ため、潜在 的繁殖率(単 位時 間当 り産 出可能 な子 の数)は 雌 の

方が高 い値 を示 した。 どの種 において も、雌 たちは多 かれ少 なかれ複婚 的な番 い戦略 を

採 る ことによって高い繁殖 成功度 を実現 す る ことが可能 であった。 一方 、雄 た ちは口 内

保育 の コス トを補 うため に しば しば 自身の卵 を食べ る(フ ィリアル ・カニバ リズ ム)戦

略 を採用 した。 この ように片 方の性 にとっての利益 を増加す る戦略 は しば しば他方の 性

に よる損失 の もとに成 り立 ってい る。 この利害 をめ ぐって対立す る両性 の戦略(す な わ

ち性戦略)は 種 問で異 なっていた。 オオス ジイシモチでは雌 の複婚 的戦略 によって実 効

性 比が雌 に偏 り、 これが結果 的 に雄 の カニ バ リズム戦略 を促進 していた。砂 地種 ク ロ イ

シモチで上述 の性戦略 は主 に2つ の生態 的 要因すなわち異性 の疎 らな分布 と高い捕食 リ

ス クに よって抑制 されていた、オオス ジイ シモチ と同 じ転 石種 で も、個 体群密度 の高 い

クロホ シイシモチのペ ア雌 は近接 す る同種 他個体 を排 除する行動 に多 くを費や し、雄 よ

り有意 に高い死亡率 を示 した。 この死亡率 の性差 は個体群性 比 を雄 に著 し く偏 らせ た 。

この状 況下で、雄たちは 自身の卵 よりライバル雄 の卵 を食べ る(ヘ テロ ・カニバ リズ ム)

戦略 を頻繁 に採 用 した。 この種 問比較研究 は、雌雄 の利 害 をめ ぐる対立 関係 が生 態的 ・

社 会 的環境 によって影響 される ことを明 らか に した。



                     Summary 

Life history and sexual strategies were compared among three paternal mouthbrooding cardinal 

fishes, Apogon doederleini , A. notatus and A. niger in the temperate waters of southern Japan. The 

former two species live in the boulder area , while the latter lives in the sandy area. The sandy 

dwelling A. niger had a higher adult mortality , suggesting that it was due mainly to predation. Some 

aspects of the life history strategy were markedly different between the boulder and sandy species . 

The sandy species produced a large number of smaller eggs per brood and more broods during the 

lengthy breeding season . These traits enabled this fish to have more hatched larvae at young age 

compared to the boulder species . This case agrees with the general theory of life history, that is, 

organism in the environment with a high adult mortality should make a greater reproductive effort 

early in life. 

      Among the three species, some other life history traits were unvaried , irrespective of their 

habitats. All these species attained maturity at age 1 and grew determinately . The early maturity 

may be effective in increasing the lifetime reproductive success for cardinal fishes whose 

reproductive success do not disproportionately increase with age . An optimal energy allocation 

model and higher taxonomic comparison suggest that their determinate growth can be attributed to 

reproductive constraints linked with a paternal mouthbrooding. 

     Because of their care form, the potential rate of reproduction was usually higher in females . 

In any species, more or less, females practiced polygamous matings to enjoy greater reproductive 

success, while males practiced filial cannibalism to compensate for the cost of parental care . Such 

sexual strategies varied species to species. In A. doederleini, female polygamous trend caused the 

female-biased operational sex ratio and consequently facilitated filial cannibalism by males . In A. 

niger, these sexual strategies were restrained by two ecological factors, a sparse distribution of 

adult fish and high predation risk. In A. notatus in which a population density is very high , 

increased reproductive role of females caused their higher mortality, resulting in the male-biased 

operational sex ratio. In this situation, males more often practiced hetero cannibalism . Male 

cannibalism strategy, whether it is filial or hetero, inflicts a cost on females. This comparative study 

showed that the sexual strategy of either sex was mutually affected by that of the other sex and that 

the balance of sexual conflicts varied depending on ecological and social factors. 
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Chapterl

Introduction

Thecardinalfish(family:Apogonidae)isthecommonmemberofreeffishcommunitiesinthe

temperatesea(Kuwamural976 ,Sakaietal.1994,Hirataeta1.1996).Thisfami】yischaracterized

bytwohabits.Onelsthattheyarenocturnal(Livingstonl971,ColletteandTalbot1972)・Theother

isthattheyarepaternalmouthbrooders(BrederandRosenl966,Blumerl982).Thesetwohabits

mayreduceinterspecificcompetitionforfoodwlthdiurnalfishesandforspace,suchasspawning

sites,withdemersaleggspawners.

Thecardinalfishisalsooneofthemostspecies-richfamilies(Thresherl991),forexample,

thenumberofspeciesrecordedinJapanismorethan80(Nakabo1993).Someremarkably

diversifiedfishgroupshavedevelopedawidevarietyofmorphologyassociatedwiththeirf60d

utilization(e,g.cyprinidfishes(Howesl991)andcichlidfishes(Lieml991,Y自maoka1997)).

Suchdiversificationisoftenviewedasaconsequenceoffoodresourcepartitionlng.Incontrast,the

patternoffoodutilizationbycardinalfishesisnotmuchdiversified:theyareusuallyopportunistic

carnivoresonplanctonicandbenthicsmallinvertebrates(AllenI975,Chavel978,Finnand

Kingsfordl996).Instead,theirhabitatpatternaregreatlydifferentamongsympatricspecies,for

examp】e,intermsofsubstratum,depth,timeandsoon(Strasburgl966,Chavel978,Luckhurst

andLuckhurstl978,Kuwamural983a),Itisevidentthatorganismshvingindifferent

environmentsareputunderdifferentselectionpressure,andthismaybethereforeapossible

drivingforceofdivergenceinthecardinalfishes・

Inthisthesis,themainpurposeistoknowhowenvironmentalfactorscouldaffect

diversificationofcardinalfishesbycomparingstrategiesamongspecies.Here,aterm5'ro∫ εgyis

definedasasetoftraits,suchasbehavior,morphology,physiologyandlifetimeschedule

developedbyanorganismorgroupoforganismstomeetaparticularsetofenvironmental

conditions(Linco】neta1・1982)」tisthuspredlctedthattherearesomedifferencesinthestrategy

amongspecieswhichliveinthedifferentenvironments.

Thestrategyofcardinalfishesisviewedinsomeaspects,especiallyIinkedwiththeircare
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form・Ifirstdescribethereproductivebiologyandlifehlstoryofaspecies
,Aρ080η40θ48〃8'π'(fig.

la)(Chapter2) .Inthischapteらaspecia】attentionisfocusedonthecostofreproduction.As

predictedbylifehistorytheory,thecurrentreproductioncarriesacostintermsoffuturegrowth,

survivalandfecundity(Wjmams1966) .Iquantifyacostofparenta】careprovidedbymalesusing

someindicesofsomaticconditionandcomparewithafemalereproductivecost .Inthenext

chapter,Idiscusslifehistoricalconsequencesofpaterna且mouthbrooding
,focussingonitsgrowth

pattern(Chapter3).

InA4084ε 〃8傭 ,malesofteneattheirowneggsduringthemouthbroodingperiod.To

understandthisphenomenon
,ItakethreeapProaches.First,Iexaminerelevanceoftheparental

somaticconditiontofihaicannibalism(Chapter4・1) .Ifmouthbroodingcarriesagreatenergetic

cost・thenmalesshoulddeviseameanstocompensateforthecarecost .Thesemalesmaybenefit

fromeatingtheirowneggs.Incontrast,femaleswhoseeggsareeatensuff6racost .Thus,filial

cannibalismcanbeviewedasconflictofinterestsbetweenthesexes(Chapter4。2) .Filial

cannibalismisalsoofevolutionaryinterestbecauseitappearstocontradicttherulethatorganisms

maximizetheirreproductivesuccess。Thecannibalisticmalesmayoffsetthecurrentreproductive

lossbythefuturebenefitthroughfilialcannibalism.Itreatfilialcannibalismasalifehistorical

problemoftrade-offsbetweenthecurrentandfuturereproduction(Chapter4・3).

ThestrategyofA40848r18∫ η'iscomparedwiththatofcloselyrelatedspeciesA .ηo'o'梶5

andAη'8・8r(Fig.1b,C).TheSethreeSpeCieSareSympatriCbUttheirhabitatSaredifferent

(Kuwamural983a).Theinterspecificcomparisoninstrategiesismadefromtwopointsofview:

1ifehistorystrategy(Chapter5・1)andsexualstrategy(Cbapter5・2).Idescribesimilaritiesand

differenceslnbothstrategiesamongthesespeciesanddiscusswhatkindofenvironmentalfactors

couldcauseinterspecificvarlationsasevolutionaryconsequences.

8
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Chapter2

1/if6historyεmdreproductivebiology

I.Introduction

MouthbroodingisaneffectivecarestyleunderhighpredaUonpressureonoffspring(Keenleyside

l991).However,itoftenpreventstheparentsfromfeedingbecausethebuccalcavityduringthe

mouthbroodingPeriodisinsufficientforfoodintake(OPPenheimer1970,butseeYanagisawaand

Satol990,YanagisawaandOchll991)。SmithandWootton(1994)andBalshine-Earn(1995)

reportedthatmouthbroodingcichlidfishesdecreasedsomaticweightduringtheparentalphase,and

concludedthatthlsweigh目osswasduetothereducedfeedingopportunitiesduringthe

mouthbroodingperiod.Insuchway,themouthbroodingcarriesalargeenergeticcostwiththecare-

91Vlngsex・

Thecardinalfish、4ρ080η40846〃8加',thesubjectspeciesofthisstudy,isapaternaI

mouthbrooder.Inthischapter,Ifirstmeasurethefrequencyandtimewhichmalesspendinthe

parentalcareduringtheentirebreedingseason.ThenIestimateacostofmouthbroodingusing

someindicesofsomaticcondition。Thecarecostformalesiscomparedwithareproductivecostfor

females,whoprovidenoparentalcarebutmakeagreateffortforeggproduction.

IalsoinvestigatelifehistoryofA40θ4θr1θ ∫ηムTheco11ectionoffishisusefulinanalyzing

theHfehistoryanddemography.Bythismethod,however,thedataoflndividualexperiences

throughoutthelifetimeisunavailable・IfitispossibletoestimatetheageoffiShwithoutkilling

them,thensuchanon-destructivemethodwi11giveusinformationontheirfollowingexperiences

andhencethehfehistoriesofindividuals.Insomecardinalfishes,thescalesareusedtoeslimate

theage(SuzukiandUenol983,SuzukiandUenol987,UenoetaLl987)・Iexaminewhetherthe

scalesofA.40θ48〃 ε'η∫havetheagecharacter,andifso,Iestimatetheageoflivefishbyremoving

thescalesfromthemunderwater.

II.MaterialsandMethods
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Studysites

IconductedthefieldstudyatUchiumiBay
,

へ
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Fig.2.1MapofShikokuIsland(a)andUchiumiBay

(b),

Studyspecies

ThesubjectfishA4084θr!8加'hasbeeninvestigatedindetailaboutitsreproductivebehavior

(Kuwamural985),diurnalactivities(Okudal994)andhabitatutilization(Kuwamural983a).This

fishuserockcrevicesandcavesasshelteringandspawningsites・Reproductiveactivityishighin

thedaytime,especiallybetweenIlOOandl400・Onemaleandfemaleformapairafewdaysbefore

spawning,lntermittentlydisplayingcourtshipbehaviorsuchaspara11el-circling.Acohesiveegg

mass2-3cmindiameterispushedoutfromthefemale'scloakawhentheytakeparallelposition

l2



afterparallel-circling.Withinafewseconds ,theeggmassistakenintothemales'mouth・Post-

spawningbehavior,consistingoffrequenteg9-churningbythemaleandparallel-circhnginapair・

continuesforuptolhandthereaftertheyseparatetotheirrespectiveshelteringsites・

Mouthbroodingendsatthetimeofegg-hatch.

Fieldobservation

ImadefieldobservationswiththeaidofSCUBAfrom1992tol994,IsetalO×20mquadratonthe

boulderslopeatadepthof5.8-9,0m(Okudal994).Atthebeginningofthebreedingseasonof

l992,ImarkedunderwateraHindividualsofA,40848r!6履inhabitingthequadrat,53males,54

femalesandthreeindividualsofunknownsex,byextractingtwoorthreedorsaland/oranalfin

rays.Afterremovingafewscalesfromthemarkedfish,Ireleasedthemattheircapturesites.I

removedscalesagainfromtheseflshsoonafterthebreedingseason.Thescaleswerepreservedin

lO%formalintoestimatetheageinthelaboratory.Priortothebreedingseasonofl993andl994,

theseprocedureswererepeatedforallsurvivingmarkedindividualsandnewresidents.

Icensusedthefishthroughouttheentirebreedingseasonof1993.Ineachcensus,which

wasusuallymadebetweenllOOandl500hours,Inotedthebroodingstateofeachmale

(mouthbroodingornon-brooding)andthedegreeofbellyexpansionofeachfemale.Thelalterwas

usedasanindexofgonadmaturation.WhenIfoundapairengaginginacourtshipdisplay(e.g.

paralle卜circling),Irepeatedlyvisitedthemandnotedthespawningandpost-spawningbehavior.

Thepost-spawningbehavior,whichcontinuesforawhile,enabledmetoidentifythespawningpair。

WhenIhadobservedon】ythecourtshipdisplayofapairbutfoundthemalemouthbroodingnext

day,Ijudgedthathehadspawnedwiththepairedfemale,providedherbellywasdeflated.

Ineachmonth,Inotedthepresenceofeachmarkedfishinthequadratonmorethansix

successivedays.Themonthlydisappearancerate(%)wascalculatedbytheequation,100×

(markedfishthatdisapPearedlnamonth)!(allmarkedfishthatwerepresentinthelastcensusof

thepreviousmonth)・

Monthlycollection
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FromMay1992toAprill993
,Imonthlycapturedabout30fishofA,4084θ 〃 伽'atFunakoshi

Bea・h・Th・fi・hw・ ・ep・e・e・vedi・10%f・ ・m・linandw・ ・eu・edf・ ・analy・i・i・Ih・1・b・ ・at・・y
.I

dissect・dth・fi・hand・xt・act・dth・i・live・
,9・nadandg・t.Iw・igh・dth・g・t…tent・i・w・t

…diti・nand…t・d・ ・1yth・ ・t・mach…tent・
.Th・fi・hb・dyandit・ext・act・d・ ・gan・w・ ・ed・i・d

andw・igh・d・Thec・ ・diti・ ・fact・ ・(K=100×t・t・1d・yb・dyw・ight(mg)1SL(mm)3)andth・

h・p・t…m・ti・i・dex(HSI・100・d・ylive・w・ight(mg)/t・t・1d・yb・dyw・ight(mg))w・ ・eu・ed・ ・

i・dice・ ・f・ ・m・ticc・ ・diti・ ・.Th・g・nad…m・ti・i・dex(GSI=100・d・yg・nadw・ight(mg)/t・t・1

d・yb・dyw・ight(mg))w・ ・u・ed・ ・ani・dex・fg・nadm・m・ati・nandth・g・tf・Ilnessi・dex(GFI=

100・w・tw・ight・fg・t…tent・(mg)/t・t・1w・tb・dyw・ight(mg))・ ・ani・dex・ffeedi・g

lntenslty.

Ageing

F・ ・ag・i・gth・fi・hf・ ・m・cal・ ・
,If・11・w・dth・m・th・d・ ・fSuzukiandUen・(1983,1987)andUen。

・t・L(】987)・AnapP】icati…fthi・m・th・dε ・A4・ ・4・ 〃 ・'脚 ・・valid・t・di・tw・w・y・ ・m・ ・thly

collectjonofflshspecimensandexaminationofsca】esfromthesameindividualsintwodiffεrent

tlmes,pnortoandsoonafterthebreedingseason .BothmethodsshowedthaItheannuluswas

formedduringthebreedingseason.

Theannua1・u・viva1・at・w・ ・calcul・t・d・ ・th・p・ ・b・bility・f・ トyear-・ldfi・h・u・vi・i・gt・

aget+1・If・m・ ・k・dfi・hdi・apPea・edf・ ・mth・quad・atandw・ ・n・t・ub・equently・eennea・by
,it

wasreco「d・d・ ・h・vi・gdi・dbecau・ead・1t・ ・fthi・fi・h・h・w・d・t…g・it・fid・1ity(・1・ 。 、ee

Chapter4・2).

III.Results

I」ifehistory

ThefirstrecruitmentofjuvenilestookplaceearlyJune
,ahalfmonthaftertheonsetof

reproduction・Theirminimumsizewas9・OmmSL・Atthisstage
,theyapPearedinsmallshoals

behindtherocksbutbecamesolitaryastheygrew.One-year-01dfish
,whichsurvivedfromthe
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juvenilestagetothenextseason,establishedtheirshe】teringsitesandallofthosethatwere

observedthroughoutthebreedingseasonattainedmaturation(alsoseeChapter3) .Fishthat

survlvedtoagelwereveryfewinbothI993and1994(Fig
.2。2),aithoughasubstantial

「ec「u且tmentofjuvenilesoccurredineachyear ,Thesurvivalrateforjuvenilescouldnotbe

estlmatedbecausetheirrecruitmentanddisapPearanceconcomitantlyoccurredduringJune-

September.

Theannualsurvivalrateforadultfish60

did・ …ig・ificandydlff・ ・am・ ・g・ge-9…p・

4。(a)

(X2・6.86,df・4,P・0.1,5-and6-year-・1dfi、h

20

combined;Table2.1) .Theoldestmalesand

ロ噂O
femaleswe「e5and7yea「sold ・・e・pectively薯60(・)

(Fig.2.2).Thesurvlvalrateofmales(50.9%:i≡4b 唱
i・1992and53 .1%i・1993)w、 、1。w。,、hanξ,。

『
th・t・ff・m・1・・(70・8%i・1992and70 ・7%i・ £ 。

1993、X・ 。3.38,df.1 ,P.・.。6i。1992、60(,)

X2・1.70,df・1,P・0.li・1993;X2・6.64,40

df=1,P=0.Olwhendataofbothyearsare20

combined).o

】234567

Age

SeasonalpatternofreproductionFig.2.2TheagestructureofA .40848〃8'πnn1992(a) ,

1993(b)and1994(c) ・Solid,shadedandopenbars

indicatefemale,maleandindividualofunknownsex
,

Iobserved261spawningsbymarkedrespectively・

individuals(includingspawningswithnon-

Table2.1.Annualsurvivalrate(%)foradultfish 。Thedatafroml992tol994are

pooled,Samplesizeinparentheses

ge
『 一 一 「 一 一 一7-一 一 一 「 一 一 「 「 一 一 一

一 一 一 一tota1

30.069.163.251.660.050 .060.8

(10)(55)(68)(31)(10)(2)(176)
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markedfish)inl993(Fig.2.3).Thefirstspawningwasobservedonl6Mayandthelastspawnlng

on28August.ThemouthbroodlngPeriodvariedfrom5tol7daysdependingonwatertempe「atu「e

(y(days)=104-69」 ×lo9κ(。C),r2=0.92,P<0.0001;alsoseeFig.5-1,6,Chapter5・1)・Althoughthere

wereseveralsmallspawningPeaks,thesepeaksdidnotcoincidewithanyparticularphaseofthe

lunarcycle.

Individualmalesspawned5-10timesinonebreedingseason(王 ±SE=6・8±0・2,N=30)・The

numberofspawnswhichonemalebroodeduntilhatchingwas4-7(5.6±0.2,Nニ30)・Maleson

(

⇔
O

。。 這

一

も 墓

2お 罵
津

2030102030102030102030

MayJunJulAug

Fig.2.3Dailyspawningoccurrencesinthe10x20mquadrat.Abrokenline

showswatertemperature.

averagespent78.1%(±1.lSE,N=30)oftheirtimemouthbroodingduringthebreedingseason.On

theotherhand,femalesspawned4-9timesperseason(6.3±0.2,N=31).Theirinter-spawning

intervalwasl4.8days(±0.3SE,N=178)onaverageanddidnotcorrelatewithwaterエemperature

(r=-0.11,P>0.1,N=166).

MaledisapPearanceratewashighestinAugustbothin1992andl993,andfemale

disapPearanceratepeakedinAugustin1992andJulyinl993(Fig・2・4)・Inthebreedingseason,

malesusuallydisapPearedduringthenon-broodingPeriodanditwasrareforthemtodisapPear

duringthemouthbroodingPeriod(3casesinl992andnocaseinl993)・Mostofthese

disapPearancesmaybeattributedtotheirdeathbecauseadultsofthisfishshowedstrongsite

fidelity.
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Fig.2.4Monthlychangesofthedisappearancerateinmales(open

circles)andfemales(closedcircles).

Som裂ticcondition

Thegonadosomaticindex(GSI)forbothmalesandfema】eswashighinthebreedingseason,but

declinedbylateAugust,whennomalesweremouthbroodingatthecollectionslte(Fig.2.5).

Seasonalpatternsoftheconditionfactor(K)weresimilarforthetwosexes,exceptthattheKfor

femalespeakedinJunewhentheirgonad

w,ightg・eatlyinc・ea・ed(Fig.2.6・).Th・0・2(
a)

decreasedrateinKduringthebreedlng×

名o・l
seasonwasl2.2%formalesand9.0%for自

コ　

リ
ロ ロ　

f・m・1…Th・K・ecove「edsllghtlysoon駕0
.O

d・・i・g・h・wi・…Th・h・p・t…m・ti・i・dex唇

5

(HSI)forbothsexeswashighestearlyinO

th・b・eedi・g・ea…b・tl・w・ ・edd・astically。

1、t,i,th,、ea、 。,(Fig。2.6b).TheHSIMJJASONDJFMA

dec,ea、edby59.0%f・ ・m・1・ ・andbyFig・2・5Mon[hlychangesoftllegonadosomadci・dexf・ ・

males(a)andfemales(b).Verticallinesindicatethe

54.8%forfemalesdurlngthebreedingstandarderror.
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season;thedailyspecificdecreaseratewas

1・46×10'2%d・y-lf・ ・m・1・ ・andL30・10-
Ll

・%d・y・lf・ ・f・m・1・ ・
.Th・ ・eaf…,・h・HSIお(a) り

9・adually・ec・ve・edun・i1・henex・b・eedi・g義1・0

・ea…th・ughit・t・gnat・di・wi・t… ε0 .9

醤
o
⇔0.8Sto

machcontents

O.7
4.O

BothmalesandfemalescollectedatFunakoshi釜(b)

喝

m・i・lyf・d…m・Hben・hicc・u・ ・aceanssuch… 毎,
.。=

9・mm・lid・ ・my・id…h・imp・and・ ・ab・ ・and窪

o

mi…f・ ・dit・m・w・ ・e・m・llfi・handannelid・ ・ §2
.。

Thegutfullnessindex(GFI)forfemaleswas8司

highjustbeforeandduringthebreedingseason,1 .O

whi1・ ・h・GFIf・ ・m・1essh・w・d…lea・3・0(、)

釜

・ea・ ・na1P・tt・ ・n(Fig2・6・)・Th・GFIf・ ・f・m・1・ ・ 陰

唱2
.O

wassig・ificantlyhigh・ ・thanth・tf・ ・m・1・ ・i・ 騒

ロ 　
theb「eedlngseason(tニ2・93・P<0・005・N=43・3

1.。

45),butnotinthenon-breedingseason(tニL40,1≡

o

P>0」 ・N=129・ll5)・0
.0

0、 、。f23m。 。・hb,。 。di,gm、1,、,21didMJJASONDJFMA

・・thaveanyfooditemsothe「thansomeeggsFi
g.2.6M。,、hly、hang。 、 。f、hec。 。di、i。。fac,。,(。),

inthestomach(alsoseeT且ble4-1.1,Chapterhepatosomatlcindex(b)・andgutfullneS8index(c)for

males(opencircles)andfema且'es(closedcircles).

4・1).Intheremainingtwocases,stomachsVerticallinesindicatethestandarderror .

containedunidentifiedmatter,whichwere

almostdigested:thesemayhavebeeneaten

beforemouthbroodingbegan.

IVIDiscussion
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Somaticconditionandreproductivecosts

TheHSIofmale・4ρ080η40848r18〃 πdeclinedrapidlyduringthebreedingseason 。Thisspecieshas

nointestinalfatinthemeselltery
,namely,anonfattyfish.Itiswellknownthatnonfattyfishesstore

alargequantityoflipidinthelivertoprepareforreproductionandtheirIiverweightdecreases

throughthebreedingseason(Jangaardetal .1967,MedfordandMackay1978,DianaandMackay

l979)・ThedecreaseofHSIisgenera】1ygreaterinfema】esIhaninmalesbecauseofthegreateffort

requiredoffemalesforeggProduction(e .9.pikeE∫oκ1μc此43(Lenhardtl992),codGα ぬ ∫1ηor加 α

(JangaardetaLl967)andG.1η αcハoc8助01ε`5,(Smitheta1.1990)andburbot乙o'010'α,(Pumainen

andKorhonen1990)) .In・4,40848'・16〃 π,lncontrast,thedecreaseofHSIwasg1・eaterinmalesεhan

infemales・ParalleltothedecreaseofHSI ,themalesalsodecreasedKduringthebreedingseason.

Thesomaticweightlossofmalesduringthebreedingseasoniscommonlyknowninpaternalfishes

(e.g.minnow1)"η θρ乃α1θ5ρroη1ε1α5(Ungerl983),threespinestickieback(yα ∫∫8ハo∫1α`50α`18α'μ5

(Dufresneetal.1990),catfishGε η∫4εη588η ∫48'∬(Barbierietal.1992)andriverbullheadCo加3

goわlo(Marconatoetal.1993)).

Inthebreedingseason,maiesof、4.40848〃8〃 πspent78%oftheirtimemouthbrooding

eggs.Durlngthemouthbroodingperiod,theydidnottakeanyfooditemsotherthanafeweggs .

ThedecreaseinHSIandKduringthebreedingseasonmaybeprimarilyduetotheirlimitedfood

intake,Underafastingtreatment,therainbowtrout30〃 ηo∫r'48μ ∫decreasedHSIby49 .6%in85

days(TakashimaetaLl971).ThedailyspecificdecreaserateofmaleA .40848〃8〃z∫(1.46×10鱒

2%day-1)i・g・eat・ ・thanthat・fthi・fi・h(0
。81・10-2%・d・y-1).lti・lik・1yth、tm、1,、 。fA .

4064〔3"θ'η ∫areunderverypoorrationconditionsthroughoutthebreedingseasonandtherefore

theirsomaticconditionseverelydeterioratesastheseasonprogresses ,

Malemortahtywashighlateinthebreedingseason.Reproductioncarriesasurvivalcostin

someways(Roffl992):conspicuousreproductiveactionputsreproducingorganismsatriskfrom

predators,in亡enseintl'a-sexualcombatformatesdoesthemafatahnjuryand/orthedeteriorationof

somaticconditionduringreproductionincreasestheriskofdeaththroughdisease,hypostheniaand

starvation.Inexternaleggbearerssuchaspipefishes,reproductionmayincreasealikelihoodthat

parentsarepreyeduponbecausetheyoftenmorevisibleandIessmobile(Svensson1988).

However,ma】esofA40848'4'8'η ∫rarelydisapPearedduringthemouthbroodingPeriod .Thisresult
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suggeststhatthepredationriskinvolvedbymouthbroodingactionislessimportantinthemortality

・fthisspeci…Thec・mp・titi・ ・f・rm・t・ ・m・y・ ・t・1・・acc・untf・ ・m・1・highm・ ・t・1itybecau・eit

islessintenseamongthemales(OkudaandYanagisawa1996b;alsoseeChapter4・2)
。Themales

b・gi・t・m・t・b・1izeth・i・ ・w・m・ ・cl・tissuei・th・1・t・b・eedi・g・ea…
,whenth・yhavea1・eady

exhau・t・dth・f・t・e・e・ve(Om・ ・i・t・1 .,unp・bli・h・dd・t・).Thi・nut・itivec・ ・diti・ ・i・v・ ・y・eve・e

f・ ・fi・h(T・mpl・manandA・d・ew・1956)andm・ycau・eaninc・ea・ei・th・m・ ・t・lity
.Theann・a且

mortalitywasslightlyhlgherinmales .Therefore,thecostofmaleparentalcaremaybegreaterthan

thereproductivecostoffemales .

VSummary

Th・p・t・ ・nalm・ ・thb…di・g・a・dinalfi・hAρ ・8・ ・4・ ・4・'伽 ∫・ep・・ducedf・ ・mM・yt・A・g・ ・ti・

temperatewatersofsouthernJapan .JuvenilesappearedearlyinJuneandreachedmaturityinthe

nextseason.Afterspawninginpairs
,malesmouthbroodedeggsfor5-17days,dependingonwater

temperature.Duringthisperiod
,theytookalmostnofooditems.Malesraised4-7broodsina

seasonandf・m・1・ ・p・ ・duced4-9b…d・ ・Th・m・lesspent78%・fth・tim・m・ ・thb…di・gd・ ・i・g

theb・eedi・g・ea・ ・nandth・irs・m・ticc・ ・diti・ ・m・ ・eg・eatlyl・w・ ・edi・th・i・t・b・eedi・g・ea…

thanth・t・ff・m・1…M・1・m・n・1ityi・thlssea…w・ ・am・ ・gth・hlgh・ ・tth…ghth・yea・Th,

obse・vedlif・ ・panw・ ・5and7yearsf・ ・m・1・ ・a・df・m・ 】・・
,・e・pectlve】 払Th・ ・e・e・ultssug9・ ・t・

thatma】essufferagrea亡erovera11energeticcostassociatedwithparentalcare
.
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Ch紐pter3

Lif6historystrategy:

Atrade-offbetweengrowthandreproduction

I.Introduction

Ectothermicvertebrates(i.e.fishes,amphibiansandreptiles)generallyshowindeterminategrowth,

continuingtheirgrowthaftermaturation.Thispatternisexpllcableintermsoffecundityadvantage.

Astheinternalspacetoaccommodateeggsorembryosincreaseswiththebodysize,theirclutch

sizewillincreaseinproportiontotheirbodysize(Tilleyl968,WooUon1979,LemenandVbris

1981,Gibbonseta1.1982,FordandSeigell989).Thlsadvantageoflargeclutchsizewi11notbe

impairedbythebreedingabilityoftheparents,becausetheirpost-layingcareisgenerallyeither

Iackingornon-depreciable,wherecostsdonotincreaseproportionallywithclutchsize(Blumer

1979,GrossandShinel981,Shinel988).

Incontrast,inhomeotherms(i.e.birdsandmammals),litterorclutchsizecorrelatesless

positivelywithmaternalsize,althoughtheoffspringbodysizemaydependonmaternalsize

(BlueweissetaLl978).Thisobscuresize-fecundityrelationshipisduepartlytothenarrowsize

rangeofmatureadultsresultingfromtheirdeterminategrowth.Acrucialconstraintonoffspring

numberistherearingofhatchedorlive-birthyounguntilfledge】ingorweaning,irrespectiveof

parentalsize,Forexample,avianclutchsizeisrestrictedstronglybytheabilityofparentstofeed

young(Lackl954)andmammalianlittersizebylactationability(Clutton-Brockl991).An

increaseinoffspringnumberoftenresultsinahighoffspringmortalityandlowersparental

survivorshlpandfu田refecundity(DijkstraetaLl990,Roffl992).

Determinategrowthisgenerallyhnkedwithreproductiveconstraintsinhomeotherms,but

thisru】emayalsobeapPIicabletoectothermicvertebratesiftheyhaveaparticularsetofbrooding

constraints.HereIfocusonthefishes,whichhaveagreatvarietyofreproductivestyles,fromno

parentaicarethroughpaternaltomaternalcareinexternalfertilizers,andfromoviparityto

viviparityininternalfertihzers(GrossandSargentl985),andwithwhichinterspecificvariationin
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thesize-fecundityreIationshipisgreat(WoottonI979) .First,Idescribeacasestudyofthecardinal

fishAρ080η40θ48〃 θ〃τど,focussingonitsgrowthpatternandsize-andage-fbcundityrelationships・

Second,usingamodifiedmodelofKozlowskiandUchmanski(1987),Idiscussifdeterminate

growthislinkedwithbroodingconstraintsin・4.40848'心'8'η ∫・

II.Methods

Measurementoflif曲istoryp訊rameters

LifehistoryofAρogoπ40848〃8〃 πwasinvestigatedatMuroteBeach,froml992toI994(Chapter

2)・Atthebeginningofthebreedingseasonofl992,Icapturedandmarkedunderwaterall

individualsofthisfishinhabitinga10×20mquadratonthebou!ders】ope.Iremovedafewscales

fromthebodywithapalroftweezersandpreservedtheminlO%formalintoagethefishinthe

laboratory.Thefishwerereleasedatthecapturesitesaftermeasurementoftheirstandardlength

(SL).Priortothebreedingseasonofl993andl994,theseprocedureswererepeatedforall

survivingmarkedindividualsandnewresidents.

Fromthreeyearsmark-recapturedata,theannualindividualgrowthratewascalculated.The

growthrate(Gt)atagetisgivenasfollows,

GF(1nLt+1-inLt)×100(1)

whereLtrepresentsSL(mm)ataget.ThegrowthpatternisfittedtothevonBertalanffygrowth

equatlon,

'
LFL。 。(レexp(-K(t-to)))(2)

whereLtisthelengthataget,L。 。theasymptotic】ength,Kthegrowthcoefficient,andtOthe

hypotheticahimeatwhichthelengthiszero・Kdeterminestheshapeofthegrowthcurve:the

greaterisK,themoresteeplythegrowthcurveascendsandthemoresharplyitbends.Tofitthe

vonBertalanffymodeItothedatasetofannualindividualgrowthincrements,aWalfordplotwas
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used・whenL・+1・feachfi・hi・p1・tt・d・g・i・ ・tit・L
、,th・linearreg・essi・ ・givesvalue・ ・fKandL..

(Ricker1979)・Here,thelengthofnewly-hatched且arvae(3 .15mmTL;Kuwamura1983a)was

substitutedforLO .

ToestimateapotentialgrowthrateofA .40ε46〃8〃1',Imademonthlycorrectionofjuveniles

atFunakoshiBeach ,fromMay1992toAprill993,Belowaninflectionpointofjuvenilegrowth

curve,allenergyisconsideredtobeallocatedtogrowth(KozlowskiandUchmanskil987)
.

Measurementofreproductivesuccess

Daily・b・e・vati…enab1・dm・t・ ・bt・i・d・t…thenumb…fb…d・whi・heachf・m・1・p・ ・duced

andeachmalereceivedduringtheentirebreedingseasonof1993(Chapter2)
.Tocountthe

numberofeggsperbrood
,Icapturedatotalof62malesoutsidethequadratattwodifferent

mouthb…di・gPh・ ・e・・withinad・y・f・p・w・i・g(N・11)and・ne・ ・tw・d・y・b・f・ ・etheexpect・d

dayofhatching(N=51).Afteranaesthetizingthemwithquinaldine
,Iremovedthebroodsand

measuredSLofthemales .In47caseswheretheirmatescouldbeidentified
,IalsomeasuredSLof

thesef6males.

III.Results

Growth

Body・izedif免 ・ed・ig・ifica・tly・m・ ・g・ge-9…p・(ANOVA
,d伝6,F・5LO,Pく0.0001;T、b1,3,1).

When亡hebodysizewascomparedbetweentwosuccessiveage-groups
,however,thedi脆rence

wassigniflcanεonlybe亡ween1-and2-year-01dfish(ScheffeF-test
,F=藍8」,P<0,0001)and

between2-and3-year-oldfish(F=5・79・P<0・0001) ・Nosexualsizedimorphismwasseeninthe

sameage-groups(two-wayfactorialANOVA,P>0,8) .Theminimumsizeatmaturitywas69 .Omm

inthemaieand73.Omminthefemale.

One-year-oldfishgrewatahighratebutthegrowthofmorethanトyear-oldfishdecreased

drastica11y(Table3・1);thegrowthrateofl-year-oldfishwassignificantlyhigherthanthatoffish

inanyotherage-class(ScheffeF-test,P<0・05foreach).Nosexualdifferencewasseeninthe
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growthrateinthesameage-groups(two-wayfactorialANOVA,P>0.2).

Table3」 ・Bodysizeandgrowthrateineachage-groupof、4 .40848〃8加 ∫.

etanarentmm)nnUarOWtrateo

1971.0±3 .32SD4175±5.59SD

25582 .8±3.43SD403.33±2,65SD

36986 .2±3.31SD432.03±2.18SD

45987 .9±2.93SDl60.36±2.07SD

51989.1±2,71SD60.20±1.76SD

6690.8±1。78SDl-5 .07

7185.50-

Datafrom1992to1994arepooled .Bodysizeineachage-groupdidnotdifferbetween

theyears(two-wayfactorialANOVA).

10

FromthellnearregressionofLt+1(
,,,一_一 一一一一.一 一一藍_一

、g、i,、,L、,、h,,h,eep、,am,、ers。f、hev。n量 ・ ノ

`'

B・ ・t・1・nffy・qua・i・,w,,e。b・ 、ined、 、 昏6ロ
f・11・w・ ・K・156,L..・86.5,t。=-0.02f。,the麗4 を
m・1・(・2・0.86,N・48,P・0.0001)andK・1.62,藷2

L。 。=88.6,tO=-0.02forthefemale(r2=0.71,0

12345678
N=71・P<0・0001)・GrowthcurveswereAge

similarbetweenthesexes(Fig.3。1).Fig・3」HypotheIicalgrowthcurvesdrawnfromthevon

Bertalanffygrowthequation.Solidanddottedhnesare

Nojuvenileswerecapturedatforthemaleandfema】e
,respectively.Eachp且oΦresents

F・nak・ ・hiBea・hi・M・yandJune.Th。irthe-meanbodylengthi・T・bi・3・L

..70
growthexponennallylncreasedfromJulytol,1・1。

(6019

0・t・b・ ・andth・ ・eafterret・ ・d・dg・adually暮
)5021
ニ

(Fig.3,2).Thepotentialgrowthratewas誉

24035

…im…d・ ・b・79・3乙0・0476f・ ・m・h・i・g・ ・W・h署
,。1,

withi・f…m・ ・th・ ・f・ett1・menし 藷,。7

10

JulAugSepOctNovDecねnFebMarApr

Reproductivesuccess

Fig.3.2Monthlychangesofthebodysizeofjuvenile

ん40ε4ε 〃8'η'.VerticaHinesandnumeralsindicatethe

standarddeviationandsamplesize,respective且y .
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Th・ ・ize・fb…dsrem・vedj・ ・tb・f・ ・eh・t・hi・g(王 ±SD・8567±1641
,N・51)wassig・ifi・antly

smallerthanthatremovedonthedayfollowingspawning(10177±1580
,N=ll;t=2.97,P〈0.005),

althoughtherewasnosignificantdifferenceinbodysizeoftheparentsbetweenthetwogroups(t=-

1・48,P>0」forthema】e;t=-0 .37,P>0.7,Nニ8,39forthefemale).SpawningPairsweresize-

ass・ ・t・tive(・2=0.71,Pく0 ,0001,N=39),andb…d・izejustb・f・ ・eh・t・hi・gP・ ・itively・ ・rrelat・d

withbodysizeofthemale(r2ニ0 .44,P<0.0001,N=51)andofthefemale(r2=0.29,Pく0.0005,

N=39)・Stepwisemultipleregressionanalysis
,however,showedthatεhisbroodsizecorrelatedwith

malesize(R2=0.42,F=27 .2,P〈0.000Dbutnotwithfemalesize,Therelationshipbetweenbrood

size( .y)andmalesize(κmmSL)isexpressedbyanallometricequation,yニ1.44x1・96.

Broodsizenearhatchingincreasedwithmaleage(Table3 .2).However,thestepwise

multipleregressionanalysisshowedthatmostofthevarianceinbroodsizewasexplainedby

varianceinma】esize(R2=0.39,F=30 .0,P〈0.0001)butnotinmaleage.Broodsizealsodidnot

correlatewithfemaleage(r2ニ0.05,P>0.1,Nニ39).

Thenumberofbroodsthatamalereceivedinonebreedingseasonpositivelycorrelated

withhisbodysize(r2=0.22,N=30,P<0 .Ol)butnotwithhisage(r2=0.Ol,N=30,P>0.5).Asaresult

Table3.2.AhfetableofA.4084ε 〃8'η'showingsurvivalrate(1(x))andannualreproductive

success(1η(κ)).Samplesizeinparentheses.

Ma】eFemale

No.ofhalchedrooslzeo .oatce

Age!(κ)aBroodsizebroods'η(κ)ofmatebbroods'η(κ)

1.77±717D415457

(3)(1)(1)

20.308469±899SD6254078493416986

(6)(正)(1)

30.218720±1322SD5.82±1.02SD2537587485.74±L20SD25107

(36)(17)(19)

40」39679±1682SD5.56±0.73SD2690881665.20±L64SD21232

(5)(9)(5)

50,079014c5.00±0.00SD2294389915.75±2.22SD25849

(2)(4)

60.04-一 一9375628125

(1)

70.02-_____

aRelativevaluescalculatedfromtheannualsurvivalrateinTable2
.1,Chapter2.

bBroodsizeestimatedfromthemeanIengthofmateswithwhichfemalesspawned
.

cBroodsizeestimatedfromthelengthback-calculatedfromthevonBertalanffyequation
.
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ofoccasionalbroodcannibalismbymouthbroodingmales(OkudaandYanagisawal996a
,b;also

seeChapter44) ,varianceinthenumberofbroodsthatamalehatchedinonebreedingseason

(・2=0.86,Mi・ ・4,M・x・7)wassm・ll,,thanth、t。fb,。 。d、th、th,,e、eived(、2。1.70,Mi、=5,

Max=10),andthenumberofbroodshatchedcorrelatedweaklywithmalesize(r2=0 .15,N=30,

P<0・04)・Thenumberofbroodsthatafemaleproducedinonebreedingseasoncorrdatedweakly

withh・ ・b・dysize(・2=0 .12,N=31,P=0.05)b・t・ ・twithh・ ・ag・(・2=0」1,Nニ31,P>0.07).Th・

numberofbroodsthathermatessuccessfullyhatcheddidnotcorre】atew註hherbodysize(r2=0 .10,

N=31,P>0.09).
3㎜1

(a)

Fromtheabovedata ,annual

,20000

「ep「od・ctive・ ・ccessat・g・ ・('・
。)w・ ・ 、 。5

、・ ζの

・bt・inedf・ ・each・ex .Th… 。i・exp・essed・ ・ 、 ・㎜ 、・.
、.量

o㌔ 噛 ぐ
u㌔ 覧"
リ ロロの ロ

halfoftheave・ag・b…d・izenea・h…hi・gl
。 　 。 書

　ロ ハ

m・hiph・dby・heave・agen・mb…fb…d・ 書3㎜ 、 、、)1垂

』 〈

h・t・h・dinab・eedi・g・ea…(T・b1・3 .2).Th・2、,㎜ 旦

量
annualreproductivesuccessincreasesuntilage、 α5

ロ
且oooo㌔

2inthemaleanduntilage3inthe免maleand㌦.'～ ・㌔
.、,覧曹

th・ ・eaft・ ・it・em・i・ ・nea・1y・ …tant(Fig ・3・3)・o。123456780

Thereproductiveexpectancy(1x'η κ),whichisAge

he・ed・fined・ ・theexpectancy・f・ep・ ・ducti・ ・Fig
.3.3The・ep,。duc・iveexpec,ancy'(加(.)(山i、k

・t・g・ ・,i・g・eat・ ・t・t・g・lf・ ・b。th、exe、,andlines)ca】culated仕om1(・)(d・tt・dline・)and〃 ・ω(・hi・

iines)inTable3,2forthemale(a)andfemale(b) ,

contributiontotheIifetimereproductiverespectively.

successdecreaseswlthage(Fig.3.3),

IVIDiscussion

Growthpattern

G・ ・wth・fAρ ・8・ ・4・ ・4・"・"・ ∫sh・w・d・m・ ・k・ddec・ea・eat・g・2andbecamenea・1y・ ・ympt・ticat

age3・Thereiativesizeatmaturitytoasymptoticsize(Lα/L。 。),whichisanindexofdeterminate

9・・wth・w・ ・0・80f・ ・th・m・1eandO・82f・ ・th・f・m・1・ ・Thevalue・fL。/L..va・i・ ・g・eatly・m・ng
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fishspeciesfromO.22toO.87(ApPendixI),withthemeanvalueofO.61(BevertonandHolt1959)・

ThevalueofLα1L。 。for、4 .40848r18'η'isamongthehighestoffishspecies(Fig・3・4)・andhigher

thanthemeanvaluesofsnakes(0.68,ShineandCharnovl992)andhzards(0・74,Shineand

Charnovl992),thoughnotashighasthemeanvalueofbirds(0.96,RicklefsI968)・

ThevonBertalanffygrowthcoefficientKformaleandfemaleA・40848〃8∫ η'is156and

l.62,respectively.Thesevaluesarethehlghestknownforfishes(meanニ0・33,Fig・3・5)・Ahigh

lO

「レ30

9◎9唾
.9.920990①
房5脅
』 触oo

　

6010

zz

壷
00

0.監0.20.30.40.50.60.70.80.9LOOO.20.4α60.811.2L41.6L82

Lα!L。 。Growthcoefficient(K)

Fig.3.4Frequencydistrib山ionofLα 几 。。amongfishFig.3.5Frequencydistributionofthegrowth

species.Anarrowindicatestheva且ueofA.coemcientKamongfishspecies・AnarrowindicaIes

40648〃 召加'.FulldetailsgiveninApPcndixI。thevalueofハ ・40648"6"1'・Fu且ldetaHsgivenin

AppendixI.

valueofKalsoindicateseffectivelydeterminategrowth.

Kvariesconsiderablyevenamongpopulationsofafishspecies(AppendixI).Thegrowth

patternoffishesismuchaffectedbybioticandabioticfactors(Woottonl991),ofwhichfood

availabilityandpredationpressurehavebeenacceptedasthemostinfluentialfactorsinnatural

populations(Mannl973,NakashimaandLeggettl975,DeMartiniandAndersonl980,Schmitt

andHubert1983,Noltie1988,Chisna111989),Itisreportedinsomespeciesthatpopulationsunder

lowfoodavailabilityorhighpredationpressuredepressthegrowthincremenしInA,40848r16η',

differentpopulationsattainasimi且aradultsizeandshowasimilardeterminategrowthpattern

(Okudal994).Inthisstudyslte,gammalids,thestaplepreyofA・ ゴ0848r18〃z∫,areabundant(Satoh

eta1.1993)andpotentialpredatorsarefew.Thereseemslittlereasontobelievethatlowfood

avaiIabilityorhighpredationpressurecausedtheeffectivelydeterminategrowthinthisfish.The
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determinategrowthofA .40848〃8枷maybeaspecies-speclflclifehjstorytralt.

Optimal劉110cationtogrowthandreproduction

IhereexaminehowthedeterminategrowthofA .40848〃8∫ 所isre】atedtobroodingconstraints,

apPlyingthemodelofKozlowskiandUchmanski(1987) ,Thismodelpredictstheoptimallifetime

energyallocationtogrowthandreproductioninaperennialspecieswithindeterminategrowth .1亡

assumesthatthespecieslivesinaseasonalenvironmentwithastablepopulation
,adultmortalityis

mdependentofbodysize ,andtheswitchfromgrowthtoreproductioniscompletebutreversibie

andoccursatmostonceperyear ,Ontheseassumptions,asetofoptimalswitchingtime∫1,_,'ω

thatmaximizesthe】ifetimereproductivesuccess(RO)iscalculated
,

ω
R・=ΣR・('1,_,'、)

た=1

wherewisthelifespanandRkand'karethenumberofoffspringandtheswitchingtimeatagek
,

respectively,

Now,letmeconsideramodelspeciesforA.40848r18砺 ,whichhasannualsurvivabilitygand

livestoage7(Chapter2).Thisspecleshasthesomatlcgrowthrate
.1(ゐ)andreproducdverate、 θ(ム)

withrespecttobody】engthム,andproducesoffspringwhichareuniforminsizeandqualityand

whosesurvivalrateisindependentofpopulationdensity .Individualsareunderthesame

physiologlcalconstrainεsandtheirfood

availabiHtyisnothmited.a

詣

1・ ・tim・t・d丑 乙)t・b・79・3乙0・0476(Fig.6

罵

3・2)・The「ep「oductive「ate召(乙)w・ ・ 華
。、、.)r-一.、.

…im…d・ ・b・1・.1L1・96,whi・hi・equa1・ ・ 醤/

『コ7

・h・ ・ep・・ductive・a…f・m・1・whi・h・ai・ed竃 ノ①7
、evenb,。 。d、persea・ ・,.Ih・,eassum,・h、,属/

77

thereproductiveratebecomesconstantaboveL.

・hec・i・ica1・izeL・d・e・ ・ ・・・…ai・ …h・ ・F、g .,,6T、,,ep,。duc離 暫浮1ム 知 、h,e、pecu。

・ep・essth・ ・ep・ ・ductive・ize-advant・g・ ・bodysize(ム)inaspeci・ ・w貢h…ep・ ・d・ ・dve

constraints(solidline)andwithreproductiveconstraints

11(ム)=10.】 、乙1・961f五 く ゐ*and、Fノ(乙)=丹(五*)if(brokenhne),inwhjch誕lsassumedthatthe

reproductiveratebecomesconstantatacri【icalsizeム*
.
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乙≧L*(Fig・3 .6).Iconsiderthreestagesoflimitation:H1θL)iswithoutlimitation,H2(L)withan

upPerlimitationatL*=176 .OmmandH3(五)withanupPerlimitationat乙*=88.Omm,whichisequai

totheasymptoticlengthofA .40846r18〃 π,TheannualsurvivalgisrepresentedasO.3andO.7from

Table2,1(Chapter2),

IcalculatetheoptimalfractionofenergyallocationtogrowthwithrespecttoeachH(乙)

withaninitialconditionofLO=3 .15mm.Underhighsurviva1(q=0.7;Fig.3.7a),strongerlimitation

makesthemodelspeciesmatureatayoungerage(3 .67,L86andO.95yfor1〃(乙),H2(乙)and

H3r乙),respectively)andatsmallerslze(324
,159and78,5mm).Inanycase,itshowsanextremely

determinategrowth(Lα/L。 。=0 ,93,0.90andO.89).Incontrast,underlowsurvival(q=0.3;Fig.

3・7b),ageandsizeatmaturityaresimilaramong1〃(乙)
,H2(L)andH3で 乙)(0.93,0.93andO.81y

and76・7,76・7and664mm).Asthelimitationbecomesstronger ,themodelspeciesshowsamore

(a)q=0.7(b)q=03

り

§
　
邸'

謹養1
ま.21・

0123456701234567

400400

1一 一一一'一　
_300!300

甕/　 ノ
ε/.
bΩ' _一ノ・-」-

1=:/1::/」

00

0123456701234567

AgeAge

Fig・3・70ptimalenergyallocationtogrowthateachageundertheconditionofq=0 .7(a)andq=0.3(b)

(upPer)andlheindividualgrowlhcurveresultingfromthcoptimala110cadon(且ower).Open,shadedandsohd

barsandchain,doこtedandsohdhnesshowcascsofnoreproductivelimitation,anupperlimita【ionat

ム*=176mmandム*ニ88mm,respectively.
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determinategrowth(Lα/L。 。=0.35,0.44andO.75).

KozlowskiandUchmanski(1987)demonstratedthatinArcticcharr301v8伽L`∫ αψ ∫η`45
,the

predictedgrowthpatternfittedwellwithfielddata,assumingthatitsfecundityincreases

i・d・t・ ・minat・lywithg・ ・wth .1・A4・ ・4・ 〃 ・'・',h・weve・,th・g・ ・wth・u・veand・ep・ ・ductive

scheduleofthemodelspecieswithoutareproductivehmltationgreatlydifferfromfielddatawithin

therangeoftheirpossiblesurvivalrate .Ontheotherhand,themodelspecieswithareproductive

limitationshowssimilarfeaturestoA .40ε4θ 〃8〃 π,Thissuggeststhatthereexistsomeconstraints

thatrepressthereproductivesize-advantageinA .40α18〃8〃1∫.

Reproductiveconstraints

Broodsizejustbefbrehatchingwassma11erthanthatatanearlybroodingPhase
,suggestingthata

partofthebroodhaddisappearedduringthemouthbroodingperiod。Thisbroodreductionisdueto

f・eq・e・t・ccurrence・fp・ ・ti・1b…dcannib・h・m(Ok・daan曲nagi・aw・1996・;・1…eeCh・pter

4・1)・Apossiblefunctionofpartialbroodcannibalismforparentalmalesistoadjustthenumberof

・ff・p・1・gt・th・i・buccalcapacity
,・aIh・ ・thant・9・tanut・itivep・ ・fit.Sl・cem・ ・thb…di・gm・1・ ・

ae「at・th・b…d…tinu…lyby・h・ ・ni・g
,・ ・e・c・・wdi・gm・ycau・ead・fi・iency・f・irs・PP】y・ ・d

l・w・ ・th・p・ ・b・bility・ftheemb・y・ssu・vi・i・gt・h・t・hi・g .A・tually,b…d・izecl・ ・ely・ ・rrel・t,・

withth・v・1・m・ ・fthem・1・buc・alcavity(M .Miyaz・ki,・ ・p・bli・h・dd・t・) .Th。 、m、1,

reproductivesuccessmaybelimitedprimarilybyhisbuccalcapacity .

Th・m・1・ ・ep・・ductive・at・i・a1…e・t・i・t・dbyth・deve1・pment・ltim・ ・f・mb・y・ ・
,whi・h

variesgreatlyaccordingtowatertemperaturebutisnotaffectedbymalesize ,Sinceindividual

malesspendabout80%ofthetimemouthbroodinginthebreedingseason(Chapter2)
,there

wouldbelittlescopeleftthemforincreasingthenumberofbroods .

Thefactthatbroodsizejustbeforehatchingcorrelateswithmalesizebutnotwithfemale

sizeindicatesthatfemalereproductivesuccessisalsolimitedbythebuccalcapacityofhermate
.If

f・ma1・ ・matewithmalesm・ ・hl・ ・g・・thanth・m・elve・ ・th・i・m・t・ ・w・ ・ldbeab1・t・b…d・ 翼・eg9・

thattheyproduce・However・suchmatingfacilitatesentirebroodcannibalismbythesemales

(Ok・daand梅nagi・aw・1996b;・1…eeCh・pter4・2)・Sm・llb…d・ize・el・tivet・m・1・b…di・g

capacitywimncreasethepereggcostofparentalcare,andthemalesmayabandontheentirebrood
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whenitsreproductivereturndoesnotoffsetthecarecost(PetersenandMarchetti1989) .Infemale

A・40ε ご!8"8加 ど,disproportionatepairingresultsindecreasedreproductivesuccess .

Anotherhmitingfactoroffemalereproductivesuccessismateavailability ,Becauseofa

higherpotentialreproductiverateinthefemale
,receptivemales(=non-broodingmales)areusually

inshortsupPly(OkudaandYanagisawa1996b;alsoseeChapter4・2) .Femalesarethe

predominantcompetitorsformates,asinothercardinalfishes(Kuwamura1985;alsoseeCh叩ter

5・2)・However,monopolizationofmultiplematesdoesnotoccuramongfemalesbecausefemales

delivertheirsinglebroodtoonlyonemale .Whatfemalesactuallydotoincreasetheirreproductive

「atelstochangematesbetweenspawnings(OkudaandYanagisawal996b;alsoseeChapter4・2
,

5-2)・Th・factth・tthenumb…fb…d・p・ ・d・cedby・ ・ef・m・1・inab・eedi・g・ea・ ・n・ ・lyweakly

correlatedwithhersizesuggeststhatfemalesizehaslitdeinfluenceonhermatingchances
.Thus

「ep・oductivesuccess・ff・m・ 】・A4・ ・4・伽 ∫i・n・t・di・ectmea・u・e・fth・i・ 色cundityb・tg・eatly

dependsonbroodingcharacteristicsofmales
,especia11ytheirbuccalcapacity.

Infishspecieswheremalesaloneorallybroodorcarrytheeggsexternally
,suchascardinal

fishes,pipefishesandseahorses(Blumerl979
,Blumerl982),thebearingcapacityofmalesis

commonlylimited.Inmostofthesespecies ,maleshavealowerpotentialreproductiverateand

lim註 ・ep・ ・d・ctive・uccess・ff・m・1・ ・(K・w・m・ ・a1985
,B・ ・glund・t・1.1989,Ahne・j61992,

Ok・daandぬnagi・aw・1996b;・1…eeC1・tt・n-B…kandVincent1991f・rrevi・w)
.A】th・ ・gh・

1・・g・・m・1・h・ ・th・1・ ・g・・bea・i・gcap・ ・ity,hisrep・ ・ductive・uccesscanal・ ・b・limit・dbyth・

fecundityofhismateifsheismuchsma11erthanhe,asinthecaseofA .40848r18〃 π.Thisisa

P・im・ ・y・ep・ ・ductivec…t・ai・tf・ ・p・t・malbea・i・g・peci・ ・.1・thi・m・d・ いheassumpti・ ・that

reproductivesuccessbecomesconstantabovethecriticalsizeisbasedonsuchaconstraint
.Both

sexe・ ・fth・p・t・ ・nalbea・e・c・ ・1db・p・event・df・ ・mi・d・t・ ・minat・g・ ・wthbecauseth・ylimit

reproducdvesuccessofeachother(seeChap吐er5-1).However,therewilIbecasesforbothsexes

togrowlndeterminate}ywhenbodyslzehasgeneticvarianceandthereisasεrongslze-assortative

m・ti・g・Iti・ath…eticalp・ ・b1・mt・b…lvedund・ ・wh・t…diti・n・th・d・t・ ・minat・g・ ・wthby

mutualscxuallimitationisrealized.

VSummary
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Bothmalesandfemalesof、4 .40θ48〃8顔almostceasedtogrowatage3,thoughsomeofthem

livedtoage7 .Theirgrowthpattern,representedbytherelatlvesizeatsexualmaturitytothe

asymptoticsizeandthevonBertalanffygrowthcoefficient
,wasamongthemostdeterminatein

ectothermicvertebrates.Broodsizejustbeforehatchingincreasedinproportiontothesecond

powerofthebodysizeofthebroodingmale,andcorre且atedmorepositivelywiththemale'sthan

thefemale'sbodysize,suggestingthatitwaslimitedbythemalebuccalcapacity,Theestimated

totalnumberofbroodshatchedinabreedingseasonshowedaweakornocorrelationwiththebody

sizeorageineithersex 。UsinglifehistoryparametersfromdataofA40θ46〃 θ'η',asimulation

modelofenergyallocationwithoutconsideringsexualinteractionrevealedthattheoptimalgrowth

paUernshowsanindeterminategrowthwhichgreatlydiffersfromactualgrowthpatternofA

40648〃 θ'加.Thissuggeststhatthereexistsomebroodingconstraintstosize-advantageof

reproductivesuccesslnthisspecies.TheprimaryconstrainttoreproductioninA.40648〃8'η'isthat

reproductivesuccessofbothsexesare】imitedbyeachother
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Chε 題pter4

FilialCannib劉liSmaSSexUalStrategy

4-1.Physiologicε 込laspect:

Energeticcostofparent劉lcare

I.Introduction

Paternalcareistheprevalentcarestyleinfishes(Blumerl979,Blumerl982),Inmanypaternal

fishes,fihalcannibalism,thatis,eatingofoffspringbytheparents,hasbeenreported(reviewedby

DomineyandBlumerl984).Ingeneral,malesmakealargeparentaleffortbutasmallergametic

investmentthanfemales.Theymayparasitizetheproductionoffemalesbyconsumingtheir

zygotestooffsetthecostofparentalcare,therebyremainingingoodphysicalconditionforre-

mating(Rohwer1978).Somestudieshavesuggestedthatdeteriorationofsomaticconditionin

broodingmalesistheprimaryfactorintheincidenceoffilialcannibalism(Rohwer1978,

DeMartinil987,PetersenandMarchettil989,Petersen1990,BeHes-IslesandFitzGeraldl991,

MarconatoetaLl993).However,fewstudieshaveexaminedparentalsomaticcondition

quantitativelyinconnectionwithfi】ialcannibalism(butseeMarconatoetaL1993).

Mouthbroodingisaneffectivecarestyleunderhighpredationpressureonoffspring

(Keenleysidel991)・However,itusuaHyforcestheparentstofastthroughouUhemouthbrooding

period(OPPenheimer1970;butseeYanagisawaandSatol990,Yanagisawaand.Ochi'1991).The

costofmouthbroodingmaybehigherthanthatofguardingonthesubstrateandmaygreatlylower

thesomaticconditlonofthebrooders・Speciesinwhichmalesmouthbroodtheyoungmaybe

particularlylikelycandidatesforfiHalcannibalism・Filialcannibalisminmouthbroodershasbeen

observedwhenbroodsizewasexperimentallyvariedinaquaria(Mrowka1987).Innature,

however,therearenounambiguousreportsthatmouthbroodingfishhaveactuallyeatentheirown

eggs,exceptforKuwamura(1983)reportingthateggswerefoundinthestomachsof

mouthbroodingcardina】fishAρ080η,10'α'``5.
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ThecardinalfishAρ080'140ε48'-18∫ η∫,thesu切ectanimalofthischapter,isalsoapatemal

mouthbrooder.InChapter2 ,IshowedthatmalesomaticconditiondeterioratedduetotheIimited

feedingoPPortunitiesduringthemouthbroodingPeriod。Thus,malesofthisspeciesaremostlikely

toeattheirowneggswhilemouthbrooding.Inthischapter,Iexaminehowtheoccurrenceof創ial

cannibalismiscorrelatedwiththeparentalsomaticcondition.

II.Methods

Confirmationoffili裂lc劉nniba亘ism

StudywasconductedatMuroteBeachinl992andl993.Iinvestigatedreproductiveexperiences

formarkedmalesofAρ080η40848〃8'η ∫inhabitinga10×20mquadrat(Chapter2).Isometimes

foundbroodsdisappearingfrommales'mouthsbeforetheexpecteddayofhatching.Insuchcases,

Icapturedthemalesandanesthetizedthemunderwaterwithquinaldine.ThenIextractedasmall

partoftheirstomachcontentsbyplunglnganeedle-1esssyringeofImlthroughtheesophagus.If

theextractedstomachcontentsincludedeggsofthesamedevelopmentalstageasthosewhichhe

hadbrooded,IjudgedthattheeggdisapPearancewasduetofilialcannibalism.Oncerecovered

fromtheanesthesia,themaleswerere】easedatthecapturesites.Bythismethod,Iconfirmedfilial

cannibahsmwithoutkillingfish,

Stomachcontentsanalysis

Icaptured23broodingand20non-broodingmalesof・4.40848〃8〃 πatFunakoshiBeachinthe

breedingseason(Chapter2)・Thefishwerepreservedin10%formalinandwereusedforanalysis

inthelaboratory,Idissectedthefishandextractedtheirgut.Iweighedthegutcontentsinwet

conditionandnotedwhetherthestomachcontainedconspecificeggs.Thefishbodyandother

organsweredriedandweighed・Thegutfullnessindex(GFI=100×wetweightofgutcontents/

totalwetbodyweight)wascalculated.

III.Results
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Occurrenceoffilialcannibalism

Indailycensusesin1992andl993,470f361broodsdisapPearedfromthemales'mouthsbefore

theexpecteddayofhatching .ThesebroodsalldisapPearedwithinadayofspawning・Intwocases,

maleshadlosttheirbroodsandtheirbellieswerenotinflatedwhenIvisitedthemtoobservetheir

post-spawningbehavior.IconjecturedthatthesetwobroodshaddisapPearedduetopredation

beforeorafterthemalestookthemintotheirmouths ,becausepost-spawningmaleswereof[en

chasedbyfishessuchaslabridsandapogonids(alsoseeKuwamura1983b).Allothermaleswere

potbelliedwhenthebrooddisapPearancewasnoticed.For28suchmaleswhosestomachcontents

werecheckedwithaneedle-1esssyringe,earlydevelopmentaleggswerefoundinallstomachs.

Inafewcases,amalehadaninflatedbellysoonafterpost-spawningbehaviorwhilesome

partoftheeggmasswasstillinhismouth.Theremainlngeggmasswasfrequentlyturnedroundin

themouth.Withinafewhours,hisbeHybecamemoreinnated.However,inmostcases,amale

retainedtheeggmassinhismouthしmtiltheeveningbutinthecensusofnextday(ataboutl100

hours),hehadaninnatedbellyandtheeggmasshaddisappearedfromhismouth.

Theoccurrencerateoffilialcannibalism,theproportionofbroodscannibalizedtototal

broodsspawned,was8,6%(13/152)inl992andl5.5%(32/207)inl993.Theratewaslowinthe

earlybreedingseasonbutincreasedastheseasonprogressed(り(2=9.61,df=3,P<0,03;Fig.4-1.1).
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Stomachcontents

Thestomachsofmouthbroodingmalesdidnotcontainanyordinaryfooditems(Table4-L1)・

exceptfortwomaleswhosestomachcontentswerea】mostdigested;thesemayhavebeeneaten

beforemouthbroodingbegan.Incontrast,mostmalesbroodingyoungeggshadsomeeggsintheir

stomachs,whilemostmalesbroodinglate-stageeggshademptystomachs(Fisher'sexact

probabilitytest,earlyvs.middle:P>0.3,earlyvs.1ate:P<0.05,middlevs.1ate:P>0・3)・Exceptfor

twomaleswhosestomachscontainedonlyafewunfertilizedeggs,eggsintheirstomachswereat

thesamedevelopmentalstageasthosetheywerebrooding.ThissuggeststhaUheyatetheirown

eggs.TheproportionofeggseatentotheentirebroodrangedfromO・02tol9・4%(死

±SD=8.06±9,66,N=4);mostofeggsinthestomachsweresem卜digestedandwerenotcountable・

Thestomachofonemouthbroodingmalecontainedaneggmassaslargeastheentirebrood,

suggestingthathehadre-spawnedwithotherfemalesoonafterfilialcannibalismoftheprevious

brood.TheGFIforthemalesbroodingyoungeggswasnotsignificantlydifferentfromthatfor

non-broodingmalesinthebreedingseason(死 ±SD=0.76±0.60,N=20;Mann-WhitneyU-test,

p>0.05).TheGFIforthemouthbroodlngmalesdecreasedremarkablyasthedevelopmentalstage

oftheirbroodsadvanced(ANOVA,F=3.66,df=2,p<0.05;Table4-1.1).

Table4-1.1.StomachcontentsandGFIofmalesatvariousmouthbroodingPhase5.The

mouthbroodingphasewasdividedintothreebyeggcoloration.

tOmaCCOntentS

MouthbroodinhaseNEmtEsUnlentlflematterMean±SD

Early90721.66±1.80

Middle74300.44±0.42

Late76100.22±0.13

Tota123101120.85±1.29

36



IV、Discussion

Filialcannibalism

Filialcannibalismiscategorizedintopartialandentirebroodcannibalism(Smithl992)・Thisstudy

demonstratedthatbothtypesoffilialcannibalismfrequentlyoccurred:atleast48%of

mouthbroodingmalespracticedpartia且broodcannibalism(Table4-1」),while8.6%(1992)and

15・5%(1993)performedentirebroodcannibalisminabreedingcycle.

BothtypesoffilialcannibalismoccurredduringtheearlymouthbroodingPhase:allcasesof

entirebroodcannibalismoccurredwithinadayofspawning.Somestudiesonfilialcannibalismin

fishesreportthatparentspreferentiallyeatyoungeggs(SalfertandMoodlel985,Petersenand

Marchettil989,Petersenl990).FitzGerald(1991)suggestedthatthepreferenceforyoungeggsis

duetothegreaternutritivevalueandlessreproductivevalueoftheseeggs.Inaddition,inthecase

ofentirebroodcanniballsm,eariyeggconsumptioncanminimizetheparentaleffortthatyieldsno

reproductivereturn。

Rohwer(1978)proposedthatpartialbroodcannibalismwouldgiveaparenttheenergyto

careforthepresentbroodandkeepitingoodconditionuntilthesubsequentbroodcycle.However,

Smith(1992)demonstratedinthesticklebackGα5'ε70∫'8㍑ ∫ αα418α'`∬thatenergygainbypartial

broodcannibalismdoesnotexceedthelossbyparentalcare.For、4.40θ48〃8∫ η'maleswhich

consumeonlyasmaHportionofthebrood(lessthan20%oftheentirebrood),energygainalso

maybeinsufficientformaintaininggoodsomaticcondition.AsstatedinChapter3,broodsizeof

maleswaslimitedprimari】ybytheirbuccalcapacity.Sincemouthbroodingmalesaerateanegg

masscontinuouslybychurning,overcrowdingmaycauseadeficiencyofairsupplyandlowerthe

probabilityoftheembryossurvivingtohatching・Apossiblefunctionofpartialbroodcannibalism

formaleA4084εr18〃 πistoadjustthenumberofoffspringtotheirbuccalcapacity,ratherthanto

getanutritiveprofiし

Whenaparentalmalecannibalizestheentirebrood,hemayre-allocateitsenergytofuture

breedingcycles(Rohwerl978,Dominey&Blumerl984),Rohwer(1978)hypothesizedthat,in

speciesw江hseveralbreedlngcyclesperseason,parentsshouldbemorecannibalisticintheearly

breedingseasonbecausetheyhavelesschanceofre-matinginthelatebreedingseason.Onthe
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contrary,Petersen(1990)andBelles-Isles&FitzGerald(1991)reportedthatfilialcannibalismina

damselfishandasticklebackoccurredinthelatebreedingseason,respective且y.Eveninaspecies

withasinglebreedingcycleperseason ,ofwhichdurationisverylong,parentstendtoeattheir

owneggsattheendofthiscycle(e.9.riverbullheadCo伽 ∫80わ'o(Marconatoeta1・1993))・Alsoin

A40848r'8加 ∫,IfoundthatentirebroodcannibalismoccurredfrequentlyintheIatebreeding

season,whenthesomaticconditionofmaleslowered.Thesecasessuggestthattheparentalmales

practicefilialcannibalismtoreversethedeterloratlonintheirsomaticcondition,consequently

improvingtheirsurvival.

Inthisspecies,itisobviousthattheparentalsomaticconditionisanimportantfactorinthe

occurrenceofentirebroodcannibalism.Then,whydidnotmoremalespracticeentirebrood

cannibalisminthelatebreedingseason?And,whydidsomemalesdosointheearlybreeding

season?Inthefollowingchapter,Iwilldiscussanotherfactorfacihtatingfilia且cannibalismbymale

A.ゴ0848〃 θ〃π.

VSummαry

EntirebroodssometimesdisappearedfrommouthbroodingmalesAρ080η40ε48〃8〃1'withinaday

ofspawning.Astomachcheckwithasyringeascertainedthatthesebrooddisappearancesweredue

tofilialcannibahsm,Theincidenceofthiscannibalismwashigherlateinthebreedingseason.Itis

suggestedthattheparentalmalespracticedentirebroodcannibalismtoimprovetheirsomatic

conditionthatloweredasthebreedingseasonprogressed.Themalesalsofrequentlyatethesmall

portionoftheirownbroodsattheearlymouthbroodingphase.Itspossiblefunctionforparental

ma】esistoa両ustthenumberofoffspringtotheirbuccalcapacity,ratherthantogetanutritive

profit.
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4-2.Sociobiologicalaspect:

Conflictofinterestsbetweensexes

I.Introduction

Filialcannibalismlscategorizedintopartialandentirebroodcannibalism(Smithl992)・Rohwer

(1978)suggestedthatpartialbroodcannibalismwouldgiveaparenttheenergytocareforthe

remainingbrood.Theoretically,ifpartialbroodcannibalismrepresentsaninvestmentinthe

remainderofthecurrentbrood,theincidenceofthiscannibalismwillincreasewithbroodsize

(Sargentl992).Incontrast,entirebroodcannibalismismorelikeiywhenbroodsaresmall(Ochi

l985,PetersenandMarchettil989,Petersenl990).Whenthereturnfromasmallcurrentbrood

doesnotexceedthecostofparentalcare,theparentwiHstopprovidingcareandmayeveneatits

entlrebrood(Rohwerl978,DomineyandBlumer1984).Bycannibalizingthebrood,theparent

mayre-a110cateitstimeandenergytothefuturebroodcycle.

ThereproductiveIossbyentirebroodcanniba】ismiscompensatedeffectivelyiftheparent

re-matesquickly.Thelikelihoodofentirebroodcannibalismwillincreaseastheopportunityforre-

matingincreases,andmateavailabilitymaybeanimportantfactorindeterminingwhetherto

cannibalizethebrood.InChapter4・1,IdescribedthatmaleAρ0801140848r'8加'cannibalized

entirebroodsandconcludedthatthiscannibalismwasfacilitatedbydeteriorationofmalesomatic

condition.However,severalmalescannibalizedtheentirebroodsintheearlybreedingseason,

whentheyareestimatedtobeingoodphysicalcondition.Iproposeapossibilityofmalemate

availabilityasanotherfactorfacilitatingentirebroodcannibalisminA40848〃81η ど.

Sofar,nostudieshaverelatedfilialcannibalismtomateavailabilityforcannibals;most

reportsonfihalcannibahsmarebasedonclrcumstantialevidencefromtheanalysisofstomach

contents(butseeHoelzerl988,PetersenandMarchettil989).Inthepreviouschapter,Iconfirmed

theoccurrenceoffilialcannibalismbyextractingsomeofthestomachcontentsfromlivefishusing

asyringe。Thisnon-destructivemethodenabledmetoobtaininformationontheirmatingand

cannibalisticexperiencesthroughoutthebreedingseason.Inthischapter,Iexplorehowfilial

cannibalismbymaleA40848rZ8〃z∫isre】atedtomateavailability.
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II.Methods

Fieldobserv劉tion

IobservedreproductivebehaviorofAρ080η40648〃8〃1∫inhabitingalO×20mquadratatMurote

Beachin1992andl993(Chapter4・1).Imadedailycensusesthroughoutthebreedingseasonof

1993・Ineachcensus ,Irecordedthebroodingstateofeachmale(mouthbroodlngornon-brooding)

andthedegreeofbellyexpansionofeachfemale .Thelatterwasclassifiedintofivecategoriesby

eye:stageI:be11ydeflated,justafterspawning;stageII:bellyflatasinthenon-breedlngseason;

stageIII:bellyintheincipientstageofinflation;stageIV:bellyexpanded;stageV:be11yfully

expandedandgenitalpapillaeprotruded.

Toidentifyspawningpairsofmarkedfish,IfoHowedthemethodsinChapter2.WhenI

hadobservedonlythecourtshipdisplayofapairbutfoundthemalemouthbroodingorpo【bellied

nextday,Ijudgedthathehadspawnedwiththepairedfemale,providedherbellywasdeflated.Ifa

malewasmouthbroodingorpotbelliedbutnomarkedfemalehadadeflatedbelly,orifafema】e

hadadenatedbellybutnomarkedmalewasmouthbroodingorpotbellied,thenIjudgedthatheor

shehadspawnedwithanunmarkedfish.

TheshelteringsiteofeachfishwasdefinedasthesitewhereIfounditmostfrequentlyin

dailycensuses.Themovingdistanceforeachfishbetweenthetwobreedingseasonswas

representedasthedistancebetweenitssheheringsitesinSeptember1992andinSeptember1993.

Ididnotcensusthefishovertheentirebreedingseasoninl992,soIuseonlythedatafrom

l993unlessotherwisestated.

Fieldbroodremovalexperiment

Forbroodremovalexperiments,24maleswerecapturedandmarkedatasiteaboutlOmfromthe

quadrat.ToexamineifthetimeintervalfrombrooddisapPearancetothenextspawningdiffers

accordingtothecausesofbrooddisapPearance(broodcannibalismorhatchingofeggs),Iremoved

broodsfromthesemalesattwodlfferentmouthbroodingPhases:onthedayafterspawnlng,andl-2
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daysbeforetheexpecteddayofhatching.Becauseentirebroodcannibalismalwaysoccurredwithin

adayofspawning(Chapter4・1),theformerbroodremovalisequivalenttoentirebrood

cannibalismintermsoftiming.Afterthebroodremoval,Iobservedthetimeintervaluntilthenext

spawningoftheseexperimentalmales.Thismanipulationwasperformedonetosixtimesforeach

maleduringthebreedingseasonofl993.

Sixmaleswerecaughtjustafterentirebroodcannibalism,Icomparedthenumberofeggsm

theirstomachswiththatofeggsinbroodsremovedfrommalesonthedayafterspawning・

III.Results

Matingsystemandspawningcycle

Aρ080η40848〃8'η ∫showedstrongsitefidelity:malesonaverageshiftedonly2.1m(±2.OSD,

N=19)andfemales2.6m(±4.7SD,N=28)betweenthetwobreedingseasons.Courtshipdisplays

betweenmarkedfishusuallytookplaceneartheirshelteringsites(王 ±SD=2」 ±2.9mfrommale

shelteringsites,L7±2.Omfromfemaleshelteringsites,N=240).Of274pairsthatwereobservedin

courtshipdisplays,71brokeupbeforespawning.Thenumberofcourtshippartnersperspawning

wasL35(±0.56SD,N=203)formalesandl.28(±0.52SD,N=215)forfemales.Afterspawningor

courtship,themaleandfemaleinapairseparatedtotheirrespectiveshelteringsite,unlesstheyhad

previouslysharedasingleshelteringsite.

50

0f261spawningsthat

involvedmarkedfish,1670ccurred40

betweentwomarkedfish;about70%鴇 '罷30

・f・h・p・irsh・d・h・irsh・1…i・g・i… 書

wi、hi,3m(Fig.4-2。1).Thi,・y-,igh・ £20

spawningstookplacebetweenlo

markedmalesandunmarkedfemalesO

OI2345678910

and45spawningsbetweenmarked

Distancebetweenshelters(m)

femalesandunmarkedmales.Forthe

Fig.4-2」Thedistancebctweensheherlngsi1esofamale

remainingIlspawnings・IwasandfemaleinaspawningPair(N=138) .ShelteringsitesinMarch

1993wereusedexceptfornewresidents.
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unabletodeterminewhetheramarkedfishmatedwithothermarkedfishorwithanunmarkedfish .

Spawningsbetweenmarkedandunmarkedfishweref『equentlyprecededbyamigrationof

f・m・1…1・ ・m・timessawunm・ ・k・df・m・ 】・・wh・ ・eb・ 川 ・・w・ ・eexpand・dw・ ・d・ ・i・g・b・ ・ti・th・

quadratwhllecourtingwithmalesinsuccession,Conversely,censusdatashowedthatmarked

f・m・1・ ・withexpand・db・lli…cca・i・nally1・ftth・quad・aしTh・i・ab・ence・at・[(th・t・t・1numb・ ・

ofabsences)1(thetotalnumberofcensuses)](28513106)wassignificantlyhigherthanthatof

markedmales(178/2741;X2=14 .4,df=1,P〈0.001).Theabsentfemalesusuallyreturnedtotheir

originalsitesafter1(74 .7%),2(10.8%)or3(5.7%)days.Someofthesefbmales(10.8%)had

defla亡edbeliieswhentheyreturned
,indicatingthattheyhadspawnedoutsidethequadrat.

Durlngabreedingseason ,ama】eonaverageaccepted6.8broods(±1.3SD,Nニ30)and

matedwith3・5differentfemales(±0 .9SD)andafemaleproduced6.3broods(±1.2SD,N=31)and

matedwith3・4differentmales(±1 .4SD).Thematechangerateperspawningdidnotdiffer

b・tweenth・ ・ex・ ・(68・2%,N=154f・ ・mal・ ・and69 .1%,N=162f・ ・f・m・1・ ・,X2=0.03,df=1,P>0.8) .

Theinter-spawningintervaloffemaleswasshortenwhentheyhadchangedtheirmates
,butthatof

maleswasnot(Table4-2.1).

Whenoniymalespawningsthatresultedinhatchingofeggswereconsidered
,theinter-

spawningintervalofmaleswas】5 .2days(±3.OSD,Nニ141),andthatoffema】eswasl4 .8days

(±4・ISD・N・178)・Th・f・equencydi・t・ib・ti…fi・ter-sp・w・i・gi・t・ ・val・th・ ・ugh・utth・b・eedi・g

seasondidnotdifferbetweenthesexes(Kolmogorov-Smirnovtwo-sampletest
,P>0.2).However,

inthemiddleofthebreedingseasonwhentheoperationalsexratiowasmostfemales -biased(see

Fig・4-2・2)・th・i・t・ ・valw・ ・m・ ・eva・i・bl・i・f・m・1・ ・(T・bl・4-2 .2).Sinceth・i・ter-sp・w・i・g

intervalofmalesincludesthemouthbroodingperiodof5-17days
,veryshortintervalswere

recordedonlyinfbmales:theshortestintervalformaleswasgdays ,whereasintervalsoflessthang

Table4-2・1・Inter。spawningintervalofmalesandfemalesthatdidordidnotchange

mates。

nter-SaWnmlnterVaaS

s,、r指 一 一tP
emae。_.十 一

Male8415.5±3.349】5.7±3 .0-0.360.72

Note.Spawningsthatwerefollowedbyentirebroodcannibalismareexcludedfrom

thedataofmales.
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Table4-2.2.Inter-spawningintervalofmalesandfemalesinthreeperiodsofthebreeding

season.

nter-SaWnlnmterVaaS

Meanwateraeemaes

B・eedi・gt・mp・ ・aω・e(・C)一 一 蔽r'一 葡 ア

seasonDate(Min-Max)N(Min・Max)N(Min-Max)z*

Early16May-19June1953515.9_1.83717.0」L650・10

(18.3-21.3)(13-22)(11-21)

Middle20June-24Julyl9.65816。8±1.777145±3.33・090・002

(18.0-22.0)(12-22)(6-30)

Late25July-28August24.34812.7±3.46413.8±5」0・980・33

(19.0-25.7)(9-24)(4-31)

*Kolmogorov -Smirnovtwo-sampletest

dayswererecordedinl2females(6.7%).

Thesexratio(ma!es:females)oftheadultpopulationwasnearlyconstanUhroughouUhe

breedingseason,rangingfromO.78tol.00(Fig.4-2.2).Withinthequadrat,femalesatstageIII

sometimesspawnedbythenextcensus(34cases)butfemalesatstageIIneverspawned.Therefore,

toestimatetheoperationalsexratio(theratioofreceptivemalestoreceptivefemales),Idefined

receptivefemalesasindividualswhosebellyexpansionwasatstageIII-Vandsexuallyreceptive

malesasindividualsthatwerenotmouthbrooding.Incontrasttothesexratiointhepopulation,the

operationalsexratiofluctuatedgreatlyanditwasusuallyfemale-biasedexceptatthebeginningand

endofthebreedingseason,whenonlysomeofthefemaleshadmatureovariesandmostmales

2

・ε

田
×1

お

O

MayJunJulAug

Fig.4-2.2Seasonalchangesoftheadultsexratio(thickIine)andthe

operadonalsexratio(thinhne).
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werenotmouthbrooding.

Filialc翁nnibalismandre・spawning

Of209broodsobserved,32werecannibalizedbythemouthbroodingmales・Sixtypercentof

males(18130)practicedfilialcannibalismatleastonceduringthebreedingseason:eightmales

once,sixtwiceandfourthreetimes.Of32malesthatcannibalizedbroods,30re-spawnedwithin

thebreedingseason.Inallcaseswheretheirmatescouldbeidentified(N=28),theyre-matedwith

differentfemales.Thisrateofmatechangewassignificantlyhigherthanthatshownbymales

whosebroodshatched(57/100,)C2ニ16.3,df=1,P<0.0001).

Thecannibalisticmalesonaveragere-spawned3.ldaysaftercannibalism(Table4-2・3)・

Theyre-spawnedasquicklyasmaleswhosebroodshatched(Mann-WhitneyU-test,z=-1・76,

N=32,144,P>0.07).Whenthebroodswereexperimentallyremovedonthedayafterspawning,

malesonaveragetook7.6daystore-spawn,longerthancannibalisticmales(z=-2.84,N=7,32,

P〈0.005),Whenbroodswereremovedl-2daysbeforehatching,thetimetakenformalestore-

spawndldnotdifferfromthatofma】eswhosebroodshatched(z=-1.36,N=47,144,P>0」).

Cannibalisticmalesdidnotcourtmorefemalesbeforespawning(王 ±SD=1.2±0.4,N=30)

thannon-cannibalisticmales(1.4±0.6,N=171;t=-1.13,df=199,P>0.2).Thetimefromthefirst

courtshiptospawningalsodidnotdifferbetweencannibalisticmales(f±SD=1.0±1.8days,N=30)

Table4-2.3.Theeffectofd1fferentcausesofbrooddisappearanceonthetimetore-

spawninmaies.

1metore-spawnaterroo

disapPearance(days)

GrouCauseofbrooddisaearanceNMeanSD

NaturalCannibalism323.13.O

Hatchingl443,52.5

ExperimentalRemovalonthedayafterspawning77.65.3

Removal1-2dasbeforehatchin474,43.6
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andnon-cannibalmales(1.1±1.6days ,N=171;t=-0.41,df=199,P>0・6)・

Of219broodsproducedbymarkedfemales,23werecannibalizedbytheirmates・Ofthese

23broods,eightweretheIastonesproducedbythefemalesinthebreedingseason・There-

spawningrateofthesefemales(15/23)wassignificantlylowerthanthatofcannibalmales(28130;

X2=7.32,df=1,P<0.007).Theinter-spawningintervalofthesefemales(死 ±SD=15・7±5・Odays・

N=15)wasaslongasthatoffemaleswhosebroodshatched(14.7±3,9days,N=159;t=0・86・

df=172,P>0.3).

Filialcannib劉lismandmatechoice

Femaleswhosebroodswerecannibalizedatleastonce(王 ±SD=86・4±5・5mmSL,N=18)wereas

largeasfemaleswhosebroodswerenevercannibalized(87.3±3,0mm,N=20;tニ ー0.65,dfニ36,

P>0.5).Cannibalisticmales(85.1±4.9mm,N=18)wereaslargeasmaleswhonevercannibalized

theirbroods(84.4±2.7mm,N=12;t=0.48,df=28,P>0.6).Thesizedifference(SLmale-SL琵male)in

spawningpairswassignificantlygreaterwherecannibalismoccurredinl992butnotin1993

(Table4-2.4),Inthespawningpairsofl993,femaleswereaslargeastheirmatesorslightlylarger.

Thecannibalismrateofmaleswashigherwhentheyspawnedwithunmarked(10138)than

withmarkedfbmales(21/167;X2=4.55,df=1,P<0.05).Inspawningsoffemaleswithunmarked

males(N=45),fewdataareavailableonwhetherthemalescannibalizedtheirbroods,becauseIwas

rarelyabletolocatetheminsuccessivecensuses.

Thenumberofeggsinacannibalizedbrood(死 ±SD=10464±1753,N=6)didnotdifferfrom

thatofanearlystagebroodthatwasmouthbrooded(10365±1641,N=12;t=0.12,df=16,P>0.9).

Table4-2,4.Thesizedifference(mm;standardlengthofmaleminusfemale)

withinspawningpairsinwhichcannibalismdidordidnotoccur.

annlaISmOCannlaISm

Y6arean±D一 下 「 一 一K応D-'P

199322-0.57±4.62149-2.04±3.38-1.810.07
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IVIDiscussion

Filialcannibalismandmateavailability

Inthisstudy,cannibahstlcmalesre-spawnedwithinafewdaysofcannibalism,whereasmales

whosebroodswereexperimenta11yremovedtocoincidewiththetimingofbroodcannibalismtook

Iongertore-spawn,Thedelayofre-spawningintheIattercannotbeattributedtotheeff6ctsof

broodremoval,becausemaleswhosebroodswereremovedjustbeforehatchingre-spawnedas

quicklyasma且eswhosebroodshatched.Moreover,cannibalisticmalesalwayschangedmatesafter

cannibalism.FromtheseresultsIsuggestthatmalestookadvantageofmuhiplemateavailability

andatethebroodinexpectationofquickre-spawning.

TheoPPortunityformalestoassesspotentialmateavailab川tymayoccurduringthepre-

spawningphase,whentheysometimescourtwithmorethanonefemale,Althoughthenumberof

femalescourtedbeforespawningdidnotdifferbetweencannibalisticandnon-cannibalisticmales,

thisdoesnotnecessarilymeanthatactualmateavailabilitydidnotdifferbetweenthem.Becausea

boutofcourtshipbehaviorisoftenshortandintermittentlyrepeated(Kuwamura1985,0kuda,

personalobservation),itisdifficulttoestimateaccuratelythenumberofavailablemates.

Malesweremorecannibalisticwhentheyspawnedwithsmallerfemales,buttheabsolute

femalesizewasnotimportantincannibalism.Severa】otherstudiesonfilialcannibalismhave

reportedthatcannibalspreferentiallyeatsmallbroods(Ochil985,PetersenandMarchetti1989,

Petersen1990),andfilialcannibalismhasalsobeeninducedbyexperimentallyreducingbroodsize

(Mrowkal987,PetersenandMarchettil989,LaveryandKeenleysideI990).Aparentmay

abandontheentirebroodwhenitsreproductivereturndoesnotoffsetthecostofprovidingcare.In

A.40θ ゴ8〃8〃 彦,incontrast,sizeofbroodscannibalizedandsuccessfullymouthbroodeddidnot

differ.Broodsizerelativetothemale'sbuccalcavity,ratherthanabsolutebroodsize,maybeone

criterionforcannibalism。

Maleswerealsomorecannibaiisticwhentheyspawnedwithunmarkedfema】esthatvisited

fromoutsidethequadrat.Althoughfemalecountermeasuresagainstcannibalismhavenotbeen

investigatedindetail,Ioccasionallyobservedfemaleswhosebroodshadbeencannibalized

attacklngthecannibal孟sticmales,suggestingthatfemalescandiscerncannlbalisticmalesandavoid
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「e鞠matlngwlththem ・Ifthisisso,itwouldbeadvantageousformalestoeatbroodsproducedby

non-residentf巳males
,whichreturntotheirsitesafterspawnlngandareunawareofthesubsequent

cannibalismoftheireggs .

Sexualconflictsinreproduction

Besidesthefaml】yApogonldae
,nineteleostfamllieshavespecieslnwhichthemalea】oneoraHy

broodsorcarriestheeggsexternally(Blumer1979) .ThisformofparentalcareapParentlylimits

thebearingcapacityandrestrictsthepotentialforpo】ygamy .Thereby,amalemaybeareggsfrom

onlyonefbmaleatadmeandafbmalemaygiveherendreclutchtoonemale(butseeBerglundet

aL1988)・Them司orityofcardinalfishesforwhichdataareavailablehavesuchamonogamous

matmgpattern(Kuwamural983b
,Kuwamural985,Kuwamural987;Ch叩ter5・2;butsee

Fishelsonl970),Thispatternisalsosharedbysomespeciesofpipefishandseahorses(Vincentet

aLl992),Nevertheless,amonogamouspairisrarelymaintainedthroughoutthebreedingseason
,

exceptforHψ ρocα'η ρ`4∫seahorses(VincentandSadler1995)andCo'ッ'乃o'chぬy∫pipefish(Gronell

1984):moreoften,bothsexeschangematesduringthebreedingseasoniftheopportunitiesarise

(Kuwamura1985,Berglundetal.1989).

Thetrendtopolygamymaybeduetoasexualdifferenceinthepotentialrateof

reproduction(themaximumnumberofoffspringthateachsexcanproduceperunittime;see

C1・tt・n-B…kandVince・tl991 ・C1・tt・n-B…kandP・ ・k・・1992).Becau・e・f・ 】im」t・db…di・g

capacityandlengthyca・ep・ ・i・d・ ・f・m・1・ ・fp・t・ ・nalca・i・g・p・ ・i・・gene・allyp・ ・ducem・ ・eeg9・

thanam・ 】ecanb…d・F・ ・ex・mpl・ ・anave・ag・f・m・1・pip・fi・h褥 ・卿 ・ ・ρ燃 ・・P・ ・duce・eg9・

εof川1・8ma】eswithlnεhedurationofonemalepregnancy(Berglunde亡a1 .1989).In!L.

40ε4θ 〃8'砿femalesshortenedtheirinter-spawningintervalsbychangingmates
,butmalesdidnot

(Table4-2・1),suggestingahigherpotentialreproductiverateinthefemale.Thismeansthat

females・butnotmales・couldenjoygreaterreproductivesuccessthroughpolygamousmatings .

Inpipefish,ahigherpotentialreproductiverateoffemalesislinkedwithasuiteof

reproductivefeatures(VincentetaL1992):(1)theoperationalsexratioisfemale-biased;(2)

fema且esarethepredominantcompetitorsformates;and(3)femalesaremoremodifiedbysexual

selection・Animalswlththesefeaturesaretraditionallyregardedassex。rolereversed(Vincentetal
.
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1992,KvarnemoandAhne句61996) ,Ourfindingsuggeststhattheformertwofeaturesareshared

byA.40θ48〃8∫ η∫:theoperationalsexratiowasfemale-blasedalmostthroughoutthebreeding

season,femalesmorefrequentlymovedtosearchformatesandagonisticencountersweremore

frequentbetweenfemales(T.Takeyama,unpublisheddata).ThethirdfeatureisnotclearinA

40ε4θr1θ'η':noclearsexualdimorphismordichromatismcanbedetected.

Iftheoperationalsexratioisbiasedtowardsfεmales,maleshaveanoPPortunitytobe

selectiveinmating(BerglundetaLl986,Rosenqvistl990).Thissituationmustbeaprerequisiteto

theoccurrenceoffilialcannibalismbymaleA.40848〃8'η'。Iftwofemalesaresimultaneously

availabletoamale,heprofitsmorebyeatingthefirstbroodandrearingthesecondthanbymerely

choosingoneofthetwopotentialmatesandrearingonebrood.Thusfilialcannibalismofthisfish

maybeaconsequenceofsexualconflicts:femalescanbenefitfrompolygamousmatings,whereas

malescancompensateforthecostsofbroodingbyexploitlngmultiplemateavailability

VSummary

MalesofAρ080〃40848〃6∫ 〃Φreferentiallyateentirebroodsproducedbysmallerfemalesthan

themselvesandbynon-residentfemales,andusuallychangedmatesaftercannibalism.

Cannibalisticmalesre-matedmorequicklythanmaleswhosebroodswereexperimentallyremoved.

Theseresultsindicatethatcannibalisticmalestakeadvantageofmultiplemateavailability,

effectivelycompensatingforaparentalcarecostbyeatingthefirstbroodandrearingthesecond.It

issuggestedthatfilialcannibalismbythemalesisassociatedwithmatingstrategiesoffemalesthat

canshorteninter-spawningintervalsbychangingmates.
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4・3.Evolutionaryaspect:

Trade-of6sbetweencurrentandfuturereproduction

I.Introduction

Hetero。cannibalism ,thekilhngandconsumptionofnon-relatedconspecifics,occursinavarietyof

taxafromlowereukaryotestohigherprimates
,whereasfilialcannibalism,consumptionof

offspringbytheparent ,1srestricεedtosometaxonomicgroups(HausfaterandHrdy1984,Elgar

andCrespil992)・Fihalcannibalismismorecommoninspecieswithpaternalcare(Domineyand

Blumerl984,FitzGeraldandWhoriskey1992 ,Sargentl992).Thereasonisassociatedwithsexual

conflictsofinteresCmalesmakealargeparentaleffortbutasmallergamedcinvestmenαhan

females,sothateatingoftheirzygoteswithoutprovidingcarecanbeadvantageoustothemales

(FitzGeraldl992).

Fihalcanniballsmisofevolutionaryinterestbecauseitappearstocontradicttherulethat

organismsmaximizetheirreproductivesuccess .Foranevolutionaryexplanationofthisbehavioら

Rohwer(1978)arguesthatwhenthelossofcurrentreproductionentailedbyfilialcannibahsmis

outweighedbythebenefitfromthefuturereproduction ,thisparentalstrategycanbefavoredby

naturalselection.Acannibalisticparentmayincreaseitsfuturereproductivevalueby:(1)

increasingsomaticgrowthdirectlybythecalorlcintakeobtainedbyeatingoffspringandlor

indirectlybyre-allocatingthetimeitwouldspendonparentalcaretofeedingactivities
,(II)

improvingsurvivalprobabHitiesbyallocatingtheenergygainedfromcannibalismtothe

maintenanceofitssomaticcondition,and(III)increasingfutureopportunitiesforreproduction .

Aspredictedby】ifehistorytheory,individualsunderdifferentconditionswillsustaina

varietyofcostslnreproductionandalIocateenergyindifferentways(Roff1992) .Forexample,an

individualwithahighgrowthpotentialmayallocatemoreenergytogrowththantoreproduction
,

andanindividualwhoisingoodphysicalconditionmayinvestmoreillreproductionthaninthe

maintenanceofsomaticcondition.Similarly,adecisiontocommitfmalcannibalismbyaparent

w川beaffectedbyitslifehistoryand,physicalandsocialconditions.

MalesofAρ080η4084ε"8'ηleattheirentirebroodoccasionallyduringthemouthbrooding
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period(Chapter4・1).Inthepresentchapter,Iexaminehowtherateoffilialcannibalismofthis

fishvarieswithtimeandwithparentalage,andestimateinwhichwaysthecannibalisticmales

maketrade-offsbetweencurrentandfuturereproduction.

II.Methods

Fieldstudy

StudywasconductedwitlltheassistanceofmycolleagueatMuroteBeach,from1993tol996・

Methodsarethesameasthepreviousstudy(Chapter4・1,4-2).Inl993and1995,wemeasured

thestandardlength(SL)ofmarkedfishA1フ080η40848'・18〃 πinhabitingalO×20mquadratand

estimatedfishagefromtheirscales.W6recordedindivldualmatingexperienceandtheoccurrence

ofentirebroodcannibalismthroughoutthetwobreedingseason.Soonafterthefinishofthe

breedingseasonandaUhebeginningofthenextbreedingseason,werecapturedallmarkedfish

thatremainedinthequadratandremeasuredtheirSL,

W6calculatedthegrowthrateandsurvivalrate.Theindividualgrowthratewascalculated

asfollows,

G=(lnL【2-1nLt1)/(t2-tl)xlOO

whereGrepresentsthedailyspecificgrowthrate,andLtlandLt2theirSL(mm)onthefirst

capturedatetlandtherecapturedatet2,respectively.Thesurvivalratedurlngthebreedingseason

andthefollowingnon-breedingseasonwerecaiculatedfromthenumberofmarked.fishwhich

survivedatrecapturedlvidedbyallmarkedfishatcapture.Sinceadultsofthisfishshowedstrong

sitefidehty,markedfishwhichhaddisapPearedfromthequadratandwerenotsubsequentlyfound

nearbywereregardedashavingdied(Chapter2).

Estimationofoperationalsexratio

Theoperationalsexratio(OSR),theratioofmalestofemalesreadytomate,wasestimated.The
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OSRcanbeinfluencedbythreefactors:theadultsexratio,distributionofmalesandfemalesin

timeandspace,andsexualdifferenceinthepotentialreproductiverate(PRR)(Clutton-Brockand

Parker1992).ThePRRisdefinedasthemaximumnumberofoffspringthateachparentcan

produceperunittime(Clutton-BrockandVincentl991).TheOSRatagiventimeiscalculatedas

follows,

OSR(')=伽(∫)

×M(∫)×PR恥 ・(∫)

の(∫)F(∫)PRRプ(∫)

where4(∫)istheproportionofindividualsatthebreedingsitetotheadultpopulationattime∫,and

M(')/F(∫)theadultsexratio.Subscripts'ηand/areforthemaleandfemale,respectively・Because

sitefidelitywasveryhighinadultA.40θ4θ 〃8〃1'ofbothsexes(Chapter4・2),thee脆ctofspatio-

temporalfluctuationonthesexratiowasneghgib】e(41η(∫)14尺 ∫)≡1),Sinceamalereceivedthe

broodfromonefemaleandafemalegaveherentireclutchtoonemale,thePRRratiowas

approximatedbytheratioofaninverseoftheshortestinter-spawningintervalsobservedamong

malesandfemales.

Dataanalysis

Theexaminationofscalesshowedthatthisstudypopulationconsistedofl-to6-year-01dfish

(Table4-3」).Inthispaper,thedataofreproductiveexperiencewasusedonlyformales.Males

weredividedintothreeage-groups:young(1-and2-year-old),middle-aged(3-and4-yearold),

andold(5-and6-year-old)fish.In1993youngandoldfishwereextremelyscarce,whereasin

l995themiddle-agedfishwerescarce(thisdifferencewasduemainlytofluctuationsofjuvenile

recruitmentbetweentheyears).Therefore,tofacilitateastatisticalcomparisonamongthesegroups,

wepoo且edthedataof1993andI995.Fortheseasonalpatternofreproduction,however,wedidnot

combinethedata,sincethebreedingseasonofl995terminatedaboutonemonthearlierthanthatof

l993,Ineachyear,thebreedingseasonwasdividedintothreephasesaccordingtoreproductive

experienceofeachmale:phaseIincludesthefirstandsecondbreedingattempts,phaseIhhethird

andfourthattempts,andphaseIIIthefifthtoseventhattempts,

Bodysizewassignificantlygreaterinolderage-groups(young:死 ±SD=69・8±5.3mm,

N=29,middle-aged:85.2±2.9mm,N=27,01d:90.1±1.7mm,N=13;ANOVA,dfニ2,F=161.2,
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Table4-3.1.TheagestructureofA,40848〃8加'atthebeginningofthe

breedingseasonin1993andl995.一
梅arSex-T一 一一 可
1993Malelll792030

Femalell2265237

1995Male270019239

Fema】e3002211146

P<0.001).Thesizedifferencebctweentheyoungandmiddle-aged(ScheffF-test,P<0・0001)was

muchgreaterthanthatbetweenthemiddle-agedandold(ScheffF-test,P<0.003).

Results

Occurrenceoffilialcannibalism

Thecannibalismrate,theproportionofbroodscannibalizedtothetotalbroodsspawned,wasl6.5

%(n=90),16.8%(n=185)andl4.1%(n=71)foryoung,middle-agedandoldmales,respectively,

whichwasnotsignificantlydifferentamongthegroups(X2=0.29,df=2,P>0.8).Cannibals,defined

asmalesthatpracticedentirebroodcannibalismatleastonceinthebreedingseason,accountedfor

35.7%(nニ28),59.3%(n=27)and385%(n=13)ofallmalesintherespectivegroups,whichalso

didnotdifferamongthegroups()C2ニ3.40,df=2,P>0.1).However,theseasonalpatternoffilial

cannibalismwasmarkedlydifferentamongthegroups(Table4-3.2).Thecannibali .smrateby

middle-agedandoldmaleswashigherinthelaterphases・Cannibalismbyyoungmalesof1995all

occurredinthephaseI,mostlyinthefirstbreedingcycle(cannibalismrate:34・5%inthefirst

cycleand13.6%inthesecondcycle)・

AHofentirebroodcannibalismoccurredbythedayfollowingspawning.Of55maleswho

cannibalizedbroods,48re-spawnedwithinthebreedingseason.Allbutoneofthesemalesmated

withadifferentfemaleaftercannibalism,whichcontrastedwitharelative!ylowrateofmate

changebymaleswhohatchedtheirbroods(60・4%・N=187)・Withinafewdaysofcannibalism,
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Table4-3.2.Therateoffilialcannibalisminthreephasesofthebreedingseason・PhasesI-

IIIincludethelst-2nd,the3rd-4thandthe5th-7thbreedingattemptsforeachindividual・

respectively.Samplesizesareinparentheses.

-
YearAe.rouIIIIIIIvs.IIIvs.IIIIIvs.III

1993YbungO.0(4)25,0(4)0,0(2)NotapPhcable

Middle-aged5.8(52)19。2(52)27.5(51)***NS

Old25.0(4)25.0(4)100.0(2)NotapPhcable

1995Y6ung25.5(51)0.0(21)一(0)**一 一

Middle-aged50.0(2)100.0(3)一(0)Notapplicable

OldO.0(22)18.2(22)11.1(9)†NSNS

Fisher'sexactprobabilitytest:†0.05<Pく0.1,*・P<0.05,**1)<0.OlandNSnot

significant

midd】e-agedandoldmalesre-spawned,whereasyoungmalestookmuchlongertore-spawn(Fig・

4-3.1;ANOVA,df=2,F=16.6,Pく0.001;ScheffeF-test,youngvs.middle-aged:P<0.0001,young

vs.01d:P<0。0001,butmiddle-agedvs.01d:P>0.7).Amongyoungmales,thosewhohatchedbroods

re-spawnedsignificantlysoonerthanthosewhocannibalizedbroods(t=3.69,Pく0.00D.
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Fig.4-3.1Thetimetakentore-spawnformaleswhocannibalized

theirbroods(white)andmaleswhohatchedtheirbroods(black).Vertical

hnesandnumeraisindicatethestandarddeviationandsamplesize,

respectively.
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OP・ ・ati。nal,ex,ati。T・bl・4-3・3・Th・ ・h・ ・…ti・ ・er-sp・w・i・gi・te「val

forthemaleandfemale,theadultsexratio(SR,

male:female)andtheoperationa置sexratio(OSR)

Theshortestinter-spawningintervalwasineachmonthofthebreedingseason.

shortereachmonthinthef6malethaninthe -
male(Table4-3・3)・Thead・1tsex「atiodidi

,、,,val(d、y、)

notsignificantlydeviatefromequalityY6arMonthaeemaeSROSR

(X2・0.37,d鳳P・0.5i・1993andX・ ・0.29,1993M・y--0・82-

June1360.840.39

d伝1・P>0・5inl995)・Asa「esultofhighe「J

。ly97・.9・.7・

potentialreproductiverateinthefemale,August940.930・41

0SRw・ ・f,m・ 】,.bi、 、ed・h,。 、gh。 、・ ・h,1995M・y22-0・89-

Junell8LO50.76

breedingseason.

-

lstJuly

(a)R

eproductionandgrowth

　
りIstJuneO、o

Youlgmalestendedtosta「t

.thefi「st慧"讐 ＼.
b・eedlngl・t・ ・than・ld・ ・m・1・ ・(F19・4-3・2)・ 暑 ムム

　

Th・ ・ew・ ・aneg・ ・ivec・rrel・ ・i・・b・ ・ween当1、 、M、y葛
malebodysizeandthedateofthefirst右IstJuly

2(b)
り くひ

b・eedi・gac・ ・ss・ge-9…p・(・=-0・85・ も
。。超

。9。 。

P<0.001inl995,butr=-0.33,P=・0.07in霊oO

1、t」une8覧

1993)・Thi…endw・ ・a1…eenwi・hi・ き.＼ 噛

ロ㌧
、

youngandmiddle-agedmales(young:r=一 口'

0.59,P〈0.003inl995,middle-aged:rニ ー1stMay

.50607080901000

.38,P=0.05inl993,01d:r=-0.52,P>0」1n

Standardlength(mm)

1995).

Fig.4-3.20nseこoffirstbreedinginl993(a)and

Malescompletedfewerbreedingl995(b)inrelationtomalebodysize.Solid,chainand

・y・1・・i・1995(T・b1・4-3・4・ 王 器 翻 蹴
、:躍 潔d1騰 鷲

±SD=3.3±1.4,N=34)thaninl993(5・7±0・9,respectively・Breedings【hatresultedinmialcannibalism

wereomitted,
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Table4-3.4.Thenumberofbreedingcyclescompletedbyamaleina

breedingseason.Samplesizesareinparentheses.一
(2)(24)(1)

19952.7±1.ISD_4.8±0。4SD

(24)(0)(10)

Total2.9±1.3SD5.8±0.9SD4.8±0.4SD

(24)(24)(ll)

N=27;t=-7.90,P<0.0001).ThlsdifferencewasnotonlyduetoashorterbreedingPeriodinl995

butalsotothenumericaldominanceofyoungmalesinI995。Middle-agedandoldmales

completedmorebreedingcyc】esthanyoungma】es(Table4-3.4;ANOVA,df=2,F=54.6,P<0。0001;

ScheffeF-test,youngvs.middle-aged:P<0.0001,youngvs.old:P<0.0001).Accordingly,they

spentmoretimemouthbrooding(64.8and61.2%oftheentirebreedingseason,respectively)than

youngmales(33.5%).

Duringthebreedingseason,youngmalesshowedamuchhighergrowthrate(G)(王

±SD=7.63±4.42×10噸2,Nニ24)thanmiddle-agedandoldmales(0.08±1.46×10-2,N=24and

O.38±0.60×10-2,N=12;ANOVA,df=2,F=48.5,Pく0,0001;ScheffeF-test,youngvs.middle-aged:

P<0,0001,youngvs.old:P<0.0001).Amongyoungmales,thegrowthratewasinverselycorrelated

withthebreedingfrequencyinaseason(rニ ー0.43,P<0.05,N=22)butnotwiththefrequencyof

cannibahsm(r=0.11,P>0.6,Nニ22).Theirgrowthratewasalsocorrelatedwiththedateofthefirst

breeding(r=0.49,P〈0.03,N=20):thosewhostartedthefirstbreedingIatergrewmore.Inmiddle-

agedandoldmales,neltherthefrequencyofbreedingnorthefrequencyofcanhibalismhadany

effectongrowth(formiddle-agedofl993,breeding:rニ0.16,P>0.4,cannibalism:r=0.04,P>0.8,

foroldofl995,breeding:r=-0.00,P>0,9,cannibalism:r=0.00,P>0.9).

Reproductivesuccess裂ndsurvivalinrelationtocannibalism

Twofimessparameters,reproductivesuccessandsurvivalrate,werecomparedbetweencannibals

andnon-cannibals(Table4-3.5).Thenumberofbroodswhichcannibalsreceivedinaseasonwas
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Table4-35.Comparisonofthereproductivesuccessandsurvivalratebetweencannibaland

non-cannibalmales.Samplesizesareinparentheses.

〔

tahStlCa1eS1tat1SUCateSt

CannibalsNon-cannibals*(Pva】ue)CannibalsNon-cannibals*(Pva且ue)

Matingsuccess7.3±2 .ISD6.3±0,8SDO,04a4.6±3.3SD3.5±L4SDO.051a

(no・ofspawnings)(15)(12)(11)(23)

Reproductivesuccess5.4±0.8SD6.1±0.6SDO.054a2.9±2.7SD35±1.4SDO.26a

(no・ofbroodsha1ched)(15)(12)(且1)(23)

Survivalrate(%)

Inbrcedingseason83 .31000.26b84.692.00.5gb

(18)(12)(13)(25)

Innon-breedingseason46.775.00.24b8L878,30.9gb

(15)(12)(且 豆)(23)

1erenceetweentenumersospawnlngsanreelngslsuetoterooosseo「e

mouthbrooding.

at -test;bFisher'sexactprobabilitytest

greaterthanthatofnon-cannibals,butreproductivesuccess,measuredasthenumberofbroods

hatched,didnotdifferbetweenthem.Theirsurvivalratedidnotdifferduringthebreedingseason

norduringthenon-breedingseason.

Discussion

Age・specificcostofmouthbrooding

Lifehistorytheoryassumesthatthecurrentreproductioncarriesacostintermsoffuturegrowth,

survivalandfecundity(Williamsl966).Infish,parentaleffortcanreducegrgwth・ 〈Smithand

WoottonI995).InA40ε48'・1伽 ∫,middIe-agedandoldmaIeswhocompletedmorebreedingcycles

nearlyceasedgrowing(alsoseeChapter3).Amongyoungmales,therewasanegativecorrelation

betweenbreedingfrequencyandgrowth・Sincemouthbroodingforcesthemaletofast(Chapter2),

theincreasedbreedingfrequencywi11reduceitsfeedingoPPortunitiesandconsequentlywm

decreaseitsgrowthrate.Adeclineingrowthratemaylowerthepotentialforfuturereproduction

through(1)1imitationonthebuccalcapacityand(II)femalepreferencetolargermaiebodysize.

Thissuggeststhatparentalcareimposesafitnesscostintheformofgrowthretardationonmale、4。
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40848r'ε'η ∫.Thecostmaybeespeciallygreatforyoungmaleswhohaveahighgrowthpotential・

Anincreaseinmortalityduetoparentalcareiscommoninavarietyofanimals(Clutton-

Brock1991).Incare-givingfish,restrictedfbedingoPPortunitiesduringcaringforcestheparentto

exhaustitsenergyreservesanditssomatlcconditionoftendeteriorates(UngerandSargentl988・

Dufresneeta1.1990,Barbierietal.1992,vandenBerghel992,MarconatoetaL1993)・The

depletionoftheparent'senergyreservesmayincreaseitsriskofdeaththroughdisease,hyposthenia

andstarvation(SmithandWoottonl995).InA.40848〃 θ∫η',bothmalesandfemalesstorefatinthe

且iverpriortothebreedingseason.Malesdecreasetheirliverweightmoredrasticallythanfemales

bytheendofthebreedingseason,suggestingagreateroverallenergeticcostassociatedwith

parentalcare(Chapter2).Correspondingly,malemortalitywashighestlateinthebreedingseason

(Chapter2).Middle-agedandoldmalesspenttwiceasmuchtimeasyoungmalesin

mouthbrooding.Forthem,thecostofparentalcareintermsofdecreasedsurvivalpotentialmaybe

great.

Trade・off6infili紐1cannib裂lism

Theoccurrenceoffilialcannibalismdifferedseasonanyacrossage-groups:youngmalespracticed

cannibalismear】yinthebreedingseason,mostlyinthefirstbreedingcycle,whereasmiddle-aged

andoldmalesmainlydidsolateinthebreedingseason.Oneobviousbenefitfromcannibalismis

thecaloricintakefromtheeggconsumption.Y6ungmales,whocanbenefitbygrowthincrement,

maytransfertheenergyintogrowth,althoughthedirecteffectofeggconsumptionontheirgrowth

hasnotbeeninvestigated.Forthem,adelayedstartofreproductionthroughcannibalismmaybe

anotherwayofincreasinggrowth,Intheearlybreedingseason,whenwatertemperatureis

relativelylow,alengthybroodingperiodwillfurtherreducetheirfeedingopportunities.Some

youngmalesmayabandontheearlybroodsforthisreason.Thefactthatcannibalisticyoungtook

】ongertore-matethanyoungwhohatchedtheirbroodssupportsthispossibility.

InChapter4・1,ithasbeenfoundthatinmiddle-agedandoldma】esofA.4084θr1θ どη',the

frequentoccurrenceofcannibahsmIateinthebreedingseasoncoincidedwiththedeteriorationof

theirsomaticcondition,asalsosuggestedinotherpaternalcarefish(DeMartinil987,Petersenand

Marchettil989,Petersenl990,Belles-IslesandFitzGerald1991,Marconatoeta1。1993).Thisis
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P・・b・bly・ ・ttheca・ei・y・ungm・1・ ・wh・ ・et・t・lf・ ・ti・gP・ ・i・dduet・m・ ・thb…di・gw・ ・m・ch

・h・ ・t・・than・1d・ ・m・1・ ・.1!h・ ・been・ep・ ・t・di…m・fl・h・pecl・ ・th・tca・nib・1i・mh・ ・a・ig・ificant

effectonsomaticweightincreaseandconsequentlyenhancessurviva1(MeffeandCrump1987
,

B・ 】】es-1・ 】esandFit・G・ ・ald】993) .lnfact,cannlb・lm・1…fA4・ ・4・ 〃 ・∫〃'dld・ ・t・h・wahigh・ ・

survivalrateεhannon-cannibals(Table4-35) .This,however,doesnotnecessarilymeanthatbrood

cannibahsmisineffecdveinimprovingsomaticcondition .Aprehmlnaryanalysisofbody

componentsofthisfish(K ・OmorietaL,unpublisheddata)showedthatcannibalshadlowerprotein

contenαhannon-cannibals
,thoughtherewasnodif色renceinhpidcontent.Thismayindicatethat

cannibalswereinferiortonon-cannibalsinsomaticconditionwhentheyatethebrood
.Ifthisis

true,thefactthattherewasnodifferenceinsurvivalbetweenthemmeansthatfilialcannibalism

hadapositiveenergeticeffect .Clearlymoredetailedworkneedstobedonetounderstandthe

energeticbasesoffilialcannibalismofthisfish .

F・ ・fili・lcannib・1ismt・ev・1・ ・
,s・mec・mpen・ati・ ・f・ ・th・1・ss・f・urrent・ep・ ・d・ ・ti・・is

necessary(Rohwer1978) .However,itwasnotclearifmiddle-agedandoldmalesofA .40848r18捌

cancompensatecompletelyforthecurrentreproductiveIossbyenhancingsurvivalthrough

cannibalism.Itisalsounhkelythattheydisproportionatelyincreasethereproductivesuccessinthe

nextseason,becausethenumberofbreedingcyclesislimitedbythedevelopmentaltimeof

emb・y・ ・(Ch・pter3)・F・ ・th・ ・em・1…an・th・ ・p・ssib1・fact・ ・facilit・ti・gfili・lcannib・1i・mm・y

bem・1tipl・m・teavai1・bility ・Th・OSRi・thi・fi・hw・ ・f・m・1e-bi・ ・edth…gh・ ・tth・b・eedi・g

season,asisoftenthecaseinpaternalegg-bearers(Bayerl980
,Vincentetal.1994,butsee

Vlncent1994・ ・Vincent1994b)・Wh・ ・eth・OSRi・f・m・1e-bi・ ・ed
,m・teavai1・bilityi・p・tenti・11y

highforma且es」ftwofemalesreadytospawnaresimultaneouslyavailabletoamale
,hecanre.

matewiththesecondfemalesoonaftercannibalizingthebroodfromthefirstone
,and.thussucha

・e-m・ti・gcaneff・ ・tively・ ・mpen・at・f・ ・th・ ・ep・ ・ductive1・ssentai1・dby・annib、li,m
.

Cannlb・1・stlcmlddle-ag・dand・1dm・1…fA4・ ・4ぴ1・ 加'acωa11y・e-m・t・dwithinaf・wd・y・ 。f

entirebroodcannibalism(Chapter4-2)・Thiscontrastswiththepatternfoundforcannibalistic

young・whotookalongertimetore-mate・Broodremovalexperimentsuggestedthatcannibalistic

middle-ag・dandoldm・1・ ・c・ ・1d・e-m・t・q・i・klybyt・ki・g・dvant・g・ ・fm・1ゆ1・m・teavail・bihty

(Chapter4・2)・Theirfilialcannibalismmaybeaconditionaltacticthatisaffectedbysocia】factors

suchasloca】mateavailabilltyaswel】asbytheirphysica】condi!ion.
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VSummary

TherateofentirebroodcannibalismbymaleAρ080π40848〃6"z'didnotdifferamongage-groups・

Howeveらtheseasonalpatternofcannibalismdifferedmarkedlyamongage-groups:young(1-and

2-year-old)malesfrequentlycanniba】izedearlybroods
,especiallythefirstbrood,oftheseason,

whereascanniba】ismbymiddle-aged(3-and4-year-01d)andold(5-and6-year-01d)malesmainly

occurredlateinthebreedingseason .Iexplainedthisdifferenceintermsoftrade-offsbetween

currentandfuturereproduction .Ybungmales,whosefuturereproductivesuccessisenhancedby

thegrowthincrement,mayallocatemoretimeandenergytogrowthbycannibalizingearlybroods.

Incontrast,foroldermaleswhohavehadmorebreedingcyclesandgrowlittle ,cannibalismcould

beawaytoreversethedeteriorationintheirsomaticconditionthatoccursasthebreedingseason

progresses.Itisa】solikelythatthecurrentreproductivelossentailedbythecannibalismis

effectivelycompensatedbyquickre-matingwithanotherfemale.
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Chapter5

1nterspeci∬cvariationinstrategies

54.]LifChistorystrategy

I.Introduction

Inthepreviouschapters,IviewedtheecologyofAρ08・oη40848r1召'π',mainlyinevolutionary

aspects.AsstatedinChapter1,astrategyisdefinedasasetoftraitsdevelopedbyanindividualor

agroupoforganismstomeetaparticular .setofconditions。Ifspeciesareexposedtothedifferent

environmentalconditions,thentheywillhavesomedifferencesinthestrategy.Usingcomparative

methods,wecanknowthatadiversityofstrategiesacrossrelatedspeciesresultfromthepresent

andlorpastadaptationtothedifferentenvironments(HarveyandPagel1991).Inthischapter,I

describedifferencesinalifehistorystrategyamongthreesympatriccardinalfishes,A40848r16'〃 ∫,

A.ηo∫ α'配5andA.'2'88r,whosehabitatsaredifferentfromeachother,anddiscusswhatkindof

environmentalfactorscouldcausethedifferencesinthestrategies.

Moreoften,wewillseesimilarlitiesbetweenrelatedspecieseveniftheirsurroundingsare

muchdifferent.Themorecloselyrelated,thebettertheyresembleeachotherinphysiologica1,

behavioralandmorphologicaltraits.W6canknowthatthesesimilaritiesareduetoaphylogenetic

constraintthroughcomparisonamonghighertaxonomicg1'oups.InCh叩ter3,Itreatedthe

ProblemoflifetimeenergyallocationtogrowthandreproductioninA・40848"8∫ η∫・Atheoretical

modelsuggestedthatitsdeterminategrowthcouldbeultimatelyattributedtothereproductive

constraintconnectedwlthpaternalmouthbrooding.Ifthatistrue,othercardinaifisheswithpaternal

mouthbroodingwillalsoshowthedeterminategrowtl1・Totestthisprediction,Iinvestigatethe

growthpatternoftwocardinalfishesAηo∫ α'μ5andAηf88r.

ThemainpurposeofthischapteristoProvideanevolutionaryexp】anationofsimilarities

anddifferencesinthelifehistorystrategyamongthreecardinalfishesthroughcomparative

methods.

61



II.M劉terialsandMethods

Measurementoflif¢historyp捌mmeters

Istudiedreproductivebiologyandlifehistoryof・4ρ080η ηo'α 砺3and・4。 η'8θ バocomparewith

thoseofA.40848r18'η ∫.Studieswereconductedfrom1994tol996forA.ηo∫ α∫〃∫andfroml992to

l994forA.η ∫8θr.TheformerspecieslivesintheboulderareatogetherwiIhA40848"θ'砿

whereasthelattermainlyinhabitsthesandyarea(Kuwamural983a).ForAηo'α'〃 ∫,Iuseda

10×20mquadratwhichwassetontheboulderslopeforthestudyofA40ε46r1θ'η ∫;forAη ∫8θr,a

20×60mquadratwassetinthesandyarea.AlladultsofAη'8εrinhabitingthesandyquadratwas

individuallymarked,butA.ηo∫o∫ 〃3wasnotallmarkedintheboulderquadratbecauseschoolsof

thisfishtentative】ymovedaboutatthebeginningofthebreedingseason.Aftermarkingfish,I

measuredtheirstandardlength(SLmm)andremovedafewscalesfromthesefishtoestimatethe

ageinthelaboratory(Chapter2).Throughoutthebreedingseason,Irecordedreproductive

experiencesforeachmarkedfishbydailyobservation(Chapter2):post-spawningbehavior,which

wasobservedforthesetwospecies,helpedmetoidentifyspawningpairs(Kuwamura1985),Ialso

investigatedtheirpopulationdynamicsusingacapture-recapturemethodformarkedfish(Chapter

2).Thismethodalsogaveinformationontheindividualgrowth,

ThegrowthpatternisfittedtothevonBertalanffygrowthequation(Chapter3),

Lt冨L。 。(レexp(・K(t-to)))

whereLtisthestandardlength(mm)ataget,L。 。theasymptoticlength,Kthegrowthcoefficient,

andtOthehypotheticaltimeatwhichthelengthiszero.Tofitthisgrowthequationtothedataset,I

usedtheWalfordpIotforAηo'伽5,whiIeIapPliedthequasi-Newton'smethodtoA,π18θrwhose

growthdatawasscarce・Thelengthofnewly-hatc与edlarvaewassubstitutedforLO(3・80mmTLfor

、4,ηo鰯 κ5and2.45mmTLforA.η ∫88r;Kuwamural983a).

Theannualsurvivalratewascalculatedfromthenumberofmarkedfishwhichsurvivedto

recapturedividedbyallmarkedfishatcapture(Chapter2).
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Formeasurementofeggsize(diameter)andbroodsize(thenumberofeggsperbrood)・I

captured28malesA,ηo∫o∫ 麗∫andl5malesA.η ∫8θroutsidethequadratwithinadayoftheir

spawningandimmediatelyremovedbroodsfromtheirmouths.Thestandardlengthofthesemales

andtheh'mates,ifcaught,weremeasuredandafewsca且eswereremovedunderwaterforage

determination.

III.Results

Habitatusage

AdultfishofAρ080π40ε48〃8〃 πandA,〃o'`π``∫inhabittheboulderarea,whilethoseofAη'98r

inhabitsthesandyarea.Theformertwospeciesusedtheboulderforresting,spawningand

shelteringfrompredators.ThepotentialPredatorsweremainlyascorpionfish∫8わ α∫"∫c``∫

'ηor'ηo'・ α∫配5andrarelyamorayGy1朋o所orα κ ん∫ゴαんo.111theboulderhabitat,therealsoexisted

manyothersmallfishspecies(alsoseeSakaietal.1994).Apileofboulders,whichturnsout

spatialcomplexity,enablesmanysmallspeciestousethishabitatinavarietyofforms.

Inthesandyhabitat,poritidandfewacroporidcoralcolonieswerescattered.AdultsofA.

η'8θrusedthesecoralcoloniesasthespawningandshelteringsites.Largecolonies(>50cmin

diameter),whicharesuitablefortheirshelter,werescarce(0.09colonies/m2).Inthishabitat,there

werefewfishspeciesthatshowstrongsitefidelitythroughouttheyear,butlargepiscivorousfishes

wereoftenfoundtohauntthere(e.g.1izardfishes7}・oc痂 ηoc8ρ 加1μ3'ηyoρ ∫and∫yηo【1``3``108,a

scorpionfish3θ わα∫'∫3c尻3'η αη ηorα ∫``5,aflatheadPloリ ノc6ρ1zα1`4∫sp.andabastardhalibut

P∫8μ40'勿1η わ`4M'.∫'↓`3).

ThepopulationdensityatthebeginningofthebreedingseasonwasO.34,L51andO.03

(fish!m2)for、4.40848〃8'π'inl993,A.〃o'召'μ ∫in1995andA.π'86rinl993,respectively,Adults

ofA.40848〃8加'andAη'88rwereusuallysolitary,whereasthoseofA.ηo'o'`1∫wasgregarious

exceptforformingpairsinthebreedingseason,

Lifehistory
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ThebreedingseasonofA.ηo'α'〃 ∫wasfromJunetoSeptembeLPriortothebreedingseason・adult

fishformedpairsonthebouldersubstrata.Thenumberofpairsgraduallydecreasedlateinthe

breedingseasonandwereveryfewinOctober.Inwinter,adultsformedlargeschoolsconsistingof

thethousands,whilejuvenileswererarelyseeninthequadraLThejuvenilesmigratedtothe

quadrataftergrowingupyearlinginthenextbreedingseason(i.e。1-year-01dfish).The1-year-old

fishstartedthefirstreproduction,Oldestfishobservedwassevenandsixyearsoldformalesand

females,respectively.Theannualsurvivalrateforadultfishwas30,7%(N=153).Therewasa

significantsexualdifferenceinthesurvivalrate(male:42.7%,female:10.2%;X2=14.9,df=1,

P<0.0001),

Aρ ・8…'8…h・w・d・high-fid・1i・y
6325133227

・…e…inc・ ・al・h・1…i・ ・hen・n-b・eedi・g

-884。234217413

窪486
seaso・ ・P・i・ ・t・th・b・eedi・g・ea・ ・n(M・y一 ヨ4

52308372

0ctobe「)'bothmalesandfemalessta「tedto選

2麟1・ ・

movebetweentheshelterstoformpairs(Fig.7979
54

5-1.1),Duringthebreedingseason,markedo

IIASONDJFMAMJIASOfi

shfrequentlydisappearedfromthequadratlgg21gg4

(Fig・5-1・2)・ToconfirmwhethertheseFig,5-LlThedistanceofdailyshiftsbetween

di・apPea・ance・w・・ed・…dea・h・ …1臨 驚
,liご器 講 臨 £畿1翻 圏。朧

emigration,acensusoutsidethequadratwassize,respectively.

conductedoverawideareaattheendofthe

50

breedingseason.Of25fishobservedoutside

40

・h・quad・a・ …1y・w・w・ ・em・ ・k・d・ ・e・ ・ 量

℃30ロ リほ
Therefore,mostofdlsappearancescannotbe.≧

弓

・・t・ib…d…mig・a・i・ ・f・・m・h・quad・a・Th・ ξ20コ
annualadultsurvivalratewasestimatedtobe210

1L7%(N=60),Thissurvivalratewasnoto
JJASONDIFMAMJJASO

significantlydifferentbetweenthesexeslgg21gg4

(Fi・h・ ピsexactp・ ・b・bilityt・ ・t・P>0・6)・Fig.5-L2.M…hly、hang。 、i。di、apPea,ance、 。f

Becau、e・fhigh・d・hm・ …lity,theaduhA・'～'・6雨omthequad「at・Solidhneandopenb・ ・

illdica1ca10talnumberofadulIsinhabidng【hequadratand

populationstructurebiasedtowardyoungage-IhenumberofdisapPearaces,respectively.
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class(Fig・5-1・3)・SmalljuvenilesapPeared

du「ingand…naf・ …h・b・eedi・g・ea・ …b・ ・40

(。)

w・ ・e・ca・cei・ ・h・q・ad・aしTh。y。 、ed、 、、。ne
,30

20
「opeandpipeastheshelteringsitesinthes1ony

10

and・andy・ ・ea・Atth・b・ginni・g・f・henex・ 量

。l

b・eedi・g・ea…,th・yilmmig,at,di,t。 、he署 ・・づ
quad・a・and・ ・ed・hec・ ・al・h・1…ssamea、ad、1、 ξ ・・(b)

コ
fi・h.Alll-year-。ldfi、hth、tw、 、 。b、e,ved240

30th
roughoutthebreedingseasonstartedthefirst

20

reproduction .

10

Lifehistoryof/1.40848〃 θ'η'havebeen
O

describedinChapter2.且234

Age

GrowthFig5-1.3Theagest田clureofA.π'8εrinthe

breedingscasonofI992(a)and藍993(b) .Solid,

shadedandopenbarsindicatefemale,ma且eand

Inall・h・ee・peci,、,トyea卜 。ldfi、h、h。w,dai"dMdualofunknownsex・ 「especdve1・ ・

significantlyhighergrowthratethanthatoffish

intheolderage-c】asses(ANOVA ,A40846〃8'η':df=5,F=35.2,P<0.0001,、4.'zo'α 〃'∫:df=5 ,

F=125・4・P<0・0001,A・ η'8εr:notapPIicable;ScheffeF-test
,1-year-01dfishvs.older:allPく0.05for

Table5-1」.Annualindividualgrowthrateofthreecardinalfishes .Samplesizesin

parentheses,

e・6088「8槻 ・η0'0∫ 〃∫ .'1f曾8r

1175±559SD(4)】6.2±4.83SD(15)17 .8±10.7SD(8)

23.33±2.65SD(40)9.90±0.98SD(4)-2 ,43±3.43SD(2)

32.03±2.18SD(43)2.09±1.26SD(15)_

40.36±2.07SD(16)057±1.06SD(23)_

50.20±L76SD(6)1.19±1.OlSD(28)_

6-5.07(1)0.10±0.67SD(6)_
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Table5-1.2.Growthparametersinthreecardinalfishes.

peclesSexL。 。toα α ◎。

A.40848〃 伽'Malel.5686.5-0.0269.00.80

Female1.6288.6-0.0273.00.82

A.ηo,伽5Male1.3488.7-0.0360.00.68

FemaleL2987.0-0.0363.00.72

A.η'g8rMale1.6581.2-0.0261.50.76

Femalel,4885.9-0.0265.00.77

且00

th・f・ ・m・ ・tw・ ・peci・ ・;T・bl・5-1.1).Th・ ・e ,,一"一 一… 一… … 一豊 一 一一
80,"

werenosignificantdifferenceinthegrowth
60

rateof1-year-oldfishamongthesespecies40

(ANO鴨 ・d卜2・F=0・15・P>0・8)・2・(a)

Thep且rametersofthevonBertalanffyo

l2345678

9・ ・wth・q・ati・ ・w・ ・ec・mp・ ・ed・m・ ・gth・ 言 …

、h,ee、peci,、(T、bl,5.1.2).Th,g,。w、hε 、。,,6"一 ・'一 一'一 噂… …'脚

`・9り
…ffi・ientKw・ ・n・tmuchdiff・ ・ent・m・ ・g留60

の
ca・dinalfi・h・ ・b・tw・ ・eam・ngth・high・ ・ti・ 弓40レ
fi・h・・(ApPendi・1)・Thea・ymp…i・leng・h§20(b)

(L..)・f・h・ ・e・peci・ ・c・nve・g・d…h・ ・imil・・ 藷01234,678

value.Thehypotheticalgrowthcurvedrawnloo

f,。mth,v。,B・ ・t・1anffyg・ ・wth・quati・nwas80・'"

60

alldeterminateforthesecardinalfishesand

40

didnotdifferbetweenthesexesinanyspecies

(Fig.5-1.4).F。,,heca,dinalfi・h・ ・,・he20(C)

O

relativesizeatmaturitytoasymptoticsizel2345

(Lα!L..)、1、 。 、h。w・d・h・ ・ea・lyhigh…valueAge

amongfishes(ApPendixI)・Fig.5-1.4Hypotheticalgrow【hcurvesofA.

`10ε48〃8'πi(a),ん πo'α∫``∫(b)andA.π'88'・(c),drawn

rromthevonVertalanffygrow[hequationinTable5-1.2.

Propagulesizesohdanddouedhnesareformaleandfemale・

respec1ively.Eachplotpresen【s【hemeanbodylength.
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Table5-L3,Interspecificvariationineggsizeandbroodsize。

Samplesizeinparentheses.

eCleSlametermmrOOS且Ze

A.4084ε 〃8〃2∫0.88±0.04SD*8488±2357SD

(19)(24)

A.ηo'`伽30.89±0.04SD3315±1271SD

(28)(28)

・4.η'88'ゆ0.70±0.05SD18248±3679SD

(14)(15)t

*EggsaretreatedbylO%formalin
.

EggsizeofAη'gθrwassignificant置ysmallerthanthatofA.40848,・16'η ∫and、4.ηo緬'``5(ANOVA,

dfニ2,F=92.9,P<0.0001;ScheffeF-testA.η'98rvs.A.40848〃8〃z':P<0.0001,A.η ∫8θrvs.A.

ηo'α'墨`5:P<0.0001,A.40θ ゴ8〃8'η ∫vs,A.〃o'α 薦5:P>0.6;Table5。1.3).Incontrast,broodsizeofA.

η'g8"wasthelargestofallthreespecies(ANOVA,df=2,F=193.2,P<0.001;ScheffeF-testAη'88r

vs.A.40θ4θ 〃8'η':P<0.0001,.A.π'88rvs.A.ηo'α ∫尻5:P<0.0001,A.40θ48〃 θ'η'vs..A.ηo'α'`'∫:

P<0.0001;Table5-1.3).

InA40θ48〃8∫ η∫,thebroodsizepositivelycorrelatedwi[hmalebodysizebutnotwithfemale

bodysize(seeChapter3).InA.ηo'α'む`5,spawningPairsweresize-assortative(r2=0.81,N=95,

P<0.0001),andthebroodsizepositivelycorrelatedwithbothmalesbodysize(r2ニ0.53,N=28,

P<0.0001)andfemalesbodysize(r2=0.49,N=28,Pく0.0001).Thestepwisemultipleregression

analysisrevealedthatthebroodslzecorrelatedonlywiththemalebodysize(R2=0.53,F=28。8,

P<0.0001),InA.'1な θr,spawningPairswereveryweaklysize-assortative(r2=0.08,N=77,P<0.02).

Thebroodsizedidnotcorrelatewitheitherthemalesizeorthefemalesize(R2=0.00,F=0.00,

P>0.99).

Reproduction

ThebreedingseasonofA,η'86r(May-October)was且ongerthanthatofA.40θ48r'8'η'(May-

67



0.420

(a)(a)

0,3● ●一 ●●

15■ 瞳 ●

o.2=●'● ● ●

● ●●9●
　 　 コ　　 　0

,110● ●● ・
● ● ● ● ・

　 　 　 コ 　

〉逼0●.
9

墾0'4(、)-5182・22242628

ヨ0・3替20(b)と

02巳

曽'署 ・5_
。≡0

・1匿 一 ●

津 留

巴o§lo● … ●
の0.42●

・・(c)葦5
182。22242628

Σ20
0.2(c)

0.l
l5

0● ・

1718192021222324252627● ●
10

Watertempera加re(℃)一 ・

5
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rangeduringthebreedingseasonofthreecardinalWate「 琶emPe「atu『e(℃)

fishes,A.4084θ 〃θ'η'(a),A.πo∫ α'``∫(b)andA. ,.

,Flg.5-L6Rela【10nshipsbetweenthe
川8θr(c). ..

mouthbroodingperlodandamblentwater

temperatureinthreecardinalfishes,ん

o「0846'"θ'π'(a),A.ηo'α'ε45(b)andA.π588r(c).

August)andA.πo∫ α伽3(June-September)bytwomonths.Spawningoccurredwithinawide

thermalrangeforalhhreespecies(Fig.5-15).、4.η ∫88バendedtofrequentlyreproduceathigher

watertemperature.ThemouthbroodingperiodofA.η'8θ'・wasshorterthanthatofothertwo

species,partiallybecauseofhighwatertemperature(Fig.5-1.6).

Themaximumnumberofbroodsthatamaleraisedinaseasonwas7.4and8forA.

40848〃8'η',A.ηo'α ∫扉∫andA'1∫88'・,respectively,andtheaveragewas5.6,2.5and4.1.Asaresult

ofshortbreedingseasonandhighbreedingfrequency,A.40648,・18'η'onaveragespentmoretime

mouthbroodingPerbreedingcycle(78.6%;52.5%forA.ηo'碗`5and58.0%forA.η'8・ θr;ANOVA,

df=2,F=83.6,P<0.0001;ScheffeF-testA,40848〃8'η ∫vs。A'10'4'μ5:P<0.0001,A40848〃8加'vs.

A.η'8θr:P<0。0001,Aηo'α ∫κ5vs・A・ η∫88r:P>0・08)・Forthesespecies,thecorrelationbetween

malebodysizeandbreedingsuccess(thenumberofbroodshatched)inaseasonwasweak

(r2=0.15,N=30,P<0.04forA.40848〃8'η')ornothing(r2=0.08,N=39,P>0.09forA.'10'α'``∫and

r2=0。02,N=13,P>0.6forA.η'8ε'・).
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Thecorrelationbetweenfemalebodysizeandthenumberofbroodsproducedinaseasonwas

alsoweak(r2ニ0.12,N=31,P=0.05forA.40848〃8'η')ornothing(r2=0.03,N=16,P>0.5forA

ηo'α'κ ∫andr2ニ0.02,N=12,P>0.6forA.η ∫86r).Themaximumnumberofbroodsproducedbya

femaleinaseasonwas9,9andl4forA.4084θ 〃 θ∫η',A,ηo'碗'5andA,η'88r,respectively.Annual

reproductiveeffort,definedastheproportionoftotalbroodweight(theaveragebroodweight

multipliedbythemaximumnumberofbroodsproducedperseason)tofemalebodyweight,was

O,99,0,92andl.74forA.40848r18∫ η∫,A.ηo'o'μ ∫andA.η ∫8θr,respectively.

Reproductivesuccessatageκ@(κ)),halfoftheaveragebroodsizemultip且iedbytheaverage

numberofbroodsperseason,wascalculatedforbothsexesofeachspecies.Atagel,the

reproductivesuccessofA.η ∫88rwasbyfarthegreatestbothformalesandfemales(Fig・5-L7)・

Thiswasprimarilyduetotheirlargebroodsize.Incontrast,thereproductivesuccessofmaleA

ηo'o'κ5wasverysmalhhroughouttheaduhlife.Bothformalesandfemales,thereproductive

successreachedasymptoticatyoungage(、4.40ε4ε 〃 θ∫η'andAηo∫o'μ ∫)ordecreasedwithage(A

η'88r).

Fromtwolifehistoryparameters,thereproductivesuccess('η ω)andthesurvivalrate(1(κ))

atageκ,the'(κ)'η(κ)curvewasobtainedforeachspecies:the1(κ)'η(x)representstheexpectancyof
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Fig.5-1.7ThereproductivesuccessduringFig.5-1.8The1(x)m(x)curveformales

しhelife1imeformales(a)andfemales(b)inthree(a)andfema且es(b)inthreecardinalfishes,A,

cardinairishes,A・40α ノ8"8'π'(circles)・A・ πo'α ∫κ∫408618'ゾ θ'π'(circ且es),A.ηo∫o∫ κ∫(triangles)and

(【riangies)andA.〃'88グ(squares)・A.η'88グ(squares)。
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reproductivesuccessatageκ .Thesurvivalrateatage〃(1@))wascalculatedfromtheannualadult

survivalratetotheη 一thpowerThe1(κ)醒(κ)curveof
、4.η'88rwasmarkedlydiff巳rentfromthatof

・th・ ・tw・b・ ・且derspeci・ ・(Fig .5-L8).1・thisspeci・ ・,th・ ・ep・・ductiveexpectan・yw・ ・ve・yg・eat

atagelandthereafterdrasticallydecreased .Inothertwospecies,therewasagradualdecreasein

thereproductiveexpectancy .

IVIDiscussion

H劉bit飢typesandmortality

H・bit・t・w・ ・ecat・g・ ・izedi・t・tw・typ…th・b・ ・1d・ ・h・bit・tf・ ・Aρ ・9・ 〃 ・。4・ 。1。'。'and乃
.

〃o∫伽 ・andth・ ・andyh・bit・t侮 ・A・'8・^Sandydw・11i・gA・ ∫8・・had・high・ ・ann・alm・ ・t・1i【y

thantw・b・ ・ld・ ・dw・lli・g・peci…1・ 肋 ゴ8・・
,di・apPea・ance・ ・fm・ ・k・dn・hm・yhavebeend・ ・

m・i・1yt・th・i・deathbecau・eth・yw・ ・e・eld・mf・und・ut・id・th・quad・at
.Assh・w・i・Ch叩ter2,

th・m・ ・t・hty・fm・1・A4・ ・4・ ・励 伽 ・・high・ ・ti・th・1・t・b・eedi・g・ea…
,whenth,irs。m、ti、

conditi・n1・w・ ・ed・1・A・ ・∫8…th・i・di・apPea・ance・ ・ccurredth・ ・ugh・utth・b・eedi・g・ea・ ・n・ath・ ・

than1・t・i・th・b・eedi・g・ea…(Fig ・5-1・2)・Th・ ・ea・ ・nalp・tt・ ・n・fth・i・di・apPea・ance・

correspondedwellwiththatofthedailyshiftbetweenshelters(Fig
.5-1.1).Sinceadultfishand

theirsuit・bl・ ・h・ltersw・ ・e・p・ ・selydi・t・ib・t・di・th・ ・andy・ ・ea
,th・yneedt・exten・ivelym。ve

betweenshelterstosearchforspawningpartnersinthebreedingseason .However,suchindividuals

maybevulne・ab】 ・t・P・ed・ti・ ・beca・ ・el・ ・g・pi・ci・ …u・fi・h…ft・nhauntth・ ・e
.A・tually,

i・di・idual・th・tm・ ・eexten・ivelym・vedh・d・high・ ・m・ ・t・hty(・eeCh・pter5 ・2) .D・ ・i・gth,

breedingseaso11・someadultfishwereobservedtosustainagashonthebodyandonemaletobe

preyeduponbythescorpionfishjustafterspawning(N.Okuda,personalobservation) .These

resultssuggestthatthehighmortalityofthesandyspeciesisprimarilyduetopredation
.

Th・b・ ・lderspeci・ ・haveaplentif・1P・tenti・1・ef・g・f・ ・mp・ed・ti・nandea・yaccesst。

mate・owi・gtoa・e1・tivelyhighp・P・1・tl・ ・den・ity・1・thi・h・bit・t
,・inceth・ ・eal…xi・tmany

・m・11fi・hspeci・ ・(S・k・i・t・Ll994;A・It6・unp・bh・h・d) ,th・ ・e1・tiveabundance・fp・tenti・1

P・ed・t・ ・st・P・ey・peci・ ・willb・1・we・thanth・ti・th・ ・andyh・bit・ しF・ ・th・b・ulderspeci・ ・,th,

seasonalpatternandsexしlaldifferencesinthemortalityseemtobecausedbyanyfactorsotherthan
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Table5-1.4.Interspecificcomparisonoflifehistorytraitsinthreecardinalfishes・

.ηo'o'`'∫.ω θ68r8"1`・ 川8「

HabitatBoulderareaBoulderareaSandyarea

Popu且ationdensityV6ryhighHighLow

MortalityLowLowHigh
i

EggsizeLargeLargeSmall

BroodsizeVbrysmallSmallLarge

DurationofbreedingPeriodShortShortLong

BreedingfrequencypeK・seasonLowHighHigh

AnnualreproductiveeffortSmallSmallLarge

Maturityage(year)lll

'(κ)'η(κ)curveGradしlaldecreaseGradualdecreasePrecipitouspeakatagel

GrowthatternDeterminateDeterminateDeterminate

predation(seeChapter2forA40848'・'θ 〃πandCh裂pter5・2forAηo'α'z`∫)

1・ifehistorystrategy

InterspecificcomparisonoflifehistorytraitsinthreecardinalfishesissummarizedinTable5-1.4.

Therewerecleardifferencesinsometraitsbetweentheboulderandsandyspecies.Thesandy

livingspeciesproducedalargenumberofsmallereggscomparedwiththatofthetwoboulder

livingspecies.Suchatrade-offbetweenoffspringsizeandnumberiscommoninavarietyofplants

andanlmals(reviewedbyRoffl992,Stearnsl992).Incardinalfishes,thebroodingspaceis

limited(Ch叩ter3).Forthem,theeggsizereductionmaybethuseffectiveinincreasingthe

numberofeggstobeaccommodated・However,thisdoesnotnecessarilymeanthatthesandy

specieswiththelargerbroodsizeenjoyedgreaterreproductivesuccessthantheboulderspecies・

Thehatchedlarvaemayhaveasurvivaladvantageoflargeeggsize(Ahnesj61992b).Itisvery

difficulttoinvestigatetheeffectofeggsizeonthelarvalsurvivalduringtheplanctonicandposト

seItlementstagesandregrettably,therehasbeennosuchstudy.Therefore,furtherresearchneedsto

bedonefortheunderstandingthetrade-offbetweenoffspringsizeandnumberasanuniversalhfe

historystrategyofmarineorganisms・

71



ThesandyspeciesA.η ご88rreproducedathigherwatertemperatureforalongerperiodthan

theboulderspeciesdid.Highwatertemperaturecanshortentheembryonicdevelopmentaltime

untilhatch.Thisreproductivepatternenabledmalestocompletemorebreedingcyclesinaseason

andconsequentlyallowedfemalestogivemorebroodstothesemales.Throughthemultiple

breedingtactics,theycanattainthegreatreproductivesuccessevenwheninyoungadu1しActually・

Aη ゴ8θrshowedamarkedlydifferentpatternof1(κ)'η(κ)curvefromthatoftheboulderspecies・

reachingarelativelyhighvalueatagel.Thegenerahheoryoflifehistoryevolutionpredictsthat

organismshouldincreasethereproductiveeffortinearlylifewhenitsadultmortalityishigh

(HirshfieldandTinklel975),andthispredictionhasbeensupPortedbysomeempiricalstudies

(MincheUaandLoverdel981,Reznickl990).Foranorganismwithagivenhighmortality,there

aretwopossiblewaystoincreasethelifetimereproductivesuccess,representedasin【egrationof

1(κ)'η(κ).Oneistodisproportionatelyincreasethereproductivesuccessatolderage.However,this

wayisverydifficultforcardinalfisheswhosereproductivesuccessislimitedbythe

mouthbroodingability:bothmalesandfema】esdidnotincreasetheirreproductivesuccesswithage

(Fig.5-1.7).Anotherwayistoincreasethereproductivesuccessatyoungerage.Ageneral

demographicmodeldemonstratesthatanincreaseinreproductivesuccessatyoungeragehaslarge

impactsonfitnesscomparedtochangesinotherlifehistorytraits(Colel954butseeMeats1971).

Therefore,theincreasedreproductiveeffortatyoungerageforA.η58θrmaybeafecundity

compensationresponsetotheenvironmentwlthahighadultmortality.

Amongthreecardinalfishes,someotherlifehistorytraitswereunvaried,irrespectiveof

theirhabitats.Allthesespeciesshowedthedeterminategrowth.AsdiscussedinChapter3,

paternalmouthbroodingentailsmumalsexualIimitation:thereproductivesuccessofeithersexis

mutuaHylimitedbytheabilityoftheothersexwhichhastheIowerpotentialreproductiverate.An

optimalenergyallocationmodelpresentedinChapter3showedthatsuchareproductiveconstraint

couldpreventfishfromindeterminatelygrowing.Thegrowthpatternofthesecardinalfisheswas

themostdeterminateamongdiversetaxaoffish,Thedeterminategrowthmaybecommonina

familyApogonidaewhosecareformisapaternalmouthbrooding.

ThethreecardinalfishesattainedmaturityatageLTheirmaturityagewasearlierthanthat

ofotherfishspecies(mean=5.29y,ApPendixI).Thistrendhasremainedafteradjustmentforthe

observedmaximumage(Tα/T'η ακ,allspecies:0.38,Apogonidae:0.23).Asstatedabove,the
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earliermaturityiseffectiveinincreasingthelifetimereproductivesuccessforspecieswhose

reproductivesuccessdoesnotdisproportionatelyincreasewithage.Ithasbeenreportedinmany

cardinalfishesthatthematurityageislyear(e .9,、4.cyα ηo∫o'π α(SuzukiandUeno1983)・A

∫8而 伽8α ∫μ∫(SuzukiandUenol987),A,伽80'鰐(OmoriandTakahashil980),A8η46た α'oθ η'α

andA・ ρmρ εr侃μ μ3(N.Okuda,unpublisheddata)).Theearlymaturitymaybealifbhistorystrategy

specifictothisfamily.

VSummary

Alifehistorystrategywascomparedamongthreesympatriccardinalfishes,Aρ080η40θ4ε"8'砿A

ηo∫o∫診`∫andAη'88r.Theformertwospecieshvesintheboulderarea,whilethelatterlivesinthe

sandyarea.ThesandydwellingA.η'88'・hadahigheradultmortality,suggestingthatitwasdue

mainlytopredation.Thesandyspeciesproducedalargenumberofsmallereggsperbroodandhad

morebroodsperseason.Thesetraitsenabledthisfishtoenjoythegreaterreproductivesuccessat

youngage.Theincreasedreproductiveeffortatyoungeragemaybeafecunditycompensation

respollsetotheenvironmentwithahighmortality.Theotheraspectsof】ifehistorystrategywas

unvariedacrossspecies.Theyattainedmaturityatagelandtheirgrowthpatternwasdeterminate.

Theearlymaturitymaybeeffectiveinincreasingthelifetimereproductivesuccessforcardinal

fisheswhosereproductivesuccessdidnotdisproportionatelyincreasewithage,Anoptimalenergy

allocationmodelandcomparativemethodssuggestthattheirdeterminategrowthcanbeattributed

toreproductiveconsh噛aintslinkedwithapaternalmouthbrooding.
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5・2.Sexualstrategy

I。Introduction

Sincetheadventofsexua】reproduction,maleandfemalealwayshaveconflictedforinterestsin

reproduction.Thisisultimatelyduetosexualasymmetryofreproductiveinvestment(ParkeretaL

l972).Ingeneral,theformofinvestmentinzygotesismuchdifferentlnqualityandquantity

betweenthesexes,buttheirgeneticcontributiontothezygotesiseven.Thusonesexcanincrease

thefitnessbyexploitingthereproductiveinvestmentbytheothersex.Here,strategiesadoptedby

theconflictingsexesaredefinedassexualstrategies(Stockley1997).Thesexualstrategyis

differentfromareproductivestrategyinthenarrowsense:theformertermimpliesbothmaleand

femalestrategies,whereastheiattertermrepresentsthereproductivecharacterofaspecieswithout

consideringsexuality.Thesexualstrategyofonesexwillbeinfluencedbythatoftheothersex

(Stockleyl997)andacompromisebetweenthetwoconnictingstrategieswillbealsoaffectedby

theirsurroundings(Roweetal.1994)。Wecanviewthedyllamicsofsexualconfhctsthrough

comparisonamongdifferentpopulationswithinaspecies(MagurranandSeghers1994)oramong

closelyrelatedspecies(RoweetaL1994).

InChapter4-2,wehavealreadyseensexualconflictsinreproductionbyacardinalfish

Aρogoη40848r18'η'.Malesofthisspeciessustainthecostofmouthbroodingeggsbutcanbenefit

fromeatingthem.Incontrast,femalescanincreasetheirrep且 ℃ductivesuccessthroughpolygamous

matingsbutsufferacostofeggcannibalism.Thissexualconflictmayprevalentlyoccurincardinal

fisheswithpaternalmouthbroodingbecausethiscareformisusua11ycost且yformalesbutnot

females.Iinvestigatetheincidenceoffilialcanniba】ismintwosympatriccardinalfishesA.ηo∫o∫``∫

andA.η'88r,andthencompareitamongthreespecieshlclしldingA40846r18〃1'.Ialsodiscusswhat

kindofenvironmentalfactorscaninfluencethebalanceofsexし1alconflicts.

II.Methods

Fieldobservation
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1・t・di・d・ep・ ・ductivebi・1・gy・fAρ ・8・ … ∫・∫…andA .・'9顔 …mp・ ・ewithth・t・fA.

40848"6加'(Chapter5-1) .ImadefieidobservationthroughoutthebreedingseasonofA。 π'86rin

1993andA〃o∫ α砺3in1995」markedamndividualsof
、4.刀'88rlnIhesandyquadratandsome

lndlvldualsofA・ ηo'α ∫扉∫intheboulderquadrat
,andmeasuredtheirstandardlength(SLmm).By

dailycensusesandobservations ,Iinvestigatedreproductiveexperiencesforeachmarkedfish.For

Aηo∫ α∫尻3・unmarkedfishwithwhomthemarkedfishmatedwereidentifiedbythevariationof

line・and・p・t…th・head .Sinceth・ ・izedi・t・ib・ti…fA・ ・∫磁 ・ ・h・w・daclea・bim・d・lp・tt・ ・n,

thefishwerecategorizedintotwoslze-classesbyeye(Fig
.5-2,1),Irecapturedthemarkedfishof

b・ εh・peciess・ ・naft・ ・th・b・eedi・g・ea・ ・nand・emea・u・edth・i・SLt・ca1・u1・t・th・d・ily・pecifi・

growthrate(Ch勧pter4儘3).

ThecourtshipfrequencyandaggressionintensityshownbymarkedfishofA ,ηo∫ 召'μ5were

measured.Eachobservationwasmadefor20minutes .Forpairedfish,boutsofdisplaystowarda

mateandtowardfishthatapproachedwithin30cmofthepairswerescored(seeKuwamura1983
,

f・ ・ad・ ・c・ipti・n・f・ …t・hip・ep・ ・t・i・e)
,andth・f・equency・fth・ ・edi・pl・y・w・ ・c・mp・ ・ed

b・tweenam・leandf・m・1・i・th・p・irs ・Th・p・i・i・gP・ ・i・dw・ ・di・id・di・t・th・eeph・ ・e・th・

c…ti・gPh・ ・ei・f・ ・mp・i・ 飼 ・m・ti・nt・th・d・yb・ 飴 ・e・p・w・i・g
,andth・p・e-andp・ ・t-sp・w・i・g

phasearebeforeandaf!erspawningdurlngIhatday,respective】y.Unpairedmarkedfishwerealso

observedfor20minutes.
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Fig・5-2」Theslzedls11'ibuεlonofA .〃 で,``"♂'∫.SmaHslze.cIasslsForfish

whosebodysizcis77mmandless,andlargesize-classformorethan77mm
.

Openbarsarefor1-yea卜oidfishandshadedbarslbr〔woorInore .
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IsometimesfoundthatbroodsdisapPearedfrommales㌻mouthsbeforetheexpecteddayof

hatching.Forsomeofsuchmales,Icheckedstomachcontentsusingasmallsyringetoconfirmthe

occurrenceoffilialcannibalism(Chapter4・1).

Estim劉tionofoper翁tionalsexratio

IestimatedtheoperationalsexratiointhestudypopulationofA.〃o∫ α∫〃∫andA・ η'88r,accordingto

themethodinCh叩ter4-3.Theadultsexratiowasexaminedbycensusesinthequadrat・Potential

reproductiverate(broods/day)wasapproximatedbyaninverseoftheshoftestinter-spawning

intervalobservedformalesandfemales.

III.Results

ReproductivebiologyofApogoπ πo`α'``∫

5α ア01ε

AdultfishformedlargeaggregatlonsinthemiddledepthsinwinteLInApri1,twomonthsearlier

thanthebreedingseason,malesandfemalesbegantoformpairsonthebouldersubstrata.Pairbond

waskeptforonaveragel2.4daysuntilspawning.Duringthisperiod,thefemalesshoweda

significantlyhigherfrequencyofcourtshipbehaviorsthantheirmatesdid(Table5-2.1).The

femalesoccasionallyshowedextra-paircourtshipwithanothermale.Thepairswereapproachedby

conspecificfishandatotalof560therspecies.Amaleorfemaleinthepairusuallyattacked

conspecificintruders(79・4%,N=1213),buttheyseldomattackedheterospecificintruders(3.5%,

N=1982).Aggressiontotheconspecificintruderswasmorefrequentlyshownbyfemales,while

heterospecificaggressionwasnotsignificantlydifferentbetweenthesexes(Table5-2.1).The

femaleaggressionwasmoreintenseduringthepost-spawningPhase(王 ±SD=9・91±11.3per20

min.,N=22)comparedwiththepre-spawningPhase(5・41±5・42,N=17)andthecourtingPhase

(4.20±5.67,N=93;Kruskal-Wallistest,df=2,H=7・31,P〈0・03)・Incasesinwhichbroods

disapPearedsoonafterspawlling,femaleshadlessintenselyshowedaggressivebehaviorthan
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Table5-2.1.SexuaIdifferencesincourtshipfrequencyandaggresslon

intensityinpairsofA.ηo∫ 傭 ∬.NumeralsarethemeanIlumberofboutsand

thestandarddeviationper20mlnobservation(N=132).

BehaviorMaleFemalez

Coκr∫ ∫hψ

warpingorcirclingO.09±0.8823.61±28.20-9,05***

nuzzlingO.63±2.795.71±16.76-2.63*

parallel-circ互ing3、14±ll,55-

extra-paircourtshipO.00±0.000.38±L75-2.93*

A891「 ε∫∫∫0η

1η'rα ∫ρ8cのc

attackl.99±3。585.31±7.15-6.47***

beingattackedO.39±1.17-

nointeractionl.13±2.64-

1η∫θ即 θo{βc

attackO.06±0.320.05±0.24-056NS

beingattackedO.42±159-

nointeractionl4.49±10.50_

†Wilcoxonsignedranktest:*pく0 ,01,**p<0,001,***pく0.0001andNS

notsignificant

femaleswhosebroodsweresuccessfullyraisedbymales(Mann-WhitneyU-test,z=-3.38,

P<0.001).

In1640f220cases,pairswereseparatedafterspawning.Theseparationusuallyoccurred

durillgthepost-spawningphase(95.8%).Soonaftertheseparation,femalesalwaysinvitedanother

unpairedma】eattheirspawningsites.Thefemalesshowedahighfidelitytothespawningsite(also

seeUsukil977;Kuwamural985)・Allofmarkedfemalesthatwereobservedthroughoutthe

breedingseasonkeptpairedstatusuntiltheirlastspawning,afterwhichtheyjoinedschoolsof

conspecificfish・Incontrast,malesthatseparatedfromtheirmatesafterspawningremained

unpajredstatusuntilre-mating・Theunpairedmouthbroodingmaleswerenoatinginthemiddle

depthstogetherwithotheru叩airedfish・ThesemalesoccasionallyapProachedpairedfemalesto

displaycourtshipbehaviors(王 ±SD=0・97±L75per20min,Nニ36),buttheywereusuallydriven

awaybyamaleorfemaleinpairs・Under150f360bservations,they,ingroups,interferedwith

conspecificspawningsbychasingthepre-spawnillgorposトspawningmales・Amongtheunpaired

males,interactionswereneutra1(5.17±5・40)ratherthanagonistic(2.33±391;Wilcoxonsigned
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ranktest,z=-2.64,P<0.009).

忽 α伽9Pα π8rη

Allfemalesinthelargesize-class(Nニ176)matedwithmalesinthelarge-sizeclass,andmostof

femalesinthesmallsize-class(550f71)matedwithmalesinthesmallsize-class,SpawningPairs

inwhichthebodysizeofbothsexesareknownweresize-assortative(Spearmanrankcorrelation;

p=0.83,ρ<0.001,N=28).

Malestook8-14daystomouthbroodeggsuntilthehatchandthisperiodwasstrongly

affectedbyambientwatertemperature,irrespectiveofmalebodysizeandfemalebodysize

(Stepwisemultipleregressionanalysis,R2=0.84,F=274.8,P<0.000D.Thetimetakenformalesto

re-spawnafterhatchingeggsgreatlyrangedfromlto48days,independentlyofwatertemperature

(r2=0.00,P>0.9,N=83).Theinter-spawningintervalforfemalesvariedseasonallybutwasnot

differentbetweensize-classes(two-factorialANOVA,month:F=5.69,dfニ2,P<0.005,size:F=1.52,

df=1,P>0.2excludingdatainSeptemberforsmallsamplesize).Theinter-spawningintervals

significantlydifferedbetweenthesexesthroughoutthebreedingseason(Table5-2.2).Themean

intervaloffbmaieswasshorterthanthatofmalesandtheshortestintervalwasalsorecordedin

females.

Afterspawning,fbmalesinthelargesize-classmorefrequentlydivorcedtheirmatesthan

femalesinthesmaHsize-classdid()C2=16.6,df=1,P<0.0001,large:91.8%,Nニ159,smal1:70.5%,

Table5-2.2.Inter-spawningintervalofmalesandfemalesinA.ηo'o'``5.-
Mean±SD一 一 一 一M菰D-

MonthN(Min-Max)N(Min-Max)2*P

June3124.5±7544155±3.929,3<0.0001

(12-46)(9-31)

Ju】y4822・4±8・17713・0±5・658・1<0.0001

(Il-59)(7-53)

Augustl624・3±8・25813・5±4・025・5く0.0001

(15-48)(8-27)

SeptemberO-415・8±55NotapPlicable

(H-21)

omogorov-mlrnovtwo-sampetest
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N=61).Bothsmalland且argefemalesre。spawnedmorequicklywhentheychangedmatesthan

whentheydidnotso(1arge:tニ6.21,df=129,P<0.0001,small:tニ5,15,df=46,P<0・0001)・Mostof

newmateswerenon-brooder(81.1%).Therateofmatechangewassignificantlyhigherforlarge

femalesOC2=7.71,df=1,P<0.006;large:90.9%,N=132,sma11:75.0%,N=48)・Incontrast・neither

smallnorlargemalesshortenedtheinter-spawningintervalwhentheychangedmates(small:

tニ0.52,df=25,P>0.6,1arge:t=-0.69,df=80,P>0.4).Thematechangeratebymalesdidnot

significantlydifferbetweenthesize-classes()こ2=0.18,df=1,P>0.6;1arge:52・9%,N=87,sma11:

48.1%,N=27).Malesshowedthelowerrateofmatechangethanfemalesdid(X2ニ50・9,df=1,

Pく0.0001).

Duringtheentirebreedingseason,onefemaleonaveragespawned6.5times(±L7SD,

N=16)andmatedwith3.8differentmales(±L3SD,N=16),whileonemalespawned3.Otimes

(±1.ISD,N=39)andmatedwithl.9differentfemales(±0.8SD,N=38).Bothvalueswere

significantlygreaterinfemales(spawning:t=9.27,df=53,P<0.0001,mate:t=6・60,df=52,

P<0.0001).

の8剛 ∫o〃 α158κ γα'jo

Atthepeakofthebreedingseason,them勾orityofunpairedfishweremouthbrooding(73.6%in

Julyand762%inAugust;Table5-2.3).Inthisperiod,manymalesinthesmalladultpairwerealso

mouthbrooding,whereasmalesinthelargeadultpairwereusuallynon-brooder.Judgingfrom

observationsthatmarkedfemalesalwaysremainedpairedstatusandmostofunpairedfishwere

mouthbrooding,theunpairedfishareallconsideredtobema】e.Basedonthesecircumstantial

evidence,theadultsexratio(males:fema且es)wasesnmated.Thesexratioofsmalladultswas

slightlymale-biasedbutdidnotsignificantlydeviatefromequality(June:X2ニ1.21,df=1,P>0.2,

July:)(2=3.34,df=1,P>0.06,August:)C2=2・10,df=1,P>0・1;Table5-2・3).Incontrast,thesexratio

oflargeadultswassignificantlymale-biased(June:)C2=ll・1,df=1,Pく0・001,July:)C2=16.5,df=1,

P<0.0001,August:X2=21.0,df=1,P<0.0001).Inthelatebreedingseason,thenumberofpairs

decreased,whilethenumberofschoolingfishincreased(Table5-2.3).Sincetheschoolsconsisted

ofbothmalesandfema】es,thesexratioinSeptemberalldOctoberisnotknown.

Fromtheadul【sexratioandtheshortestillter-spawningintervalsoftwosexes,the
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Table5-2.3.Thesexratio(males:females)oflargeandsmalladultsinthequadrat・Numerals

inparenthesespresentthenumberofmouthbroodingmales.

unuAuustetemerctoer

Largeadult*No.ofpairs54(0)48(5)40(8)32(2)13(0)

No.ofunpairedfish60(0)73(57)79(60)16(1)1(0)

Sexratio2,112.522.98--

SmalladultNo,ofpairs58(0)85(56)68(23)14(0)4(0)

No.ofunpairedfishl8(0)37(24)26(20)10(0)4(0)

Sexratio1.31L441.38--

No.offishinschoolsOOO537(17)thousands

TOtal302376321655uncountable

*PairsofalargeandsmaHadultsareincluded
.

operationalsexratioineachmonthwas2.o

ca且culated・Sincethe「ewasahighlysize"璽

、5。 一 一 ← 一 一 。

assortativemating,theratioswereexamined墓

缶

・ep・ ・a・・1yi・ ・h・ ・w・ ・ize-classe・.Th・ 茎1'o`'"『 …'

・P・・ati・na1・ex・ati・ ・f・m・ll・d・lt・w・ ・nea・ 且yと ・5

朗
equal,whereasthatoflargeadしlltswasmale-0

0.O

biased(Fig.5-2.2).JunJulAug

Fig.5-2.2Theoperationalsexratiooflarge

F,1∫ α,。 α"η,励,,η(ci「cles).ands旺'al1(t「iang且es)adultsofA・notatus・
Brokenllneindlcatesequalsexratio.

Of214spawningsobserved,31broodsdisappearedfromthemale'smouthbeforetheexpectedday

ofhatching.Forl50fsuchmales,stomachcontentswerecheckedwithinafewdaysofspawning.

Ofthem,12hadeggsintheirstomachs.Oftheother16males,onewasobservedtoswallowthe

eggmass,fiveobservedtolosetheirbroodsjustafterspawningandtenwereunknownabouthow

theirbroodsdisapPeared.Fromthesedata,therateoffilialcannibalismwasestimatedtorange

between6,1and10.7%andtherateofbroodlosswhichcannotbeattributedtofilialcannibalism

between3.7and8。4%(N=214).

MaleswhopracticedfilialcannibalismchangedmatesinthenextspawningasfrequenUyas

maleswhodidnotso(Fisher'sexactprobabi且itytest,P>0.9;cannibalism:50.0%N=8,no

cannibahsm:46.4%,N=97).Theformermalesonaveragetook24.5daystore-spawnafterfiha1

81



cannibali・mandthi・tim・wassig・ificantlyl・ ・g・ ・thanth・tim・t・kenf・ ・m・1・ ・t・ ・e-sp・wnaft・ ・

h・tchi・g・g9・(13・Od・y・;Mann-WhitneyU-test
,・=-2,66,df=91,Pく0.008).

Somefitnessparameterswerecomparedbetweencannibalsandnon -cannibals:thecannibal

i・d・fined・ ・am・1・wh・P・acticedfili・1cannib・li・m・tlea・t・nceina・ea…(T・bl,5 -2 .4).Th・

cannib・1・did・ ・tdif免 ・f・・mthen・n-cannib・1・i・th・b・dy・izeandg・ ・wth・at・
.Then・mb…f

b…d・whi・hthecannib・lsrecei・ ・di…ea…w・ ・g・eat・ ・thanth・tf・ ・then・n -cannib、1、
,b。tth。

numb…fb…dsrai・eddid・ ・tdi脆 ・betweenth・m
.Th・ ・ew・ ・a且 ・・ …ig・ificantdiκ ・・encei・

theannualsurvivalratebetweenthem
.

Tab】e5-2.4.Comparisonoffltnessparametersbetweencannlbalandnon -cannlhba】

malesofAηo'α'κ ∫・Samplesizesinparentheses ,一
(Pvalue)SL

(mm)84.8±7.2SD86 .8±6.7SDO.20a

(9)(25)S

pecificgrowthrate(%・day'1×10-2)1.Ol±2.74SDO.76±2.21SDO.77a

(9)(19)N
o.ofspawnings3 .7±0.9SD2.7±0.8SDO .02a

(9)(25)N
o.ofbroodsraised2 .4±1.2SD2.6±0.9SDO .71a

(9)(25)A
nnualsurvivalrate(%)22 .244.00.43b

(9)(25)
aMann -WhitneyU-test;Fisher'sexactprobabilitytest

Reproductivebiologyof4ρ080〃 π ∫8・ar

5θ κ101θ

Bothmaiesa・dfem・1・ ・u・ualiy・ …t・dwithm・t・ ・th・texi・t・d・Uhe・am…nea・by・h・1t・ ・i・g

site・Cou「tshipwa・i・t・ ・mittentiy・epeat・df・ ・at・t・1・f4 ・ld・y・until・p・w・i・g .Sincec・u・t・hip

dlsp1・ys(・ ・9…ossi・gdi・p1・y;K・w・m・ ・al985)w・ ・e・im・ltane…1yand…P・ ・atively・h・w・by

・m・1eandf・m・1・i・p・irs・th・ ・e…1d・ ・tb・ ・ep・ ・at・di・t・m・leandf・m・1…1・ ・
.Sp・w・i・gand

courtshipbehaviorswererarelylnterferedbyconspecificfish .
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Femalesmoreextensivelyshiftedsheltersthanmalesdidinthebreedingseason(t=4・25・

P<0・0001;male:王 ±SD=1.42±0.87m,N=53,female:2,34±L29m,N=48)butnotinthenon-

breedingseason(t=1.06,P>0.2;male:0.55±0.54m,N=49,fema】e:0.72±0。75m,N=22)・Thedaily

shiftsofsheltersweremoreextensivelateinthebreedingseason(two-wayfactorialANOVA・sex:

F=2L3,df=1,P<0.0001,season:F=17,1,df=1,P<0.0001,sex×season:F=0.33,df=1,P>0・5)・

IndividualsthatdisapPearedduringthebreedingseasonshowedthemoreextensiveshiftsof

shelters(Kormogorov-Smirnovtwo-sampletest,)62=7.32,df=1,P=0,05),

ルzα ∫'π9μ π8rπ

Intheearlybreedingseason(May.July),themeanillter.spawningintervalsanditsshortestvalue

wasnotsignificantlydlfferentbetweenthesexes(Table5-25).Inthe且atebreedingseason(August-

October),theintervalsbecameshorterbothformalesandf6males,withashortervalueforfemales.

ThespawningPairswereveryweaklysize-assortative(r2=0.08,N=77,P<0.02).Withina

fewdaysofspawning,39femalesand4malesleftmatesattheirspawningsitesand21pairs

simu且 【aneouslyleftthere,Casesinwhichthepairbondwaskeptしmtilnextspawningwereonly

two.Therateofmatedesertionwassignificantlyhigherforfemales()C2=17.2,df=1,P<0,0001).

Aftertheseparationofspawningpairs,someformednewpairs,whiletheotherswerereinstatedin

thenextspawning,Femalesmorefrequentlyre-spawnedwiththenewmatethanmalesdid

(X2=7.18,df=1,P<0.008;male:38.5%,N=78,female:60。3%,N=73).Theinter-spawninginterval

forfemaleswasshorterwhentheychangedtheirmatesonlyinthelatebreedingseason(Table5-

Table5-2,5.Theinter-spawningintervalintheearlyandlatebreedingseasonformales

andfemalesof、4.η'88r. 一
一 一 一M部D-一 一 一 「 瀦D-

BreedinseasonN(Min-Max)N(Min-Max)2*P

Earlyl422・0±11・31419・6±9・91・290・99

(May-July)(ll-56)(10-47)

Late5212.9±4.15010.2±3.46.890.06

(Auust-October)(9-24)(4-20)

omO90rOV-mlrnOvtwO-sampeteSt
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2・6)・Theintervalformaleswasnotdifferentbetweenwhentheydidanddidnotchangemates・

Duringtheentirebreedingseason,onemaleonaveragespawned5.1times(±2・7SD,N=13)

andmatedwith2.4differentfemales(±1.4SD,N=8),whileonefemalespawned4.5times(±3・8SD・

N=12)andmatedwith2.4differentmales(±1.5SD,N=12).Therewerenosignificantdifferences

inthesetwovaluesbetweenthesexes(Mann-WhitneyU-test,spawning:z=-0・98,P>0・3,mate:z=-

0.04,P>0.9).

Table5-2.6.Inter-spawningintervalformalesandfemalesthatdidordidnotchangematesinthe

earlyandlatebreedingseasoninA.η'88r,Samplesizesinparentheses.

emaeae

aIeCangeomateCangeateCangeOmaIeCange

BreedingseasonMean±SDMean±SDz*PMean±SDMean±SDz*P

Early20.7±11.416.8±4.8-0.210.8326.1±14.416.7±4.7・1.360.17

(10)(4)(7)(6)

Late9.2±4.Ol1.0±2.5-2.140.0312.9±4.212.9±4.1-0,040,97

(26)(23)(14)(36)

ann-ltney-test

の θ7「α∫∫0πα1∫8κrαだO

TheadultsexratiowasO.93intheearlybreedingseasonandl.05inthelatebreedingseason.

Theseratiosdidnotsignificantlydeviatefromequality(early:)(2=0.02,df=1,P>0.8,1ate:X2=0.01,

df=1,P>0.9).Asaresultofhigherpotentialreproductiverateinthefemale,theoperationalsex

ratiowasfemale-biased(0.85andO.47intheearlyandlatebreedingseason,respectively).

17'1'α1cα ηπ'み α1∫∫7η

Ofll3broods,10disapPearedfrommales'mouthsbeforetheexpecteddayofhatching.In6cases

wherestomachcontentswerechecked,allmaleshadeatentheireggs,Oftheother4males,three

wereobservedtobepotbelliedsoonafterthebrooddisapPearance,suggestingthatthey

canniba】izedtheirownbroods(seeCh叩ter4・1).Therateoffilialcannibalismwasestimatedtobe

8.0%andtherateofbrood!ossO.9%.
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Afterfilialcannibalism ,thesemalesoftenchangedmates(83.3%),Thisrateofmatechange

washigherthanthatshownbymalesthatdidnotcannibahzeeggs(Fisher'sexactprobabilitytest・

P<0・03)・Formaleswhocannibalizedeggs,thetimetakentore-spawnafterfilialcannibalismwas

significantlylongerthanthetimetakentore-spawnafterhatchingformalesthatdidnotpracticed

cannibalism(Mann-WhitneyU-test,z=-2.47,P<0.02;cannibalism:王 ±SD=2L4±16・Odays・N=5・

nocannibalism:7.9±6.9days,N=72) .Comparisonoffitnessparametersbetweencannibalsand

non-cannibalswasthesameresultasthatofA.ηo∫ α'〃3(Table5-2.7).Thecannibalsreceivedmore

broodsperseasonthanthenon-cannibals,butbreedingfrequencywasnotdifferentbetweenthem・

Bothofthemhadalowsurvivalrate.

Table5-2.7.Comparisonoffitnessparametersbetweencannibalandnon-cannihbalmalesof

A・ η'8θr.Samplesizesinparentheses.

annlaSOn-CannlaStat1CateSt

(Pvalue)

SL(mm)70.1±7.4SD68.4±8.OSDO.63a

(7)(17)

Specificgrowthrate(%・day騨1×10-2)3.52±3.94SD6.85±6.23SDO.46a

(5)(5)

No.ofspawnings7.0±L2SD4。3±2、6SDO.06a

(5)(7)

No.ofbroodsraised5.6±1.5SD4.1±2.8SD*0.63a

(5)(7)

Annualsurvivalrate(%)14.311.80.9gb

(7)(17)

aMann-WhimeyU-test;Fisher'sexactprobabilitytest

IVDiscussion

Fenlalestrategy

Inalhhreespecies,femaleshadthehigherpotentialreproductiverate.Thisisprimarilyduetotheir

careform:reproductionofmalesislimitedbytheirbuccalcapacityandbyalengthy
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mouthbroodingPeriod(C畳1apter3).Sexualselectiontheorypredictsthatonesexwiththehigher

potentialmoreintenselycompeteformatesoftheoPPositesex(Clutton-BrockandVincent1991・

Clutton-BrockandParkerl992).Inthesecardinalfishes,femaleswereactuallypredominant

competitorformates.Females,forexample,movedaroundmoreextensivelytosearchformates

(Aρ080η40848r'8'η ∫and、4.厩gεr),theyweremoreaggressivetoconspecificfish(Aηo孟o'〃5)and

theyshowedmorefrequentcourtshipdisplays(A.ηo'α ∫〃∫).Animalwiththesefeaturesisgenerally

definedassexrolereversedspecies(VincentetaL1992,KvarnemoandAhne… 麺01996)・

Inthesecardinalfishes,thepairbondthroughoutthebreedingseasonwasweak・Females

usuallyshortenedtheirreproductivecyclebychangingmates.Thisisbecausefemalespawnlng

intervalispotentiallyshorterthanthatofmales.Keenleyside(1983)demonstratedthatthesex

whichwasreadytomorequicklyre-spawnwasmostlikelytodesertthemates,usingsexratio

manipulationexperimentofamonogamouscichlidH8/o'〃 αμ α η観'∫'5ρ 加050.Incardinalfishes,the

matedesertionappearstobeadvantageoustofemaleswhocanre-spawnmorequickly.Kuwamura

(1983)notedthatinA.ηo'磁`3,femalessometimestriedtoturnmatesoutoftheirspawningsites

aftertransferringeggstothesemates.Theobservedpairbondinstabilitymaybeanoutcomeof

femaledecision.

Keenleyside。sexperiment(1983)alsosuggeststhatmateavailabilityisimportantin

determiningwhethertodesertmates.Forthesexwithahigherreproductiverate,highmate

availabilitywmfacilitatethematedesertion.InAηo'α'↓`3,femalesinthelargesize-class,inwhich

theoperationalsexratiowasmale-biased,showedthehigherrateofdivorcingmatesthanfemales

inthesmallsize-classdid,andtheratewasthehighestamongthreespecies.Wheretheoperational

sexratioismale-biased,themateavailabilityishighforfemales.Iftheopportunitiestoquicklyre,

matearise,femalescanenjoygreatermatingsuccessbychangingmates.Thepolygamousmatings

maybethereforeanexclusivefemalestrategyincardillalfishes.

InthesandyspeciesAη ∫98r,femalesdidnotshortentheinter-spawningintervalinthe

earlybreedingseasonevenwhentheychangedmates・Sinceadultfishsparselydistributed,they

willhavetoextensivelymovetosearchforanewmateaftertheseparationofpairs.However,the

movementbetweensheltersmayputthemathighriskfrompredators.Actually,individualsthat

moreextensivelymovedhadahighermortality.Illaddition,thefactthatspawningpairsofA.η ∫g8r

werenearlyrandomratherthansize-assortativesuggeststhatahighpredationriskpreventsthem
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frommovingbetweenshehersandhenceassessingmates.Undersuchecologicalconstraints,itwill

bedifficultforfemalestoquicklyre-spawnwithanewmatereadytospawn・Incontrast・the

femalesinthelatebreedingseasonextensivelymovedbetweenshe】tersandshortenedtheir

intervalsbychangingmates.Sincethepossibilityofadultfishsurvivingtothenextseasonisvery

low(Chapter5・1),theywillhavelessfutu且 ・ereproductivevalueinthelatebreedingseason・

Therefore,itislikelythattheyillvestmoreinreproductiveactivitieslateinthebreedingseason・

InA.ηo∫ α∫5`∫,therewasaclearsexualdifferenceinthemortality(Chapter5・1).Inthis

species,femalereproductiveinvestmentwasgreaterthanthatofmalesintermsofgamete

productionandreproductiveactivities:theyproducedmorebroodsthanmalesraisedinaseason

andmorefrequentlyshowedcourtshipandaggressivebehaviors.Thehighermortalityinfemales

mayresultfromtheirgreaterinvestment.Thissexualdifferenceinthemortalityskewedthe

populationsexratiotowardmaleswiththeincreasingage.Ingeneral,themaleintensecompetition

andtheirsubsequenthighmortalityresultsinmonopolizationofmatesbysurvivingmales(Emlen

andOringl977,Daviesl991),whereasinsex-rolereversedspecies,femalessurvivingthe

competitioncannotmonopolizeadisproportionatelylargenumberofmates(e.g.pipefishes:1.8

matesfor/V8roρ 痂50ρ 痂4'oη(Berglundetal.1989),1.9for3yπ8η α〃躍 ∫'yρ1118(Berglundetal,

1989),cardinalfishes:2.3for.Aρ080η610ε48r18'η ∫(Ch翁pter4-1),2.3forA.η ∫8θf(thischapter)and

1.6forA.ηo'α ∫配∫(thischapter)).Thisisultimatelyduetoalimitedreproductivepotentialof

femaleswhoseeggproductionbasicallycosts,Ifasexualdifferenceinthemortalitywasgreater

thanthatinthepotentialreproductiverate,thentheoperationalsexratiowillbemoreaffectedby

theadultsexratio(Clutton-BrockandParker1992).Insex-rolereversedspecies,therefore,

escalationoffema】ematingcompetitioncanresultinthemale-biased,butnotfemale-biased,

operationalsexratio.

Malestmtegy

Filialcannibalismbymouthbroodingmalesoccurredinallthreespecies,Thesemalesmayhave

eateneggstoprimarilycompensateforthecostofparentalcare(Chapter4・1)。Inanyspecies,

however,thecannibalsdidnotsurpassthenon-cannibalsintheirfuturegrowthandsurvival。They

couldnotalsodisproportionatelyincreasethereproductivesuccessinthenextseasonbecauseof
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broodingconstraints(Ch叩ter5・1).Thus,thereproductivelossentailedbyfilialcannibalismwm

havetobecompensatedbythealternativewithinthecurrentbreedingseason・Interesting且y・the

cannibalsenjoyedmatingsuccessasgreatasthenon-cannibalsdidovertheentirebreedingseason・

althoughtheyabandonedsomebroods.Thisisbecausetheyreceivedmorebroodsthanthenon-

cannibalsdid.ThisfactsuggeststhaUhecannibaishadanoPPortunityforsuperfluousmatlngs・

Therefore,mateavailabilityformalesmaybeanimportantfactorfacilitatingfilialcannibalismin

cardinalfishes(alsoseeChI題pter4・2).

Therateoffiliaicannibalismwasdifferentamongthreespecies(Table5-2・8)・ ん

40648〃85η ∫showedthehigherratethanA.ηo∫ α'〃∫(forunderestimatedvalue;)こ2=9.71,df=1,

P<0.002)andA。 η∫8θr(X2=3.58,df=1,P=0.059).Intheformerspecies,cannibalsre-matedwithina

fewdaysoffihalcannibalism.Thesecannibalsmayhavehadmultiplemateavailabmtybeforethey

practicedfilialcannibalism(Chapter4・2).Wheretheoperationalsexratioisfemale-biased,some

malescanhaveachancetomatewithmultiplefemalesatatime.Intheothertwospecies,in

contrast,cannibalstookalongtore-mateafterfilialcannibalism.InAηo'α'z`∫,theoperationalsex

ratiowasmale-biasedornearlyequalthroughoutthebreedingseason.Themateavailabilityfor

maleAηo艇 κ∫islowcomparedwiththatofA40846〃8〃 τ∫.InAη ∫88r,theoperationalsexratio

wasfemale-biased.However,thisdoesnotnecessarilymeanthatmultiplefemalesare

simultaneouslyavailabletoamale.Formalesaswellasfbmales,themovementbetweenshelters

willberestrictedduetothehighpredationrisk.Thesemalesmaytakealongtimetoencounternew

matesreadytospawnafterfilialcannibalism.Themorequicklythecannibalsre-mate,themore

effectivelytheirreproductivelosscanbecornpensatedbythesubsequentbrood.Thus,forA

〃o'`,',,3andA.〃'88'一,thebenefitfromfilialcannibalismmaybesmallerthanこhatforA.4084θ 〃 ε加',

assuggestedbytheirlowincidenceofcanlliba】ism,

Table5-2。8.Therateoffilialcannibalislnandbroodlossillthreecardinalfishes.

.η0'α'μ3.`0θ68rα'π 」 ㍑ θr

No,ofspawnings214207112

Filialcannibalismrate(%)6.1-10.7*1558.O

Broodlossrate(%)3.7-8.4*1.00.9

*Therangerepresentsunder-andoverestimatedvalues .
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InA.40848r1ε 砺andA.η'86r,thebroodlossesexceptfiliaicannibalismrarelyoccurred・

whereasthebroodlossrateinA,ηo∫o'κ5wasmarkedlyhigh(Fisher'sexactprobabilitytes【 ・A

ηo∫o伽 ∫vs.A.40θ48〃 θ∫η∫:P<0.0003 ,A。 ηo'α'μ ∫vs.A.η586r:P<0.005,A.4084θ 〃8加'vs・A・ η∫88r:

P>0.9;Table5-2.8).InA.ηo'α'μ3,thesebroodIossesmayhavebeenduemainlytohetero

cannibalism(i,e。theeggconsumptionbynon-relatedconspecifics),becausemanyconspecificfish

gangeduponmalesthatlostbroodsjustafterspawning.Heterocannibalismisverycommon

phenomenonillalmostallanimals(HausfaterandHrdyl984,ElgarandCrespi1992)・This

behaviorisadaptivebecausehetero-cannibalsenergeticallybenefitbyeatingconspecificsbutnot

sufferageneticcost.Hrdy(1979)classifiedcannibalism(orinfantic孟de)intofivecategoriesonthe

basisofitsfunction:(1)expioitation;(2)resourcecompetition;(3)parentalmanipulation;(4)

sexualselection;and(5)socialpathology.Thecategory(1)apPliesinallcasewherecannibals

consumeconspecific.Heterocannibalismfunctioningasexploitationwillincreasethrough

intensifiedintraspecificcompetitionasthepopulationdensityincreases(DongandPolis1992).The

populationdensityof、4.ηo'o∫ 配3isconsiderablyhighcomparedtothatofsympatriccardina】fishes.

ThehighpopulationdensitymaybeaprimaryfactorfacilitatingheterocannibalisminAηo'α'〃 乱

Heterocannibalismassexualselectionisofsociobiologicalinterest.Insomeanimals,ithas

beenacceptedthatheterocannibalism(orinfanticide)functionsastheintra-sexualcompetitionby

whichkmerscangainaccesstomates(Hrdyl979;FitzGel'aldandvanHavrel987).InAηo∫o'ε`∫,

unpairedmalesthatofteninterferedwithrlvarsspawningareconsideredthemaincannibals,but

thisstudycouldnotshowifthesecannibalsincreasedthefu田rematingsuccess.

Sexualconflicts

Inthestudyspecies,femalescouldbenefitfrompolygamousmatings,whilemalescouldbenefit

fromf川alcannibalism.Thisisacommonsexualstrategyinth蓋'eespecies.However,thebalanceof

sexualconflictsvariedamongspecies・IntheboulderspeciesA40848r1ε'η',thefemalemating

strategycausedafemale-biasedoperationalsexratio,andasaresult,itfacilitatedthemale

cannibahsmstrategy.InthesandyspeciesAη'88r,ontheotherhand,bothfemalepolygamous

trendandmalecannibalistictrendwereonthedecline.Thissuggeststhatthesexualstrategiesare

restrainedbyecologicalfactorssuchasasparsedistributionofadultfishandhighpredationrisk.
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Eveninthesamehabitat,thesexualstrategiesthoroughlychanged.Inanotherboulder

speciesAηo'α ∫那∫,thepopulationdensitywasveryhigh(Chapter5-1).Inthisfish,frequent

intraspecificinteractionduetothehighpopulationdensityprovokedfemaletobeaggressiveto

conspecificfishwhicharethepotentialeggPredatoLTheincreasedreproductiveinvestmentby

femalescausedasexualdifferenceinthemortality,resultinginthemale-biasedsexratio・Where

theoperationalsexratiowasmale-biased,maleswasheterocannibalisticratherthanfilial

cannibalistic.Heterocannibalismcouldbealsoamalestrategy,wherecannibalsbenefitbyeating

non-relatedeggs.Conversely,ma且ecannibalism,whetheritisfilialorhetero,inflictsacostof

broodlossonfemales.

Insuchways,malesandfemalesofcardinalfishesconnictedforinterests.Earlystudieson

reproductivestrategiesdidnotrefertotheconflictingtwostrategies.However,therecentinterest

hasbeenaimedatthesexualconflictbecauseithelpsourunderstandingofsexualselectionand

matingsystem(RoweetaLl994;Stockleyl997).Thesexuahtyshouldbemoretakeninto

considerationtoinvestigatethereproductivestrategy.Thisstudyshowednotonlythatastrategyof

eithersexcouldbeaffectedbythatoftheother,butalsothattherespectivestrategiescouldvary

dependingonecologicalandsocialfactors.Toviewthedynamicsofsexualconf】icts,the

comparisonbetweenpopulationswithinaspeciesoramongcloselyrelatedspeciesisafruitful

method.

VSummary

Sexualstrategywascompal'edamongthreesympatriccardinalfishes,Aノ,080η40848〃 θ'〃',A.

,zo頗'``∫andA.〃'88r.Becauseofpatemalmouthbrooding,thepotentialreproductiveratewas

usuallyhigherinf6males・Inallspecies,femalespracticedpolygamousmatingstoenjoygreater

reproductivesuccess,whilemalespracticedfilialcannibalismtocompensateforthecarecost,The

maleandfemalesexualstrategiesvariedamongspecies.IntheboulderspeciesA.40θ48〃6〃2',

femalepolygamousmatingscausedthefemale-biasedoperationalsexratioandconsequently

facilitatedfilialcannibalismbymales・InthesandyspeciesA・11'88r,suchsexualstrategieswere

restrainedbytwoecologicalfactors,asparsedistributionofadultfishandhighpredationrisk.In

anotherboulderspeciesA・ ηo'`'〃`∫inwhichapopulationdensityisveryhigh,increased
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・ep・・ductiveinve、tmentbyf・m・1・ ・caused・ ・ig・ifican・ ・exualdiff・ ・encei・ ・h・m・ ・t・且i・y・・e・ulting

i・th・m・1e-bi・ ・ed・P・ ・ati・na1・ex・ati・.1・thi・fi・h,m・1・ ・m・ ・e・ft・ ・p・acticedh・t・ …butnot

filial,cannibalism,
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Chapter6

Generaldiscussion

Adapt飢ionandconstraint

Throughthecomparativestudyofcardinaifishes
,wehaveseendifferencesinlifehistorytraitsin

relationtoellvlrolllne耐s(Chapter5-1) .Thehfehistory!heoryassumesthatasetoftrajtswhjch

offbrthegreaterfitnessforindividualsinthepopulationisfavoredbythenaturalselection(Stearns

1992)・011emayconcludethatindividualswithacertaintraithaveadaptedtotheirsurroundings
,

usingεheoptimaliεymodelwhichmathematlcallyshows亡haαheyenjoy亡hegrea亡erfitnessεhan

individualswiththeothertrait .HoweverthisisnoInecessarilytrue.Adaptationistso血encommits

thisfaHacywhentheytrytoexplaintheevolutiolloftrai白1question .Wecannotgiveanadaptive

expianationforinterspecificvariationinthetraitsuniessthecausalrelationiselucidated .The

comparlsonalnongthecurrentlyexistingspeciesonlyshowsusacorrelationbetweentraltsand

environments(HarveyandPagell991).

Strictlyspeaking,theconceptofadaptationshouldbefoしmdedonthecomparisonofan

indi・idua】 ・・p・P・1ati・ …a・peci・ ・b・twee・tw・di仔 ・・entp・i・t・ ・f・tim・ ・e・ies」 ・thisst・d払th・

interspecificcomparisongivesusnoinformationaboutwhichspeciesisancestral:theancestoris

theboulderspeciesorthesandyspecies・andsolitaryorgregarious .Ifaphylogeneticrelationshipis

known,thenitwHIbeeasytodeducetheevolutionaryprocess.Therefore ,furtherworkneedstobe

donefortheunderstandingtheadaptationillcardlnalfishes .Oneofeffectivewaystoknowthe

evolutionaryhistoryisamolecularphylogeneticanalysis:thephylogenyrepresentsthecourseof

hlstorywhichorganismshaveexperiencedandingeneral,thepatternofDNAsequencereaecεsthe

phylogen)へAtthepresentdaめDNAsequenceanalysistodrawphylogenetictreehasbeena

commonplace,asmolecularbiologicaltechniqueincreasinglyadvances .Themolecular

phylogenetictreeisausefultoo1亡otestevolutionaryhypotheses.

Moreoften・wefindsimilaritiesinlifehistorytraitsamongrelatedspecieseveniftheir

surroundingsaregreatlydifferent・Incardinalfishes,forexample ,thegrowthpatternofthree
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specieswasalldeterminate(Chapter54).Anoptimalallocationmodelpredictedthattheir

determinategrowthcouldbeattributedtorepl・oductiveconstraintslinkedwithpaternal

mouthbrooding(Chapter3).Thispredictioncanbetestedbycomparingamongfishesinwhich

thereexistreproductiveconstraintstoavariousextent.Thiscomparisonactuallyshowedthatthe

growthofafamilyApogonidaewasthemostdeterminateamongdiversefishtaxa(ApPendixI)・

Wecanknowthatsuchasimilarityisduetoaphylogeneticconstraintonlywhencomparingamong

highertaxonomicgroups.Theadaptationandconstraintarethecontinuum,whichoftenconfusesus

becauseoftheinconsistentconcluslondrawnfromcomparisonatadifferenttaxonomicleve1・In

practicingthecomparativemethods,moreimportantistoapPropriatelychoosethetaxonomic

groupwithinwhichtraitsinquestionshouldbecompared.TheapPropriatecomparativemethods

willhelpourunderstandingofadaptationandconstraint.

Sexualconflictandsexualselection

Sexualreproductiona】waysinvo】vesaconflictforinterestsbetweenthesexes(Halliday1994).In

fishes,theprevalenceofpateK'nalcaremaybealsoanevolutionaryconsequenceofsexualconflicts

(Clutton-Brockl991).Filialcannibalismbymalesiscommoninfishes,especiallyinpaternalcare

species,whereasmaternalcannibalismislessfrequenteveninspecieswithmaternalcare(reviewed

byDomineyandBlumer1984,FitzGeraldandWhoriskeyl992).Thisdifferenceisultimatelydue

tosexualasymmetryingameticinvestment:malespermisenergeticallycheapbutfemaleeggis

expensive(Parkeretal.1972).Acostofeatingzygotesisnegligibleformalesunlesstheyinvestin

caringforthezygotes.Inpaternalspecies,fi且ialcannibalismbymaleswhoserationisrestrictedby

theparentalcaremaybeaparasiteontheprodし1ctionoffema且es(Rohwerl978).

Alsoillcardilla】fishes,filialcannibalismbymouthbroodillgmaleswasaconsequenceof

sexua】conHicts(Chapter4・2,5・2).Theprevalentoccurrenceoffilialcanllibalisminthisfamily

maybeprimarilyduetoalargeenergeticcostofmouthbrooding(Chapter2,4・1).Malescan

compensatefortheca1'ecostbyeatingtheirowneggs.Amale'sbenefitfromfilialcannibalismis

achievedatafemale'scosLThebalanceofthisconfhctmaybedeterminedbytherelativecostsand

benefi【sinvo且vedforbothsexes:malecannibalismstrategyismoreprofitableasthefemalebenefit

frompo且ygamousmatingstrategyincreases,andviceversa(Chαpter5-2).Thecomparativesmdy

94



「evealednotonlythatmaleandfema且estrategiesweremutuallyaffectedwithinaspecies
,butalso

thatbothstrategiesvariedamongspecies .Thisvariationinthesexualstrategiesmayreflecけhe

ecologicalandsocialdifferencesintheenvlronmelltswhichsurroundeachspecies .

TheevolutionofsexualreproductionbroughtforthanotherimportantconcepLSince

Darwin(1871)proposedtheconceptofsexualse】ection1oexplaintheevo】utionofsexdifferences
,

thisfieldhasbeenenthusiasticaliycontroversiaLTwoepochalideas
,operationalsexratioand

potentialreproductiverateofferedbyEmienandOring(1977)andClutton-BrockandVincent

(1991),respectlve】y,provokedtheoreticiallsandempirlcalworkerstoεakeafurtherinterestln

studiesofsexualselection .ThesetwoindicatorsenableustopredictonwhichsexthesexuaI

selectionoperatesmorestrongly ,assupportedbynumerousempiricalstudies(Clutton-Brockand

Vincen口991;KvarnemoandAhnesj61996) .Incardillalfishes,mouεhbroodingusuallyretarded

malereproductiveratebelowthatoffemales(Chapter4-2
,5・2),Inthisfamily,sexrolereversal

maythereforebeanaturalconsequenceoftheircareform
,asisoftenthecaseinpaternalegg

bearers(Gwynnel991 ,RosenqvistI993),Nevertheless,thestudyofAρ080π ηo'α ∫``∫showedan

しmusualcasetous.Inthisfish ,femalesweremoreactiveinreproductionbuttheoperationalsex

ratiowasmale-biasedoverthebreedingseason .Thisdoesnotseemtoagreewiththegeneralrule

ofsexualselectiontheory,thatis,competitionformatesishigherinthemostabundantsex .

Recently,Ihavecol】ectedsomecircumstalltialevidencethatthesexualselectionwouldmore

stronglyoperateonmales,butnotfema}es,inAηo∫o'``∫(N .Okuda,inpreparation).This

・・mp・ ・ative・ ωdy・h・w・dth・tth・i・ten・ityanddi・ecti…f・exual・electi・nc・ ・ldva・yd・pendi・g

onenvironmentstowhichspeciesareexposed .
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AppendixI

G・ ・wthp・ ・am・tersi・fis畳 ・e・・F・ ・K,L..,L。andL。/L..
,・eeth・texしT・ ・翻 ・th・ ・b・e・ved

maxlmumageandTαtheageatmaturity .MandFrepreselltmaleandfemale,respectively・

F・mnySpeci・ ・KL ..(mm)L。(mm)L。/L..T〃 燃T。SexR・f・ †

Chondoridlthyes

Lamniformes

Lamnidae1∫ 呂`r↓`50κ),'・"κ加 ∫0 .27302018200.604.53M1

0.20345025800.751157F

CarcharhinifOnnes

Triakididae乃 ・'4ん'∫38'η蜘 ∫dα'α0 .09149910000.67247M2

0.07160210500,6624且OF

CarcharhinidaeR/1'zoρ'・'oη040〃'6〃u8ηoり α80 .3610808000。74104M3

0.3610808700.81105F

Cα'でノ～α"〃'μ`5ρ"`'7め α`∫0.05257015500 .615】3M4

0.04299015500522112F

Cω 幽c伽 勲 ～ε`∫声'1cヴb〃'z'∫0」5291021000.7212.86M5

0.15291022500.7713.87F

Sphymidae51,伽7～ α'8w〃 ～'0.07329018000 .5511.610M5

0.07329025000.76168且5F

Squalilb置'mcs

Squalidac∫ σ〃o'``∫αcα'～'ノ3'o∫a)0,09847681*0 .803814M6

0.031251810*0.655223F

∫g`'o〃`∫αc6〃1'〃α∫b)0.07961681*0 .713514M6

0.031291810*0,636423F

∫g``σ'``∫`lcα'～〃～'α∫c)0.0710187200 ,7且ilM6

0.0415299350.6120F

3σ,`α1``∫oα〃～〃～～6'∫d)0,2且7976000.755M6

0.1110148200.8111F

Rajiformes

Dasya1ididaeD`'5ン`'〃 ∫`'切'6'0.1015004400 .2935M&F7

0steichthyes

Clupeilbrnles

ClupcidaeC1'`ρ6`'1～.ノ'α'層8〃8"∫a)0.383002400.804 .5M&F7

C1μρ86,乃.1～ω 一8,,8,,5b)0,38290235α815M&F7

α``ρ即1,.ノ1α,・8,,8``∫c)0.392952400.814 .3M&F7

C'``ρ60/L1～ α,・8,,8`,∫d)0.273402800.826 .4M&F7

C'`,ρ6`〃 ε.ノ,ω一8〃g,`∫e)0.213602050577 .5M&F7

α 〃ρ6`,ん.ρ`,〃`,∫'0.193852900.757 .4M&F7

∫ω ゼ'〃oρ∫c`,8,・正,'80a)0.392601850.713 .2M&F7

109



・。m"ySpeciesK・..(mm)・ 。(mm)・ 。几..・'照 ・T・ ・exR・ 飴†

∫。,伽 ρ、_、',。b)0.453002250.753・1M&F7

SalmOniformes

S、lm。nidaeC。,。8。,。 、蜘,ゆ"。'、 、)0」35002700546M&F7

C。,。8。,。、,c'、,ρゆ,,,醐0.094902700.558・9M&F7

C。,,8。,、 、醐 ・'0512801800.642M&F7

∫。',,',幡 。ω。。),α、、'、0.075601840.335・7M&F7

∫α"ηo∫π伽0.363002400.804.5M&F7

翫 ル・〃。。・。伽 ・0.0314004500・3212M&F7

0smeridaeO∫1η εr`4∫,ηorグακ48π ∫8κ0.223252000.62156M&F8

E、。、idae酷 。。'、、。'、、、a)0.35770400052且02M9

0.2410004200.4292F

E、。.'、廊b)0.2111005M9

0.21115012F

盈oκ'麗c'μ3c)0.386goM9

0.26940F

島ox1μd``∫d)0.36770M9

0.281160F

酷oκ"`dκ ∫e)0,161410M&Fg

Cyprilli{brnles

Cyp・i・idaeP'・ ・加 ・ρ加 加 ・・05590380・421M&F7

乙α46'∫α`∫'ακ'∫α`5a)0」9265920.3592MlO

O」72581600.62104F

乙α`o∫∫α`∫'α`c'∫α`5b)0.282651且30。4292MlO

O.22275nlO.41102F

乙ακ'∫α`∫'α κ'∫α`∫c)0.30260M&FlO

乙8'κ'∫α`∫'ακ'∫α`∫d)0」8210M&FlO

ムα`61∫α`∫'α`d∫ α ∫e)0.14300M&FlO

乙α{c'3α`∫'α`d∫ α`∫1)0.32240M&FlO

ムα`cl∫α`∫1α`cl∫α`∫g)0.37287M&FlO

Lα κ13α`31eκcl∫ α`∫h)0.32247M&FlO

CobitidaeRl`励`∫ α'・cα511a)026120440・3742Mll

O.26120400.3352F

R``励,∫ ακ α∫llb)0,271334203242Mll

O.27133360.2761F

Rμ1枷5α,℃ θ∫〃c)0.40117M&Fll

Rμ,〃``∫α,・co∫〃d)0.43103M&Fll

1～,,∫〃μ∫rμ,〃``∫a)0.252401180.49目3NI12

0.153701200.32133F

R〃 〃``5,w〃``∫b)0.1440013M12
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F・mi且ySpeci・ ・KL ..(mm)L。(mm)L。 几..T〃 燃TαSexR・ 飴†

0.1343013F

Bah・achoidifomles

BatrachoididaeOρ ∫α'1'`∫'ω`a)0 .1540711M13,i4

0.39272161*0.6092F

Oρ ∫``川`∫'αμb)0.11381Ml3

0.41241F

Gadirormes

GadidaeO融`∫'η',1f`'μ ∫0.402401300.542M&F7

(}α4忍'∫レ"幽6π∫0.191070710α665.7M&F7

M61α'～08'η 川〃π`∫α88'ψ ～f`50.205302600.493,4M&F7

Merluccndaeハ4θ 〃``cc',`∫,η8〃`κ',,∫0.106002700.456M&F7

BcrycifOrmes

Holocenlridacん4yrψ'・'∫ ∫IM'η α6〃α0 .22194149*0.7714>6M&FI5

∫o'習oc8π 〃goπ4'α48"1α 且,13168M&Fl5

〃o'oc8'～ 〃'`'∫4'α`!8'ηαL47且53M&F15

〃o'oc8'π 〃`M∫ ご8〃∫'oη1∫0.39230M&Fl5

Gaslcroslcifol'mes

GasterosteidaeGα ∫∫8'η∫'8"Mα 〃8α'"∫0.6467360541.2M&F7

P'川8"1κ ∫ρ`川8〃'``∫1.6043370.86L2M&F7

Scorpaeniformes

Scorpaenidae∫8わ α∫"∫c`'∫川α〃ηo'η'μ∫0.51188152*0 .8163M16,17

0.55174145*0.8463F

86わ α3'8∫'んo,ηρ50'～'0。223329M&F18

HexagrammidaeOギ)ぜ6伽 ∫μ 伽 ∫a)0.321841230 .6752Ml9

0.321841400,7663F

Oギ)ゾθわ'μ∫ρ'ご'μ∫b)0.432141430.6762M19

0.43214】710,8083F

CouidaeCo伽 ∫80わ'a)0.4073420.582.1M&F7

Cb∫'μ580か'b)05065500.772.9M&F7

Co枷3ρ'∫8,,∫'∫0.0725956*0.2252M&F20

Co撫 ∫α甲8,・,・〃ημ∫0.189244*0.4852M&F20

Co伽 ∫〃α,ηα〃16,～5'3'ηαc'ηρ∫0.289855*05752M&F20

Percifornles

SerranidaeP18c〃oノ,o'川`∫ 〃1αα〃o'`'∫0.2160012M&F21

ル6・o'8"ρρ6r6α 助6"α κ0.07109021M&Fl5

Priacanlilidac1)'"4cα 〃〃～'`5'αy8川`∫1.252902M&F15

ApogonidaeAρ08侃40θ48〃8〃"L5687690,8061M31
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F・milySpeci,、KL..(mm)L。(mm)L。 几..T切 傷T。SexR・ 飴†

1.6289730.8271F

Aρ080朋o∫ α'μ3L3489600.6871M31

1.29 、87630.7261F

Aρ080η π'8θrL6581620。7641M31

1.4886650,7721F

PercidaeP8rcα ルv∫ α∫"∫∫0.203001600533・8M&F7

Luqanidae乙 呵o概 ∫此α5〃3ケα0.293406M&F22

0cy梶rκ5cん ζy∫躍r梶∫0.2845114M&F23

HaemuiidaeHα θ棚'oπ μ μ1漉rlO.1164013M&F15

SparidaeCα'α'η 房Mo40∫ 麗∫0.2145917M&F15

Le【hrinidae乙 θ∫ゐr〃膨5'θ 吻 αη0.294407M&F24

L8∫加 伽M励56π α0,214957M&F24

Sciaenidaeハ 〃croρ080π'o∫ 殿 ぬ'α ∫κ∫0.274198M&F25

ChaetodontidaeC加8'040ηr厩 ψ 履0.31119620.52101M&F26

Cゐ08'040π ρ'εわ朗∫0.72947F26

Cん8'〃30〃ro∫ 醐'梶50,5012310M&F26

PomacentridaePα ηα6θη'r侃∫'πol即cc8π ∫'∫053479M&F27

Pα ηαoθη〃μ∫wα 励0.517210M&F27

0α ∫cy伽M'わ'∫ θ〃00.231301130.8711M&F28

BlenniidaeB'ε ηη'μ∫助o"∫0.30170800,472.1M&F7

Trichiuridae」L8μ40ρ μ∫cα配4α∫梶∫0,2320189700.4882M29

0,242000111005682F

ScombridaePη θ〃η'o助or梶 ∫4'θ800.44003200.804M&F7

Pleuronectifbrmes

Bothidaeα 伽r'c励y∫ ∫or'4〃 配∫0.303001900.633.3M&F7

PleuronectidaePoroρ 乃rソ∫vθ∫〃梶∫0.17485387*0.80216F30

P'釧roπ8c∫8∫ ρ'α'ε∬α0,087002800.406.4M&F7

〃'〃0810∬o'4ε ∫ρ'α∫8∫∫o'46∫0.076004000.6715M&F7

Letterfollowingspeciesnamemeansdi脆rentsamplinglocality.

*Thelengthback-calculatedfromageatmaturityfromthevonBertalanffyequation .

†Refbrencesl
,PrattetaLl983;2,Kusheretal.1992;3,Branstetter1987a;4,CaseyetaL1985;5,

Branstetterl987b;6,Ketchen1975;7,Roffl984;8,HaldorsonandCraigI984;9,Mannl976;10,

Mann1974;11,RinconandLobon-Cervia1989;12,Mannl973;13,Radtkeetal。1985;14,

Wi】sonetal.1982;15,DeeandRadtkel989;16,YbkogawaetaLl992;17,YbkogawaandIguchi

1992;18,Suzukieta1,1978;19,DeMartiniandAndersonl980;20,Danielsl987;21,Ferreiraand

Russ1992;22,Morales-NinandRalston1990;23,Johnson1983;24,Wassefl991;25,Barger

l985;26,Fowler1991;27,FowlerandDohertyl992;28,HillandRadtkel988;29,Demestreet

aLl993;30,Dygertl990;31,presentstudy.
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