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Abstract

Thepurposeofthispaperwastodescribethewearpattern
,length

ofcuttingedges,andshapeoftheenameledgesonM2sofProcolo加5わa(ガ 召8

0ustaleti(redcolobus)inthevariousstagesofwear
,andtotrytorelatethe

observedcharacteristicswiththeirchewingfunction.Thedentineexposure

isnotformedontheslopesofbasins,butontheridgesoflophsandcrests .

Thebucco-lingualcrosssectionsofenameledgesaretrapeziuminshape

withverynarrowtoplikeatriangle.Theseshapesarenotchangewith

progressionofwear.Andthreecrosssections(throughmesialcusps,through

lingualnotchandmedianbuccalnotch,andthroughdistalcusps)ofenamel

edgesinanindividualareformedthesameshape.Asthebuccalcrestsand

theenameledgesareconsideredthecuttingedges,thelengthofthecutting

edgeshardlychangesuntilthemolarcrownisconsiderablyworn(overthe

75%oftherelativedentineexposedvalue).Thiscombinationofattributes

indicatesthatenameledgesformedonthebuccalmarginkeepthesame

shapeandlengthduringanextendedperiodoftheirlife,andserveto

maintainthefunctionsofshreddingandshearingaswearprogresses.
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Introduction

Thefunctionofprimateteethhasbeendiscussedprimarilyfocused

ontheocclusalmorphologyofunwornteeth.Speciesthatpossesshighrelief

molarcrownsaccompanyingwithhighcusps,likecolobines,arespecialized

formorefolivorousdiets,whilespeciesthatpossesslowreliefmolarcrowns

withlow,roundedcusps,likecercopithecinearemoreomnivorousor

frugivorous(Kay&Hiiemae,1974Lumsden&Osborn,1977Hartman,

1988;Spears&Crompton,1996).Colobinehaslongermolarridgesthanin

cercopithecines(Kay,1978Kay&Hylander,1978Benefit,1987).Folivores

musthaveahighershearingpotentialoftooththanfrugivores.Further,

amongfruiteaters,specialistsforhardfooditemshaveevenalower

shearingpotentialoftoothandblunterteeththanspecieswhichmore

dependonsoftfruits(Kay&Covert,1984;Anthony&Kay,1993;Meldrum

&Kay,1997).Ithasbeenpointedthatapositivecorrelationexistsbetween

thelengthofridgesandtheintakeofleavesevenwithintheColobinae(Kay,

1978;Kay&Hylander,1978;Teaford,1983).

Thelengthofcuttingenameledgesoftheocclusalsurfacehasbeen

focusedinrelationtochewingeffectivenessinvariousmammalspecies.In

folivorescommonringtailpossum(Pseudocheirusperegrinus),koala

(Phasco!arctoscinereus)andeastern(Macropusgigantesu)andwestern

greykangaroos(Macropusfuliginosus),thecuttingedgesfunctionlike

bladesonfood,andastrongpositivecorrelationissuggestedbetweenthe

lengthofthecuttingedgesandchewingeffectiveness(Resberger,1973;
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Gipps&Sanson,1984;Lanyon&Sanson,1986;McArthur&Sanson
,1988).

Thus,influencesoftheocclusalshapechangefollowingdentineexposureon

thechewingeffectivenesshasbeendiscussedinvariousmammals .Lanyon

&Sanson(1986)andMcArthur&Sanson(1988)pointedthatthetotal

lengthofthecuttingedgesincreasesafterwear .Andtheseauthors

suggestedthatchewingfunctionisimprovedbytoothwear.Ingeneral,

occlusalwearincreasestheareasoftoothcontact,therefore,tooth

effectivenessincreasesaftertheenamelcuspshavewornoff(Osborn&

Lumsden,1978;且illson,1986;Wilding,1993).

Primatemolarsarenotreplacedbysuccedaneousteethevenafter

heavilyworn.Thepermanentteethneedtomaintainfunctionalefficiency

forfoodbreakdownthroughoutthelifetime.Asanadaptationforthe

breakdownofhardfood,forexample,thickenamelresistsdentineexposure

asthewearproceedsandallowsflatteningoftheocclusalsurfaceformore

effectivegrindingandcrushing(Benefit,1987).Ifso,whatadvantagedoes

thinenamelhaveinwornteethwhosedentineisexposed?Gordon(1980)

hassuggestedsharpenedenamelrimswhichareformedaroundtheexposed

dentinebasinservetocrushorshredthefibrousfoodinthin-enameled

chimpanzees.However,studyoftoothwearpatternfocusingoninfluenceon

themasticatoryfunctionarerare.Ungar&Williamson(2000)haveexplored

theeffectsoftoothwearbydentaltopographicanalysis.Inthisstudy,they

pointedanimportanceofshapesofwornteeth,especiallyofasignificanceof

sharpedgesproducedbydentineexposureforefficientshreddingandslicing
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abilities.

Inthispaper,Idescribemorphologicalfeaturesoftheenamelrims

whichareformedbythedentineexposureproceedsinfolivorousredcolobus

(Procolobusbadiusoustaletz)andestimatethefunctionalsignificanceofthe

cuttingedge.Inmanyfolivorousorherbivorousmammals,themasticatory

effectivenessofmolarsisachievedandmaintainedbydentalalteration

throughwear(Canyon&Sanson,1986;McArthur&Sanson,1988).I

quantitativelyexaminedthelengthofthecuttingedgesinvariousstagesof

toothwearanddiscussthenatureandpossibleeffectsoftoothwear.

P,badiusisoneofthemostspecializedfolivoresamongliving

primates.Unfortunately,foodcompositiondataaboutP.b.oustaleti,subject

inthissutdy,isnotavailable.Ishow,however,dataforP.b.tephrosceleson

KibaleForest,westernUgandaandP,b.badiusonTiwaiIsland,Sierra

Leone,asareference.InP.b.tephroscelesonKibaleForest,western

Uganda,leafpartscomprisesover70%ofthediet(Struhsaker,1978),

including14.5%leafbuds,27.15%youngleafparts,23.65%matureleaf

parts,and8%leavesofunknownage.P.b.badiusonTiwaiIsland,Sierra

Leoneconsumesdietconsistingof20%matureleafparts,32%youngleaf

parts,16%flowers,and31%fruitsandseeds(Daviesetal.,1999).

MaterialsandMethods

Materials

Forty・twoM2sofProcol∂ 加sbadiusoustale～ ゴwereexamined.They
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are22malesand20femalesatvariousstagesoftoothwearafterthethird

molarhaserupted.Thesespecimensarefreerangingindividualscollected

at且aut-Zaire,DemocraticRepublicoftheCongo
,andhousedatthe

AmericanMuseumofNaturalHistory,NewYork.

Terminology

ThedentalnomenclatureusedisprimarilythatofJolly(1972) ,

Delson(1973),Kay(1977),andBenefit(1987).Thetermsandtheir

designationsaregiveninFigure1.

Methods

Formeasuring,epoxycastsofthespecimensweremade.Occlusal

wearwasobservedonthesecastsunderthebinocularmicroscope.Occlusal

viewofeachcastwasphotographedatamagnificationof1:1.Specimens

weresetsothatthecervicalplanewasparalleltotheplaneofthecamera

lens.Twoareaandtwolengthmeasurementsweretakenonthepersonal

computerafterscanningthephotographs(Figure2,Table,1):(1)crown

area;(2)areaofthedentineexposure;(3)lengthofthebuccalridges;(4)

lengthoftheenameledges.

Thedefinitionofmeasurementsusedinthisstudyisasfollows

(Figure2,Table,1).Thecrownareaistheareaenclosedbytheenamel.The

areaofthedentineexposureisthesumofallareasofdentineexposureon

thetoothcrown.Thelengthofthebuccalridgesisthesumofparacristid,
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lateralprotocristid,obliquecristid,andhypocristidridgelengths .InP.b.

oustaleti,unwornridgeofthebuccalcrestsrisesdiscontinuouslyfromthe

aspectofbasins(trigonidbasin,talonidbasin ,anddistalfovea)(Figure3).

Someofrosepartsfromtheaspectofbasinsdiscontinuouslyremainedwas

countedasthelengthofthebuccalridges.Asthelowermolarsbecomeworn ,

thedentineisexposedonthebuccalcuspsandnarrowenamelrimsare

formedaroundthedentineexposures.Thebuccalenamelrimsareespecially

welldevelopedlongandsharp.Thelengthoftheenameledgesismeasured

apartoftheenamelrimscorrespondingtothefourbuccalcrestsmeasured

aboutthelengthofthebuccalridges.

Thecastsweresectionedthroughthethreelineswhichpassesthe

lingualnotchandthemedianbuccalgroove,theprotoconidandthe

metaconid,andthehypoconidandtheentoconidperpendicularlytothebase

ofthecrown.Eachcutfacewasphotographedatamagnificationof1:1,and

theimagewasusedtoobserveandtraceashapeofenameledgeinthe

personalcomputer.

Results

Observationofwearpatternofredcolobus

WearpatternintheP.b.oustaletimolarsisrecognizedsixstagesas

follows(Figure4).Firststage,amesio-distallynarrowbandofthedentine

exposureisformedonthebuccalsideoftheprotolophidslightlylinguallyof

thecusptipofprotoconid.Likewise,onthedistalside,amesio-distally
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narrowdentineexposureisformedonthebuccalsideofthehypolophid

slightlylinguallyofthecusptipofthehypoconid.Insecondstages ,the

dentineexposuresontheprotoconidandhypoconidextendmesio-distally

alongthebuccalcrests,andthenextendtolinguallyalongtheridgesofthe

lophs.Asthedentineexposureprogressesfromhigherpointsofocclusal

reliefaroundcusptipsofthebuccalcusps,andalongtheridgesofthebuccal

crestsandlophstocervicalplane,itisdiamondshapedwiththerounded

buccalcornered.Whilethedentineexposuredoesnotreachtotheslopesof

talonidbasin,trigonidbasin,anddistalfovea,itextendsintotheridgesof

thebuccalcrestsandlophs.Asthetotalareaofthedentineexposure

accountfor10%ofthecrownarea,thethirdstage,thedentineexposure

extendsmesio-distallyontheridgesofthebuccalcrestlikeoutstretched

arms.Inthisstage,bucco-linguallynarrowbandsareformedonthelophs.

Alsoonthelingualhalf,dentineisneverexposedontheslopesofbasins.

However,anarrowdentineexposureextendstowardbuccalsideonthe

ridgesoflophs.Onthebuccalhalf,asthedentineexposureaccountsfor20%

ofthecrownarea,theforthstage,themesialpartofdentineexposure

connectswiththedistalexposure.Inthefifthstageitisconnectedwiththe

buccalexposedareaonthelinguallophsasthecrownisexposedby30%or

moreinprojectedarea.Thedentineexposureprogressesalongthecrests

andlophs.Inthesixthstagedentineexposureextendsthewholeofocclusal

area(overthe75%oftherelativedentineexposedvalue).Theenamel

aroundthelingualnotchisthelasttowearout.
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Thelengthofthebuccalridges

Afterthecompleteeruption,thebuccalcrestsbegintofunctionas

masticationorganandthewearstartson.Theparacristidisfirsttobeworn

out,andthelateralprotocristidandtheobliquecrestedfollows.The

hypocristidislasttobewornout.Crestsingeneralwearfromthecusptip

side.Figure5showsarelationshipbetweenthelengthofthebuccalridges

andthedentineexposingrate.Astheexposureaccountsfor10%ofthe

crownarea,thebuccalridgesarecompletelyworn.

Observationoftheenameledges

Figure6and7showphotographsandtheirtracingsofbucco-lingual

crosssectionsoftheenameldentineinterfaceinwornmolars.Theenamelis

raisedfluentlyandcontinuouslyfromdentinebasinattheinterface.In

chimpanzees,theseinterfacesocasionallyshowdiscontinuity,andform

sharpedges(Gordon,1980;Figure8).ThisisnotthecaseforP.b.oustaleti.

Thewearingofthebuccalsideoftheenameledgesisslight.Ontheocclusal

surfaceoftheenameledges,averynarrowfacetisobserved.The

crosssectionsofenameledgesaretrapeziumwithaverynarrowtoplikea

triangle.Likewise,onthemediancrosssectionsandthedistalcrosssections,

theenameledgesareshapedtrapeziumwithaverynarrowtoplikea

triangle(Figure7).
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Thelengthoftheenameledges

Asthedentineisexposed,enamelrimsappeararoundthedentine

exposure.Figuregshowsarelationshipbetweenthelengthofthebuccal

ridgesandthedentineexposingrate.Theenameledgesareelongated

linearlybytheexposedareaaccountsfor20%ofthecrownarea.Thetotal

lengthoftheenameledgesreachesabout22mm.Atthisstage,themesial

partoftheexposureconnectswiththedistalexposureandthetotallength

oftheenameledgesslightlyincreases.Instageswheretheexposedarea

accountsfor20to40%ofthecrownarea,molarshavethelongestenamel

edges.Instageswheretheexposedareaisbetween40to75%ofthecrown

area,thelengthoftheenameledgesisconstantatabout20mm.Inlater

stages,thelengthoftheenameledgesisapparentlydecreased.

Discussion

FromtheobservationofwearpatterninP.b.oustaleti,thedentine

exposureisformedontheridgesoflophsandcrests,especiallyonthe

lingualsideofthelowermolarcrown,bucco-linguallynarrowdentine

exposuresarefocusedonthelophs.Further,alargeamountofocclusalrelief

onthelingualhalfremainaftertheocclusalreliefonthebuccalhalfisworn

out.Theseresultssupportthepreviousstudyofthewearpatternincolobine

monkeys(Walker&Murray,1975;Teaford,1983;Benefit,1987).Fromthe

observationofenameledges,thebucco-lingualcrosssectionsofenamel

edgesaretrapeziuminshapewithverynarrowtoplikeatriangle.These
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shapesarenotchangewithprogressionofwear.Andallofthecrosssections

inanindividualareformedthesameshapeeverypartoftheenameledges .

InhereItrytodiscussthechewingfunctionsoftheworntoothinP,b.

oustaletifromobservedcharacteristicofwearpattern,andthe

cross-sectionalshapeoftheenameledges.

Mammalianmasticationisexplaniedfromtwocyclesorphases(see

e.g.Hiiemae&Crompton,1985;Hylanderetal.,1987).Theinitialcycleis

puncturecrushing,inwhichjawmovementsaremoreverticallyoccurred

andthetooth-foodtoothcontacthappens.Thesubsequentcycleischewing

orpowerstroke,inwhichjawmovementsaremorehorizontallyoccurred

andprecisetoothtoothcontactsarepossible.Inprimates,two'phases'are

recognizedduringchewing.Theinitialphaseinvolvessupero-medial

movementofthemandibularmolaracrossthemaxillarycuspsand

thecentricocclusion.ThisphaseiscalledasthePhaseIorthebuccalphase.

ThewearfacetsinlowermolarsbyPhaseI,calledshearingfacets,are

formedonthebuccalsideofthebuccalcrestsandthebuccalslopeofthe

lingualcrest(Kay,1977).ThesubsequentphaseiscalledasthePhaseIIor

thelingualphase.Themandibularcuspsmoveinfero-mediallyacrossthe

maxillarycuspsandoutofcentricocclusion.Thewearfacetsonlower

molarsbythePhaseIImastication,calledcrashingfacets,areformedonthe

buccalslopsofbasins(Kay,1977).

Thebucco-lingualcrosssectionsofenameledgesaretrapeziumin

shapewithverynarrowtoplikeatriangle.Theenameledgesisdistributed
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symmetricallyaboutthedirectionsofjawmovementsduringthe

puncturecrushingandPhaseI.Thischaracteristicoftheenameledges

perhapsaccommodatestowedgefoodparticle.Asymmetricaltriangleabout

thedirectionoftheappliedforceismoststableforconcentratingthe

masticatoryforceonthetipsofenameledges.Theconcentratedenergyis

expendedasatensionresultingincrackingfoods.Crackingrunsfaster,and

foodsarecomminutedeasily.Itissuggestedthatshearingfunctionduring

thePhaseIchewingislesseffectivesince,enamelsonthelingualslopesof

basinsandridgesofthelingualcrestsofthelowermolarsinP,b.oustaleti

remainwithoutdentineexposure.Frequenciesandorientationofmicro

scratchesonPhaseIIfacetsinclobine皿olarindicatethatthecolobines

wedgefoodsattheendofPhaseIofchewing.(seeLucas&Teaford,1994).

ThissupportsthatthecuttingwithwedgesismajorfunctionduringPhaseI

ratherthanshearingbybladesinP.b,oustaleti.

DuringthePhaseII,mandibularcuspsmoveinfero-medially.The

cross-sectionalshapeoftheenameledgeisasymmetricaboutthedirection

ofjawmovement.Whenthe皿andibularbuccalcuspsandthemaxillary

lingualcuspspasswitheachother,twoenameledgescontactatonepoint.

Asthejawmovementcontinues,thepointofcontactmovesalongthe

enameledge.Sequencesofsuchcontactsproduceefficientlyout-of-plane

shearing.Themicroscratchevidencesonthecrashingfacetalsoindicate

thatmolarsshearfoodsduringthePhaseII(Teaford&Walker,1984).

Thelengthsofthebuccalridgesandoftheenameledgespresume
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thelengthofcuttingedges.Figure10plotsthelengthofcuttingedgeson

therelativedentineexposedarea.Thelengthofthecuttingedgesextends

from15-20mmto20-23mmbefbretherelativedentineexposureaccountsfbr

40%.Thelengthofthecuttingedgesismaximumaroundthe40%ofthe

relativedentineexposure.Withhigherexposedvalues,especiallymorethan

75%,thelengthofcuttingedgesisapparentlylowered.Thelengthofthe

buccalridgesdecreasedwithprogressingwear,andcompletelylostbefore

thedentineexposurecomestoaccountfor10%ofthecrownarea.Because

theenameledgesbeelongatedassubstitutesforthebuccalridges,the

lengthofcuttingedgesdonotdecreaseuntilltherelativedentineexposed

valueexceeds75%.

BecauselowermolarsofP.b.oustaletihaveaflare,butitisnot

developed(Delson,1973;Benefit,1987),theperimeterofthecrown

increasesfollowingthewearingofthecrown.Asaresult,thecuttingedges

onthebuccalmarginincreaseasdentalwearprogressestowardthebase.

Thebuccalmarginoftielowermolarshasa"w"curvebythemedianbuccal

notch.Themedianbuccalnotchliesbetweenprotoconidandhypoconid.

Belowthemedianbuccalnotch,thebuccalfaceofthecrownslopessteeply

downtoalevelroughlyhalfwaytothecervix.Thisslopingareaisthe

medianbuccalcleft.Belowthemedianbuccalcleft,undulationisgreatly

reducedandthelengthofcuttingedgesdecrease.Thelengthofcutting

edgesisdeterminedbytheinteractionbetweenflareandthemedianbuccal

cleft.Untiltheareaofdentineexposureaccountsfor40%ofthecrownarea,
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theflarehasamorestronginfluencetodeterminedthelengthofcutting

edges,hencecuttingedgesbecomeslonger.Themedianbuccalclefthasa

strongerinfluenceafterthemolarcrownisconsiderablyworn(overthe75%

oftherelativedentineexposedvalue),hencethelengthofcuttingedges

decrease.

Cuttingedgesplayarolelikebladesinfoodprocessing.Thepositive

correlationisexpectedbetweenthelengthofthecuttingedgesandchewing

effectiveness(Resberger,1973;Gipps&Sanson,1984;Lanyon&Sanson,

1986;McArthur&Sanson,1988).Instudyofkoala(Phascolarctoscinereus;

Lanyon&Sanson,1986)oreasternandwesterngreykangaroos(Macropus

giganteus,&M.fuliginosus;McArthur&Sanson,1988),thelengthofthe

cuttingedgesoftheuppercheekteethincreasesaswearprogress.The

extensionofcuttingedgesrelatedtowearshouldhaveanupperlimitand

decreasebeyonditsoptimumwearlevel.Thelengthofthecuttingedgesis

relatedwiththechewingeffectivenessandconsequentlywithenergy

requirementsinanimals.Associationbetweenlongerridgesandagreater

intakeofleavesisobservedeveninColobinea(Kay,1978,Kay&Hylander,

1978).Morefolivoroussilveredlangur(Trachypithecuscristatus)hasa

longercrestthanmoreomnivorousmaroonleafmonkey(Presbytls

rubicunda)(Teaford,1983).SinceProcolobusisdifficulttoraise,thereare

nozoospecimenswithrecordedage.Thus,therelationshipbetweenteeth

wearandageishardtobeevaluated.However,thepatternofincrement

anddecrementofthelengthofcuttingedgesinP.b.oustaletiprovides
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supportiveevidencestothehypothesisaboutthefunctionaleffectivenessin

colobinemolarmorphology .

Summary

Thepurposeofthispaperwastodescribethewearpattern,length

ofcuttingedges,andshapeoftheenameledges,andtotrytorelatethe

observedcharacteristicswiththeirchewingfunctioninP.b.oustaleti.The

dentineexposureisnotformedontheslopesofbasins,butontheridgesof

lophsandcrests,especiallyonthelingualsideofthelowermolarcrown,

bucco-linguallynarrowdentineexposuresarefocusedonthelophs.Further,

alargeamountofocclusalreliefonthelingualhalfremainaftertheocclusal

reliefonthebuccalhalfiswornout.Thebucco-lingualcrosssectionsof

enameledgesaretrapeziuminshapewithverynarrowtoplikeatriangle.

Theseshapesarenotchangewithprogressionofwear.Andthree

crosssections(throughmesialcusps,throughlingualnotchandmedian

buccalnotch,andthroughdistalcusps)ofenameledgesinanindividualare

formedthesameshape.Thelengthoftheseenameledgesincreasesinthe

earlyperiodofthewearstageanddecreasesinthelastperiodofwearstage.

Ontheotherhandthelengthofbuccaledgesrapidlydecreasesintheearly

periodofthewearstage.Asthebuccalcrestsandtheenameledgesare

consideredthecuttingedges,thelengthofthecuttingedgeshardlychanges

untilthemolarcrownisconsiderablyworn(overthe75%oftherelative

dentineexposedvalue).Observedwearpatternandcross-sectionalshapeof
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theenameledgessuggestthattheenameledgescanactwedgeforfood

comminutingduringpuncturecrashingandPhaseIofchewing,andact

bladeduringPhaseIIofchewing.Observedcross-sectionalshapeofthe

enameledgesandthelengthofcuttingedgesindicatethatchewingfunction

ismaintainedbytriangleshapeenameledgesexistedevenlyonthebuccal

marginoflowermolarafterdentalattritionthroughouttheirlife.
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Table1.Listofmeasurements(seeFigure2)

Dimension Definition

CrownArea

Areaofdentineexposure

Lengthofthebuccalridges

Lengthoftheenameledges

Insideareaofenameloutlineontheprojection

images.

Asumofallprojectionareasofdentine

exposuretothecervixplaneonthetooth

crown.

Asumlengthofparacristid,lateral

protocristid,obliquecristid,andhypocristid.

Unwornridgeofbuccalcrestsrose

discontinuouslyfromtheaspectofbasins

(Figure2).Someofrosepartsfromtheaspect

ofbasinsdiscontinuouslyremainedafterworn

offwasmeasuredforthelengthofthe

buccalridges.

Asthelowermolarsofcolobinesbecomeworn,

thedentineisexposedonthebuccalcuspsand

narrowenamelrimsareformedaroundthe

dentineexposures.Thelengthoftheenamel

edgesispartofenamelrimsequivalenttothe

fourbuccalcrestsmeasuredaboutthelength

ofthebuccalridges.
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LegendsofFigures

Figure1.Locationofmorphologicalfeaturesontherightlowersecondmolar

ofProcolobusbadiusoustaleti.A.Occlusalaspect;B .Buccalaspecta.

Protoconid;b.Hypoconid;c.Metaconid;d.Entoconid;e.Paracristid;f.

Lateralprotocristid;g.Obliquecristed;h.Hypocristid;i.Premetacristid;j.

Postmetacristid;k.pre-entocristid;1.medialpostentocristid;m.

Protolophid;n.Hypolophid;o.Trigonidbasin;p.Talonidbasin;q.Distal

fovea;r.Mesialbuccalcleft;s.Medianbuccalcleft;t.Distalbuccalcleft;u.

Lingualnotch;v.Medianbuccalnotch.Groovesarerepresentedby

interruptedlines;crestsandridgesbysolidlines.

Figure2.Measureddentalfeature.A.Occlusalviewofunwornlowersecond

molar.Thicklinesshowparacristid,lateralprotocristid,obliquecristed,

andhypocristidmeasuredasthelengthofbuccalcrests.BandC.Occlusal

viewofwornlowersecondmolar.ThicklinesoffigureAaremeasuredas

thelengthoftheenameledges.BlackareasinfigureCaremeasuredas

theareaofdentineexposure.Crownareaisbothgrayandblackareasin

figureC.Groovesarerepresentedbyinterruptedlines;crests,ridgesand

enameledgesbysolidlines.

Figure3.ObliqueviewofunwornlowersecondmolarofProcolobusbadius

oustaletishowsthatunwornridgeofthebuccalcrestsrises

discontinuouslyfromtheaspectofbasins.

Figure4.Wearstages.Aisthefirststage,andtherelativedentineexposed

valueisO.54%.Bisthesecondstage,and3.93%exposed.Cisthethird
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stage,and13.18%exposed .Distheforthstage,and19.94%exposed.E

andFarethefifthstage ,andeachrelativedentineexposedvalueis

34.52%and46.76%。Gand且arethesixthstage
,andeachrelative

dentineexposedvalueis83.43%and90 .06%.Dentineexposedareasare

representedbygraymask;groovesbyinterruptedlines;crests,ridgesand

enameledgesbysolidlines.

Figure5.Lengthofthebuccalcrests(mm)plottedagainstdentineexposing

rate.

Figure6.Photographsandtracingsofcrosssectionsthroughthemesial

cuspsshowtheshapeofenameledge.Aisthesecondstage.Bisthethird

stage.Cistheforthstage.Disthesixthstage.

Figure7.Photographsandtracingsshowtheshapeofenameledgesofan

individualthatisforthstage.Aisacross-sectionthroughthemesialcusps.

Bisthroughthelingualnotchandthemedianbuccalnotch.Cisthrough

thedistalcusps.

Figure8.Tracingofthebrokenedgeofanenameledgeofchimpanzee.E

showsenamelandDshowsdentine.ItistakenfromGordon1980.

Figure9.Lengthofenameledges(mm)plottedagainstdentineexposing

rate.

Figure10.Lengthofcuttingedges(mm)plottedagainstdentineexposing

rate.
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Abstract

Thepurposeofthisstudyistocomparethepatternofenamel

distributiononunwornM2soffolivorous(Procolo加5わadius:red

colobus)andomnivorous(Macacafuscato:Japanesemacaque)

primates,andtotrytorelatetheobserveddifferencestotheirdietary

behavior.Asthelowermolarsofcolobinesbecomeworn,thedentine

isexposedonthebuccalcuspsandnarrowenamelrimsareformed

aroundthedentineexposures.Thebuccalenamelrimsareespecially

welldevelopedandsharp,apatternthathasbeenselectedforas

beingadvantageousforshreddingfibrousplantmaterials.The

resultsofthisstudydemonstratethattheenamelonthelingualside

oftheprotoconid,wheredentineexposureoccursfirst,ismuch

thinnerin」P.badiusthanitisinノ 匠 ん5α ～to.Inaddition,thedentine

isexposedandthinenamelrimsareformedfasterinP.badiusthan

inM.fuscata.Also,P.badiushassignificantlythinnerenamelanda

higherprotoconidandmetaconid.Theanglebetweenthecervical

planeandthebuccalslopeissignificantlyhigherinP.badius(74°)

comparedwithM.fuscata(55°).Thesteepbuccalsurfaceandthinner

enamelofP.badiusenablethisspeciestomaintainnarrowrimseven

afterdentalattrition,whilethehighcuspsofthemolarsmaybean

adaptationforprovidingnarrowenamelrimsthroughoutlife.
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Introduction

Thefunctionofprimateteethhasbeendiscussedprimarilyin

relationtoocclusalmorphologyandenamelthickness .Speciesthat

possesshighreliefmolarcrownswithhighcusps,likecolobines,are

adaptedformorefolivorousdiets,whilespeciesthatpossesslow

reliefmolarcrownswithlow,roundedcusps,likemacaques,aremore

omnivorousorfrugivorous(Kay&Hiiemae,1974;Lumsden&

Osborn,1977;且artman,1988;Spears&Crompton,1996).Ingeneral,

thickenameledmolars,foundinhardobjectfeeders,aremore

resistanttoexposureofthedentineatthecusptips,andwhenworn

theyformaflatterocclusalsurface.Sharpercrestsonthinenameled

molar,typicaloffolivores,aremostefficientforshearingtougher,

fibrousfoodsandthedentinebecomesexposedmorequickly.

Patternsofenameldistributionontheocclusalsurfaceareaffected

byvariousfunctionalandmechanicaldemands.Forinstance,

"supportingcusps"(i
.e.,theprotoconeandprotoconid)withgreater

masticatoryloadinghavethickerenamelthan"guidingcusps"(i.e.,

theparaconeandmetaconid)toresistwear(Gantt,1977;Molnar&

Gantt,1977;Macho&Berner,1993,1994).

Molarsofprimatesarenotreplacedbysuccedaneousteethwhen

heavilyworn.Asaconsequence,thepermanentteethneedto

maintainfunctionalefficiencyforfoodbreakdownthroughoutthe

lifetimeofanindividual.Forexample,asanadaptationforthe
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breakdownofhardfooditemsthroughoutanindividual'slifetime ,

thickenamelresistsdentineexposureafterwearandallows

flatteningoftheocclusalsurfaceformoreeffectivegrindingand

crushing(Benefit,1987).Whatadaptiveadvantagedoesthinenamel

havewhenthedentineisexposed?Gordon(1980)hassuggestedthat

inthin-enamelledchimpanzees,sharpenamelrimsaroundthe

exposeddentinebasinservetocrushorshredthefood.However,

therehasbeennodetailedstudyoftoothwearpatternsandtheir

functionaleffectsonmastication.Ungar&Williamson(2000)have

exploredtheeffectsoftoothwearonfunctionalmorphologyusing

dentaltopographicanalysis.Inthispreliminarystudy,Ungar&

Williamsondemonstratetheimportanceofstudyingtheshapesof

wornteeth,especiallythesignificanceofsharpedgesproducedby

dentineexposureasawaytoimproveshreddingandslicingabilities.

InthispaperIdescribedifferencesinthepatternofenamel

distributionbetweenfolivorousandomnivorousprimates,andtryto

relatethesedifferencetotheirdiet.Furthermore,Iattempttoassess

thefunctionalconsequencesofwearinmolarsoffolivorousmonkeys

withthinenamel.Inparticular,Ifocusonwhetherthesharpenamel

rimsthatformafterdentineexposurefunctionascuttingedges,

analogoustotheocclusalmorphologyseeninselenodontartiodactyls

inwhichfunctionalityisachievedandmaintainedbydental

alterationthroughwear(Lumsden&Osborn,1977).Previousstudies
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haveshownthatcuttingedgesactasbladesforcomminutingfoodand

thatdentineexposureisanimportantfactorinmaintainingthe

functionaleffectivenessoftheocclusalmorphology(Rensberger
,

1973;Lanyon&Sanson,1986).

InthisstudyIcomparethelowermolarsofredcolobus

(Prooolo加5わ ∂{ガ α5),oneofthemostspecializedfolivoresamong

livingprimates,withthoseoftheomnivorousJapanesemacaque

(Macacafuscata).ProcolobusbadiusonTiwaiIsland,SierraLeone

hasadietconsistingof20%matureleafparts,32%youngleafparts,

16%flowers,and31%fruitsandseeds(Daviesetal.,1999).InKibale

Forest,westernUgandaleafpartscompriseover70%ofthediet

(Struhsaker,1978),including14.5%leafbuds,27.15%youngleaf

parts,23.65%matureleafparts,and8%leavesofunknownage.

MacacafuscataonYakushimaIsland,Japanhasadietconsistingof

76%fruits,18%leafparts,and3%invertebrate(Maruhashi,1980).

MaterialsandMethods

Materials

EightM2sofProcolobusbadius(3unworn,5slightlyworn)and

sixunwornM2sofMacacafuscatawereusedinthisstudy.TheP.

badiusmaterialconsistedoffivefemalesandthreespecimensof

unknownsex.AlloftheM.fuscataspecimenswerefemales.These
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specimensarehousedatthePrimateInstituteofKyotoUniversity ,

Inuyama.

CTscanning

ThesespecimenswerescannedbyusingapQCTscanner

(peripheralquantitativecomputedtomography=XCTResearchSA+,

Norland&StratecCo.)attheLaboratoryofPhysicalAnthropology,

KyotoUniversity.Iscannedthespecimenswithatubevoltageof49.9

kVandatubecurrentofO.45mA.Thethicknessofthesliceandthe

intervaloftheadjacentslicewerebothO.1mm.Thepixelsizewas

O.1mmandeachCTimagehadapixelmatrixof202x202.Ittook

approximately10hourstoscaneachtooth.Specimensweremounted

onawoodenstageusingadhesivetapesothatthecervicalplanewas

perpendiculartotheplaneofthelineofX-raybeams.

Determinationoftheboundarybetweendifferentmaterialsorbetween

theairandsolidscanbeproblematicinanalyzingCTimages.CTvalues

changegraduallyfromoneleveltoanotheratsuchaboundary,ratherthan

intermittently(Figure1).InthecaseofFigure1,forexample,theactual

boundaryisdifficulttodetermine.Inthisstudy,Iadoptedthecriterion

knownasahalfmaximumheight(HMH),inwhichthemedianoftwoCT

numberlevelswasconventionallyregardedastheboundarybetween

differentmaterials(Koehlereta!.,1979;Spooretal.,1993;Ohmanetal.,

1997).
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InCTimagesofatooth,theairenamel,airdentine,and

enamel・dentineboundariesmustbedetermined.且owever,thelower

thresholdsofenamelcalculatedfromtheHMHvaluesweredifferent

attheairenamelandenameldentineboundaries.TheHMHvalueat

theairenamelboundaryisalwayslowerthanthatatthe

enameldentineboundary.Iftheformervalueisadoptedasthelower

thresholdofenamelitresultsinanoverestimationoftheenamel

thicknessatthedentineenameljunction(DEJ).Ontheotherhand,if

thelattervalueischosenasthelowerthresholdofenamel,CTvalues

thatarelowerthanthisvalueandhigherthantheHMHvalueatthe

trueair-dentineboundaryarerecognizedasdentine(Figure1).This

resultsintheoperationalformationofnon-existentdentine,partly

ontheoutersurfaceofenamel.Thus,Ideterminedthelower

thresholdsofenamelattheairenamelboundaryanddentinenamel

boundaryindependently(Yamanakaetal.,2001)(Figure2).

Measurements

Forthethreedimensional(3-D)reconstructionofthetooth,the

ApplicationVisualizationSystem(AVS,StardentComputerlnc.)was

usedonaworkstation(SiliconGraphicsOctane).Each3-D

reconstructedtoothwasreslicedtoobtainlinearmeasurementson

theanatomicallydeterminedplanethatpassesthroughtheapicesof

thedentinehornsofthemesialcuspsperpendiculartothecervical

plane.Onthisplane,lmeasuredtwointersectedanglesasfollows
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(Figure3,Table1):(1)buccalsurfaceangle(BSA);and(2)lingual

surfaceangle(LSA).BSAisformedbytheintersectionoftheline

whichconnectsthelowestpointoftheDEJonthebuccalsideandthe

apexoftheenameltipoftheprotoconid,andthelinewhichpasses

throughthelowestpointsoftheDEJonthebuccalandlingualsides

(thecervicalline).LSAisformedbytheintersectionofthelinewhich

connectsthelowestpointoftheDEJonthelingualsideandtheapex

oftheenameltipofthemetaconid,andthecervicalline.

Fivelinearmeasurementsareusedinthisstudyasfollows(Figure3,

Table1):(1)mesialwidthalongthecervicalplane(MCW);(2)height

ofthemesio-buccalcusporprotoconid(MBCH);(3)enamelthickness

onthelingualslopeoftheprotoconid(ETLP);(4)enamelthicknesson

thebuccalslopeoftheprotoconid(ETBP);and(5)enamelthickness

onthecusptipoftheprotoconid(ETCP).MCWisadistancebetween

thelowestpointsoftheDEJonthebuccalandlingualsides.MBCHis

aminimumdistancebetweenthecusptipoftheprotoconidandthe

cervicalplane.ETLPisalinearthicknessfromthedentinehornof

theprotoconidperpendiculartotheouterenamelsurfaceonthe

lingualslopeoftheprotoconid.ETBPisalinearthickness

perpendiculartotheDEJonthebuccalslopeoftheprotoconidat

O.5mmfromthedentinehornoftheprotoconid.ETCPisadistance

betweenthecusptipandthedentinehornoftheprotoconid.
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Toevaluateenamelthickness,fourlandmarksweredefinedon

thebuccalDEJsurfaceofthetoothatdifferentlevels(Figure4) .

Eachlandmarkwasintersectedbylinesthatwereparallelwiththe

cervicalline(B-L)andthebuccalDEJsurface.Landmark1(LMK1):

atthelevelofthehornapexofprotoconid.Landmark2(LMK2):

throughthelowestpointofintercuspulfissureonOES.Landmark3

(LMK3):throughthelowestleveloftheDEJbetweenthebuccaland

lingualdentinehorns(0・P).Landmark4(LMK4):atthemid・level

betweenthecervicallineB-LandthelineO-P.

Thedistributionofenamelonthebuccalsidewasmeasuredin

twoways.Theenamelthickness(ET)wasmeasuredperpendicularto

DEJfromLMK2,LMK3andLMK4(Figure5).Thereasonfor

measuringtheETisforcomparisonwiththedistributionofenamel

onthebuccalsurfaceofM2inP.badiusandM.血scat∂.

Theenamelrimwidth(ERW)wasmeasuredasthethicknessat

eachreferencepointwithanelevationof16.2°inP.badius,and12.4°

inM,fuscatafromthecervicalline.TheERWevaluatesthethickness

oftheenamelrimindifferenttoothwearstages(Figure6).Whenthe

buccalcuspsarewornanddentineisexposed,flattenedenamelrims

formaroundthedentineexposure.TheanglesusedforERWwere

measuredbythefollowingmethod.Iobservedthattheangleofthe

enamelrimrelativetothecervicallinehasasexualandinterspecific

differencebetweenP.badiusandM.fuscata,andthisrelatestothe
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stageoftoothwear.Thirty-sevenM2sofProcolobusbadiusandthirty

M2sofMacacafuscatainvariousstagesoftoothwearwereused .

Thesewerefromfreerangingindividuals .TheP.badiussample

consistedof19malesand18femaleshousedintheAmericanMuseum

ofNaturalHistory,NewYork.TheM.fuscatasampleconsistedof12

malesand18femaleshousedatthePrimateInstituteofKyoto

University,Inuyama.EpoxycastsweremadeofMasofP.badiusand

M.血scato.Thesecastsweresectionedthroughthebuccalridgeand

lingualridgeofthemesialcuspsperpendiculartothebaseofthe

crown.Eachcutfacewasphotographed,andtheimagewasusedto

measuretheangleinapersonalcomputer.Toothwearstageswere

examinedusingGantt's(1979)scaleforassessingenamelattritionin

cercopithecoids.Theresultsdemonstratethatthereisnosignificant

sexualdifferenceandnorelationshipbetweenwearstageandthe

degreeofangulation,butasignificantinterspecificdifferenceinthis

angle.Theocclusalsurfaceoftheenamelrimhasanangleof16.2°in

P.badiusand12.4°inM.fuscata.

Forpartlywornteeth,measurementsaffectedbywearwere

excludedfromtheanalyses.Sincethereisadifferenceinmolarsize

betweenP.badiusandM.fuscataalllinearmeasurementswere

normalizedbythevalueofMCW.TheStudent'st-testwasusedto

examineinterspecificdifferences.Thepairedt-testwasusedto
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compareenamelthickness(ET)andenamelrimwidth(ERW)inP .

badzusandM,fuscata.

Results

Basicstatisticsonthemesialwidthalongthecervicalplane

(MCW),buccalsurfaceangle(BSA),andlingualsurfaceangle(LSA)

aregiveninTable2.Asignificantinterspecificdifferencewasfound

inMCW.TheMCWofP.badiuswas5.1mmandthatofM.fuscata

was6.6mm.InterspecificdifferencewasfoundintheBSA,butnotin

theLSA.ProcolobusbadiushadagreaterBSA(72.0°)whereasM.

fuscatahadamuchlowervalue(54.7°).TheLSAofbothspecieswas

slightlygreaterthan90°.ThegreatertheBEA,themorebuccally

positionedtheprotoconid.Thus,theBSAisameasureoftheflareof

thecrownonthebuccalside.LargeranglesofBSAindicatethatthe

crownislessflaredandsmalleranglesmoreflared.MolarsofP.

badiuswerelessflaredthanthoseofM.fuscata.AnLSAatright

anglesindicatesthat且arewasonlyobservedonthebuccalsidein

bothspecies(Table2).ThebuccalcuspsinthelessflaredP,badius

molarsarepositionedclosertothemarginsofthetooththaninM.

fuscata,withP.badiushavinglongershearingcrestsandlophsthan

M.fuscata.Longershearingcrestsareassociatedwithahigher

proportionalintakeofleaves(Kay,1978;Kay&Hylander,1978).
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Allofthelinearmeasurements(heightofmesio-buccalcusp
,

MBC且;enamelthicknessonthebuccalslopeofprotoconid,ETBP;

enamelthicknessonthelingualslopeofprotoconid,ETLP;and

enamelthicknessonthecusptipofprotoconid,ETCP)presentedin

Table3aresignificantlydifferentbetweenthetwospecies.The

relativeMBCHinP.badius(98.9)washigherthaninM,fuscata

(80.3).Alltherelativeenamelthicknessesontheprotoconid(ETBP,

ETLP,ETCP)werethinnerinP.badiusthaninM.fuscata.Relative

enamelthicknessonthebuccalside(ETBP)was11.1inP.badiusand

15.4inM.fuscata,whilethatonthelingualside(ETLP)was2.5inP.

わadiusand7.4inM.血scato.Thiscoincideswiththefactthatdentine

exposureisobservedearliestonthelatterpartofthecrown.TheCET

waslargerinM.fuscataregardlessofthealmostverticallyaligned

cusptipandthedentinehorn.Inaddition,theproportionsofenamel

thicknessintheseareasdifferedinthetwospecies.Thedifference

betweenETBPorETCPandETLPofP.badiuswaslargerthaninM.

fuscata.TheETBPpartoftheprotoconidcorrespondstofacetlor

facet20fPhaseI,andtheETLPpartoftheprotoconidcorrespondsto

facetxorfacetIOnofPhaseIIofthepowerstrokeofmastication

(Kay,1977).PhaseImasticationrelatespredominantlytoshearing

activities,whilePhaseIIrelatestocrushingandgrindingactivities.

TheETCPpartoftheprotoconidfunctionsfortipcrushingduringthe
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puncturecrushingphaseofthemasticatorycycle(Hiiemae,1978;

Janis,1984).

Dataonenamelthickness(ET)andenamelrimwidth(ERW)are

showninTables4&5.Prooolo加5わadiushasthinnerenamelonthe

buccalsurfaceoftheprotoconidnearthecusptip(LMK2) .The

relativeETofP.badiuswas12.7atLMK21evelandM.fuscatawas

15.8.However,enamelthicknessdidnotdiffersignificantlyatother

levels.

ThepatternofenameldistributiononP.badiusmolarswas

characterizedbyenamelthicknessthatwasdistributedequallyat

thelevelofLMK2‐LMK3,inwhichthedifferencewasonlyO.1,while

thedecreaseatthelevelofLMK3‐LMK4was3.3.Furthermore,the

enamelthicknessattheETBPlevelwas11.1,slightlythinnerthanat

themid-levelofthebuccalsurface.Incontrast,inM.fuscatothe

enamelthicknessattheETBPandLMK2isdistributeduniformly;

theETBPwas15.4andtheETatLMK2was15.8.Afterthat,enamel

thicknessdecreasesgraduallyfromLMK2toLMK4.Thechangein

enameldistributionbetweenLMK3andLMK4wasgreaterthanthat

betweenLMK2andLMK3.

TheERWexhibitedadifferentpattern.Theresultsindicatethat

P.badiushadanarrowerenamelrimthanM.fuscataatthreeofthe

fourlevelsonthebuccalsurfaceoftheprotoconid.TherelativeERWs

ofP.badiusatLMKItoLMK31evelswere11.6,12.0,and11.9
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respectively,whilethoseofM,fuscatawere19.9,19.0,and13.6

respectively.

RawvaluesoftheETsandERWsarecomparedinTable6and

Figure7.InP.badius,theERWshavecomparablevalueswiththe

ETsatalllevels.Ontheotherhand,inM.fuscataERWswere

significantlylargerthantheETsattwomidlevels(atLMK2and

LMK3).TheERWofP.badiusexhibitsslightchangethroughthe

differentlevels.InP.badiustheERWshavethesamevaluesthrough

LMKItoLMK3,whiletherangeoftheERW(maximum‐minimum)

throughLMKItoLMK3isasmuchasO.3mminM.fuscata.Itshould

benotedthatP.badiusmaintainsaconstantlynarrowbuccalenamel

rimasmolarcrownattritionprogresses.

Discussion

Inseveralstudies,enamelthicknessdistributionhasbeen

discussedinrelationtothehypothesisthatloadingareasofthemolar

crownpossessthickerenamelthannonloadingareas(Gantt,1977;

Molnar&Gantt,1977;Martin,1983;Grine&Martin,1988;Macho&

Thackeray,1992).Thedifferentpatternofenameldistribution

observedinthetwospeciesstudiedhereareconsistentwiththis

hypothesis.However,loadingonthelingualslopeoftheprotoconidin

P.badiusseemslowerthanthatonthebuccalslope;theETLPistoo

thintoresistwear.FacetxandfacetIOnareproducedbydirect
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contactwiththecorrespondingfacetontheuppermolarsduring

PhaseIIofmastication.

Theearliestdentineexposureonlowermolarsisobservedonthe

lingualslopeoftheprotoconidinP.badius.Thethinnerenamelin

thisareaseemscontradictorytotoothfunctionmaintenance.

However,ifthinenamelispresumedtocontributetorapidexposure

ofthedentineinthisareainordertoformsharpenamelrimsonthe

buccalsideoftheprotoconid,thisfeatureisfunctionallyadaptedfor

processingfibrousfoods.Attritionofthelowermolarsbeginsasa

rounddepressionattheprotoconidtip,andeventuallyenamelis

removedfromthetipoftheprotoconidtoformaflatsurface,as

showninpigtailedmacaque(Macacanemestrina),rhesusmacaque

(Macacamulatta)andyellowbaboon(Papiocynocepha!us)(Gantt,

1979).WearonthelowermolarsinM.fuscatafollowsthispattern.

Afterthat,thedentineisexposedatthecenteroftheflattened

enamel.Duetothethickenamelontheprotoconid,occlusalreliefcan

easilybereducedtoaflatsurfacewithoutdentineexposure,thereby

formingawidegrindingfacet.

DifferencesintheET,theBSAandtheangleofenamelrims

relativetothecervicalplane,reflectdifferencesintheareaofthe

enamelrimthatsurroundthedentinepatchesonthecusptips;the

ETandtheERWarebothgreater.Whentheenamelrimsmeetthe

buccalslopeofthemolarcrownatarightangle,ERWhasthe
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narrowestvalues.Asthisanglebecomesmoreacuteorobtuse,ERW

becomesthicker.BecausetheangleinP,badiusapproximatesaright

angle(88.2°)andtheenamelisthinner,P.badiuscanmaintainas

narrowenamelrimsaspossible.TheERWshavecomparablevalue

withtheETsatalllevels.Anotheruniquefeatureistheconstant

thicknessoftheenamelrimthroughdifferentlevels.Inotherwords,

theenamelrimremainsnarrowaswearprogresses.Anarrowenamel

rimisapparentlylessadaptiveforcrushingandgrindingofhard

objects,butmaybeeffectiveforshearingandshreddingfibrousfoods

infolivores.Ithasbeenshownthatcolobinescanprocessleavesinto

smallerpieceswithinashorterperiodoftimethancancercopithecine

monkeys(Walker&Murray,1975).

Ontheotherhand,inM.fuscatatheangleformedbytheenamel

rimsandthebuccalslopeofthemolarcrownis67.1°andtheenamel

isthicker,suchthatM.fuscatapossesseswiderenamelrimsrelative

toET.Infact,ERWsare20%greateratLMK2comparedwithET,and

10%greateratLMK3.Macacafuscatanotonlyhasthickenamelon

thebuccalslopeoftheprotoconid,butalsopronouncedflareofthe

molarcrown.Asaresult,theenamelrimofM.血scatoiswiderthan

theenamelthicknessonthebuccalslopeoftheprotoconid.Allof

thesefeaturespermittheenamelrimtofunctionasaneffective

surfaceforfoodcrushingandgrinding.
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Thethinnerenamelonthebuccalslopeisassociatedwithmore

rapidprogressoftoothwear.Microwearstudiesshowthatharder

foodsleadtofasterratesofwearinCercopithecusaethiops(Teaford

&Oyen,1989).ThefolivorousP.badius,whichprocessesmoreleaves

thantheomnivorousM.fuscata,producesheavierloadingonits

molarsalongwithquickerenamelwear.」Prooolo加sbadiushasmuch

highermolarcrownsthan」 軌 血scato(Table2,MBLH),presumablyto

compensateforthisfasterwear.

ThefollowingthreecharactersofP.badiuslowermolarsindicate

thattheenamelrimsprovideanefficientshearingmechanismfora

longerperiod=(1)theenamelisthinanduniformlydistributedonthe

buccalslopeofthemolarcrownatthelevelofETBP,LMK2and3;(2)

thewidthoftheenamelrimsareasnarrowaspossible,becausethe

buccalslopeofthemolarcrownisverysteep,andtheanglebetween

theenamelrimsandthebuccalslopeapproximatesarightangle;and

(3)thecrownishigh.Astheenamelrimsareformedeasily,enamel

onthelingualslopeoftheprotoconidisconsiderablythinnerthanon

thebuccalslopeoftheprotoconid.Afterdentineexposure,thenarrow

enamelrimsdonotfunctionascrushing/grindingfacets,butas

shearingcrests.Itispresumedthatthewornmolarsofadultred

colobusmonkeysfunctionmoreefficientlyforshearingthandothe

unwornmolarsofsubadultindividuals.
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Summary

Thepurposeofthispaperwastocomparetheenamel

distributionpatternonthemolarsofthefolivorousP ,badiusand

omnivorousM,fuscata,andtotrytorelatetheobserveddifference

withtheirdietarybehavior.Comparisonsfocusedontheenamel

distributiononthebuccalslopeinrelationtoenamelrimsthatform

onthebuccalsideafterdentineexposure.Thelingualslopeofthe

protoconidwearsfasterthanotherocclusalsurfacesonthelower

molarsofP.badius,astheenamelinthisregionisverythin.By

contrast,inM,fuscatatheenamelonthecusptipoftheprotoconidis

thick,anddentineexposureisdelayed.Procolobusbadiushas

undevelopedcrownflare,thinenamelonthebuccalslopeofthemolar

crown,andhigh-crownedmolars.Thiscombinationofattributes

producesenamelrimssurroundingthedentineexposureonthe

buccalcuspsthatkeepthesamewidthandsharpedgesduringan

extendedperiodoftheirlife.Incontrast,M.fuscatahas

well-developedcrown且areandthickenamelonthebuccalslopeofits

lowermolarcrowns.Consequently,theenamelrimsoftheirmolars

arewideafterdentineexposure.InP.badiusthemorphologyofthe

buccalslopeofthecrownservestomaintainthefunctionsof

shreddingandshearingaswearprogresses,whiletheenamelrimsof

M.fuscataarestructurallymosteffectiveforcrushingandgrinding.
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Table1.Listoflinearmeasurements(seeFigure3)

Dimension Definition

BSA: Buccalsurfaceangle Angleformedbythe

ntersectionofthelinewhich

connectsthelowestpointofthe

DEJonthebuccalsideandthe

apexoftheenameltipofthe

protoconid,andthelinewhich

passesthroughthelowest

pointsoftheDEJonthebuccal

andlingualsides.

LSA: Lingualsurfaceangle Angleformedbythe

intersectionofthelinewhich

connectsthelowestpointofthe

DEJonthelingualsideandthe

apexoftheenameltipofthe

metaconid,andthelinewhich

passesthroughthelowest

pointsoftheDEJonthebuccal

andlingualsides.

MCW:Mesialwidth Distancebetweenthelowest

pointsoftheDEJontheofthe

cervicalplanebuccaland

lingualsides.

(continuetonextpage)
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(table1>continuefrompreviouspage)

Dimension Definition

MBCH=Heightoftheprotoconid

ETLP:Enamelthicknessonthe

lingualslopeofthe

protoconid

ETBP:Enamelthicknessonthe

buccalslopeofthe

protoconid

ETCP:Enamelthicknessonthe

cusptipoftheprotoconid

Minimumdistancebetweenthe

cusptipoftheprotoconidand

thecervicalplane

Linearthicknessfromthe

dentinehornofthe

protoconidperpendicularto

theouterenamelsurface

(OES)onthelingualslopeof

theprotoconid.

Linearthicknessperpendicular

totheDEJonthebuccalslope

oftheprotoconidatO.5mm

fromthedentinehornofthe

protoconid.

Distancebetweenthecusp

tipandthedentinehornofthe

protoconid.
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Table2.ComparisonofProoolo加5わadiusandMacac∂ 」勉50θ6ainthe

mesialwidthonthecervicalplane(MCW) ,angleofbuccalslope

(BSA),angleoflingualslope(LSA)usingStudent'st-test

Species MCW(mm) BSA(degrees)LSA(degrees)

P、 加(ガ α5

mean

S.D.

N

M.血scato

mean

S.D.

N

T-value

significance

105

45
・0

8

..

0.43

6

-5 .62

***

72.0

5.34

8

54.7

:・

6

7.12

***

97.4

4.25

7

・,・

.・

6

1.21

Threeasterisksindicatesthatp<0.001
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Table3.ComparisonofProoolo加5わadiusandMacaca」 勉80θ6θinthe

relativeheightoftheprotoconid(MBCH),enamelthicknessonthe

buccalslopeoftheprotoconid(ETBP),enamelthicknessonthecusp

tipoftheprotoconid(ETCP),enamelthicknessonthelingualslopeof

theprotoconid(ETI.P)usingStudent'st-test

Species MBCH ETBP ETCP ETLP

P,badius

mean

S.D.

N

M.fuscato

mean

S.D.

N

T-value

significance

98.9

13.79

8

:1

5.44

6

11
・3

11.1

2.05

8

15.4

1.02

6

一4
.71

***

6.8

0.63

8

13.0

0.76

6

一19
.62

***

2.5

0.34

7

7.4

0.76

6

一15
.48

***

Twoasterisksindicatesthatp<0.01,andthethreeasterisksthat

p<0.001.
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Table4.ComparisonofProcolobusbadiusandMacacafuscatainthe

relativeenamelthicknessusingStudent'st-test

Landmarks 2 3 4

P.わ ∂(ガ α5

mean

S.D.

N

砿fuscato

mean

S.D.

N

T-value

significance

12.7

1.74

8

15.8

1.54

6

-3
.49

★★

12.6

2.45

8

13.1

1..

6

-0 .51

9.3

2.10

8

8.1

1.09

6

1.28

Twoasterisksindicatesthatp<0.01.
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Table5.ComparisonofProcolo加 θ わ∂diusandMacaca」Fuscatainthe

relativeenamelrimwidthusingStudent'st-test

Landmarks 1 2 3 4

1).ba(ノf乙 ～8

mean

S.D.

N

M.fuscato

mean

S.D.

N

T-value

significance

11.6

1.36

8

19.9

2.60

6

..

***

OO21

95.1

8

19.0

1.77

6

-7 .54

***

11.9

1.16

8

13.6

1..

6

-5
.24

士★央

8.9

1.68

8

.,

1.24

6

1.・

Threeasterisksindicatesthatp<0.001.
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LegendsofFigure

Figure1.CTnumberprofileinalineartracethroughacross-sectionCT

imageofaredcolobusmolar.Theboundariesbetweenenamel
,dentineand

airweredeterminedbythemethodofHMH.(seetextforfurtherdetails)

Figure2.ApartoftheCTnumbermatrixincludingtheenameldentine

boundaryandtheenamelairboundary.

Figure3.Cross-sectionthroughthemesialcuspsofamandibularmolar

showing(a)thetwoangles‐BSAandLSA;(b)thefourlinear

measurements‐MCWandMBCH,and(c)ETLP,ETBPandETCP.

Figure4.Thereferencepointsformeasuringtheenamelthicknessandthe

enamelrimwidth.LMKlisdefinedasthedentinehornoftheprotoconid.

AndtheotherpointsaredefinedastheintersectionsonthebuccalDEJ

surfaceoftoothcrownrelativetoalineparalleltothecrownbase(line

B-L)throughthelowestpointofintercuspulfissure(lineQ-R)forLMK2,

thelowestpointofDEJbetweencusps(lineO-P)fbrLMK3,andthe

midpointofthelineO-PandthelineB-L(lineM-N)forLMK4.

Figure5.Cross-sectionthroughthemesialcuspsshowingthreedimensions

oftheenamelthickness(ET2‐4).Allmeasurementareperpendicularto

theDEJfromLMK2‐4.

Figure6.Cross-sectiollthroughthemesialcuspsshowingthedefinitionof

theenamelrimwidth(ERW).Theenamelrimformedafterdentine

exposurehasananglerelativetothecervicalplaneof:(a)θistheangleof

theenamelrimsrelativetothecervicalplane;(b)16.2°(‐)forredcolobus;
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(c)12.4°(_)forJapanesemacaque.

Figure7.Distributionprofileofgeneralizedenamelthickness(ET)and

enamelrimwidth(ERW)ateachreferencepoint.Symbolsshowmean

valuesandverticalbarsindicateonestandarddeviation.Pb=Procolobus

わadius;Mf=Macaca血scato.
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