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Abstract

Major gaps remain in our knowledge of the early history of Homo sapiens in Wallacea. By

70±60 thousand years ago (ka), modern humans appear to have entered this distinct bio-

geographical zone between continental Asia and Australia. Despite this, there are relatively

few Late Pleistocene sites attributed to our species in Wallacea. H. sapiens fossil remains

are also rare. Previously, only one island in Wallacea (Alor in the southeastern part of the

archipelago) had yielded skeletal evidence for pre-Holocene modern humans. Here we

report on the first Pleistocene human skeletal remains from the largest Wallacean island,

Sulawesi. The recovered elements consist of a nearly complete palate and frontal process

of a modern human right maxilla excavated from Leang Bulu Bettue in the southwestern

peninsula of the island. Dated by several different methods to between 25 and 16 ka, the

maxilla belongs to an elderly individual of unknown age and sex, with small teeth (only M1 to

M3 are extant) that exhibit severe occlusal wear and related dental pathologies. The dental

wear pattern is unusual. This fragmentary specimen, though largely undiagnostic with

regards to morphological affinity, provides the only direct insight we currently have from the

fossil record into the identity of the Late Pleistocene people of Sulawesi.

Introduction
Theskeletalremainsof anatomicallymodernhumans(AMH) arerarein theLatePleistocene
recordof IslandSoutheastAsia.Theevidenceathandiscurrentlylimited to asmallnumberof
specimensexcavatedfrom Borneo,Java,Palawan,andAlor [1,2].AMH remainsareespecially
scarcein theWallaceanarchipelago,or Wallacea[2], abiogeographicallydistinctzonecom-
prisedof thousandsof oceanicislands(Fig1).Wallacealiesbetweentheedgeof theSoutheast
Asiancontinentalshelf(Sunda)andthe`super-continent'of Sahul,thelandmassthatemerged
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during thePleistoceneat timeswhenglobalsealevelsrecededfar enoughto drain theshallow
seastraitdividing mainlandAustraliafrom NewGuinea.Noneof the~2000islandsin Walla-
ceahaveeverbeenconnectedto Sundaor Sahul,evenat theheightof theLastGlacialMaxi-
mum (LGM; 22±19ka)whenglobalsealevelsreducedbyup to 130m.

Wallaceahasalongandenigmatichistoryof occupationbyAMH. Currentevidencesug-
geststhat theinitial peoplingof northernSahulhadtakenplaceby50ka,asrevealedbyexcava-
tionsatmultiple localitiesacrossthis region[3], andpossiblyby70±60ka,whichfindingsata
singlesite(Madjedbebe)mayindicate[4]. Thelatterclaimremainscontentious,however[3].
It haslongbeenplainlyevidentthat thefirst AMH group(s)to makelandfallon Sahulmust
havecolonisedat leastsomepartsof Wallaceafirst. At present,however,it remainsuncertain
whichparticularislandsweresettledbyAMH during their earliestmovementseastof Sunda
andwhich,if any,wereleft uncolonised.Theoreticaldebatescontinueovertheprecisemarine
voyagingroute(s)usedbyAMH on their crossingfrom Sundato Sahul,with themostwidely
investigatedscenariosrevolvingaroundthenorthern routefrom BorneoviaSulawesito the
Bird'sHeadof NewGuineaandthesouthernroutefrom Bali to Timor andthereafterto Aus-
tralia [5±9].However,it isnowevidentthatboth routesaretheoreticallypossible.Thecurrent
levelof uncertaintysurroundingtheearliestmovementsof our speciesin theregionlargely
stemmingfrom thelackof sustainedresearcheffortsin Wallacea[10,11].Fieldworkprojects
focusedon theLatePleistoceneperiodin theregionhavebeenincreasingin number,scale,
andscopeoverthepast20yearsor so,but therearestill relativelyfewwell-datedsitesfrom
thiskeyphasein thedeephumanpastof Wallacea[10]. Presently,theoldestexcavated

Fig 1. Map of Wallaceashowingthe location of Sulawesi.TheLatePleistocenecavesiteLeangBuluBettueis located
in theisland'ssouthwesternpeninsula,knownasSouthSulawesi.Wallaceacomprisesanextensivezoneof oceanic
islandslocatedeastof asignificant biogeographicalboundary,theWallaceLine.Thisarchipelagoispositionedbetween
thecontinentalregionsof Asia(Sunda)andAustralia-NewGuinea(Sahul).TheMalayan-PapuanLinedelineatesa
majoreast-west divisionin thegeneticdiversityof modernhumanpopulationsin Wallacea.Mapsource,ShuttleRadar
TopographyMission1Arc-SecondGlobalbyNASA/NGS/USGS;GEBCO_2014Grid, version20150318(http://gebco.
net).BasemapgeneratedusingArcGISbyM. KottermairandA. Jalandoni.

https://doi.org/10.1371/journal.pone.0257273.g001
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artefactsattributedto AMH dateto around44.6thousandcalibratedradiocarbonyearsbefore
present(calkaBP)atLaili cavein theeasternpartof Timor (Timor-Leste)[12], whiletheearli-
estproxyevidencefor our speciescomprisesafigurativerock paintingof ananimaldatedto at
least45.5kaat thelimestonecaveof LeangTedongngein southernSulawesi(seebelow)[13].
Thereis thereforeagapof severalmillenniabetweentheoldestwidelyacceptedsitesin Sahul
(~50ka;[3]) andtheearliestarchaeologicalevidenceattributedto our speciesin Wallacea.

Themodernhumanskeletalrecordin Wallaceaisparticularlymeagre[2]. Formerly,the
oldestAMH skeletalremainsconsistedof threerelativelycompleteindividualsdatingto ~17±
12kaatTron BonLei rock-shelteron thesmallisland(2100km2) of Alor in southeasternWal-
lacea[2,11](Fig1).Alor isadjacentto Timor andmayhavebeenoneof the`laststops'on the
southernrouteto Sahul.It alsolieson theeasternsideof amajoreast-westdivision in the
geneticdiversityof modernpeoplein Wallacea,theso-called̀Malayan-PapuanLine' (Fig1)
whichseparatesthearchipelagointo two distinctgeneticzonesalongaboundaryrunning
betweenFloresandSumbawain thesouthandtheMalukusin thenorth [14]. On thewestern
side,Y chromosomeandmtDNA haplogroupsareEastAsianin origin, whereasto theeast
mostpeoplehaveanancestralcompositiondominatedbyPapuanlineages.Thisabrupttransi-
tion in thegeneticancestryof peopleliving on oppositesidesof Wallaceareflectsthe`Neo-
lithic' settlementhistoryof Austronesian-speakingfarmingsocietiesfrom mainlandAsia,but
mayalsobepartlyexplainedbyamuchearlierandstill poorlyunderstoodpatternof Late
Pleistocenehumanmigrations,includingextensiveLGM populationmovements[14]. Unrav-
ellingtheoriginsof theMalayan-PapuanLinerequiresafar morecompleterecordof Pleisto-
cene�. ������� fossilsfrom bothsidesof thismajoreast-westdivision in present-daypeoples
of Wallacea.

A confoundingfactoris thepresenceof two now-extincthominin lineages(andpossibly
more)in Wallaceaataroundthetime our speciesis thoughtto haveestablisheditselfin the
region:��	� 
����������� from theLatePleistoceneof Flores(~100±60ka) [15±17],and��	�
�
�������� from CallaoCavein thenorthernPhilippinesislandof Luzon(~67ka)[18]. In Sula-
wesi,theearliestarchaeologicalevidencecomesfrom theWalanaeDepressionin theisland's
southwesternpeninsula.Thesefindingsconsistof stonetoolsexcavatedfrom deeplystratified
depositsatanopen-airsite(Talepu)datedto ~194±118ka[19]. TheTalepustoneartefactsare
technologicallystraightforwardandarenot associatedwith humanfossils(as-yetundiscovered
at thissite).Theidentity of thehomininsresponsiblefor makingthemisnot known [19]. It
hasalsobeenhypothesised,basedon complexstatisticalanalysesof moderngeneticdata,that
theDenisovansweresplit into at leasttwo distinct lineages[20], oneof whichmayhavebeen
presentin Wallacealongbeforethefirst AMH arrived[21]. Indeed,it hasevenbeenproposed
thatoneof theseDenisovanbranchesreachedSahul(NewGuinea)andpersistedin thisnorth-
ernpartof thecontinentuntil asrecentlyas30±14.5ka[22]. This ideaiscontentious;if cor-
rect,it would imply that:1) DenisovansinhabitedSahulat thesametime as�. �������,
apparentlyfor asignificantlengthof time;and2) Denisovanswerecapableof majorsea-cross-
ingseastof Sundaandthuspotentiallycouldhavehadanextensivegeographicalspreadin
Wallacea.Finally,thepresencein theregionof at leasttwo otherearlyhuman`ghost'speciesis
alsoinferredfrom patternsof archaicintrogressionin thegenomesof modern-daypeoplein
variouspartsof IslandSoutheastAsia,Melanesia,andthewider region[23±25].

Giventheempiricalobservationsgleanedfrom thefossilrecord,andthevariousspeculative
hypothesesbasedon geneticdatafrom humansboth living andancient,determiningwhich
lithic assemblagesandotherarchaeologicalmaterialsin LatePleistoceneWallaceacanbe
attributedto AMH, in theabsenceof their fossils,isnot straightforward.This isespeciallyso
for Wallaceanislandsknownor suspectedto havebeeninhabitedbyarchaichomininscloseto
thetime of AMH colonisation.
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Here,wereporton thediscoveryof thefirst humanskeletalremainsfrom thePleistoceneof
Sulawesi,thelargestislandin Wallaceaandthemostsignificantlandmasson thenorthern
routeto Sahulandthewesternsideof theMalayan-PapuanLine.Researchinto theprehistoric
archaeologyof Sulawesibeganin theearlytwentiethcentury[26]; in fact,up until recent
decadesit wasthemostintensivelyexploredislandfrom anarchaeologicalperspectivein Wal-
lacea,and,outsideJava,in all of Indonesia.Aswith mostpartsof theregion,however,research
progressin Sulawesihasbeenslowandsporadic.Indeed,until well into thetwenty-firstcen-
tury therehadessentiallybeenonly two excavatedarchaeologicallocalitiesthathadproduced
datedevidencefor LatePleistocenehumanoccupation[27,28]±twositesfor anislandwhich,
ataround174,000km2, is theworld'seleventhlargest.In thispaper,wereporton our ongoing
excavationsat thelimestonecaveof LeangBuluBettuein thesouthof Sulawesi,work thathas
uncoveredapartialAMH maxillaandassociatedskeletalelementsin depositsdatingto
betweenaround25and16ka.Wedescribethecontextandchronologyof thenewlyuncovered
humanfossilremainsandpresentamorphologicaldescriptionof thesematerials.

Find context
Thesiteof LeangBuluBettueis locatedin thelimestonetowerkarstregionof Marosin the
southwesternpeninsulaof Sulawesi(Fig1).The~450km2 lowlandkarstsof Marosandthe
adjoiningPangkajene(or Pangkep)karstsfurther north lie between4Ê7'Sand5Ê1'S[29]. This
extensivekarsticlandscapeharbourshundredsof cavesandrock-shelterscontainingarchaeo-
logicalevidencefor prehistorichumanhabitation,includingparietalartworks(rock art).Con-
cerningthelatter,Uranium-series(U-series)datingof acoralloidspeleothemassociatedwith a
handstencilatLeangTimpusengin Maros-Pangkepproducedaminimum ageestimateof 40
ka[30]. It isalsoevidentthatearlyhumanscontinuedto producehandstencilsin thekarst
cavesandsheltersof Maros-Pangkepuntil ~27±23ka,basedon bracketingU-seriesages
obtainedfrom speleothemlayers̀ sandwiching'handstencilart [30]. Most recently,U-series
datingin thelowlandkarstdistrict of Maros-Pangkepyieldedsecurelydatedevidencefor what
seemsto betheworld'searliestknown figurativerepresentationof theanimalworld [13]. This
rock art panelportrayingSulawesiwartypigs(�
� ����������) hasaminimum ageof 45.5ka,
basedon U-seriesdatingof anoverlyingcoralloidspeleothem[13]. Until recently,theearliest
excavatedarchaeologicalfindingsin theMaros-Pangkepkarstsdatedto 35.6±34.5calkaBP,as
revealedbyGlover's1975excavationsatLeangBurung2 rockshelterin theLeang-Leangvalley
[28]; but see[31] for amajor revisionof thearchaeologicalsequenceat thiswell-knownprehis-
toric site].Some20km to thenorth, in thePangkepdistrict,excavationsat thehigh-levelcave
of LeangSakapao1 haveyielded�� ���
 stoneartefactsandshellfishremainswith amaximum
ageof 30±20calkaBP[27].

Elsewhere,wehavepublishedpreliminaryobservationson thearchaeologicalsequenceat
LeangBuluBettue,anewLatePleistocenehumanoccupationsitein theMaros-Pangkepkarsts
[10,32,33].Locatedin theLeang-Leangvalley,LeangBuluBettueisalimestonecaveandrock-
shelterpositionedatvalley-floorlevelaround20km from thepresentshorelineto thewest.It
hasacavemouth measuring4m in width and3 m in height,andaninterior chamberthat is
27.3m long,12.6m wide,andup to 9.2m high.Therockshelterareaoutsidethecaveextends
for adistanceof ~30m alongthebaseof theoverhanginglimestonecliff face.Theshelterroof
is located15.6m abovethefloor. Rockart at thesitecomprisesundatedredhandstencils
(N = 37),mostof whicharepoorlypreserved.Superimposedon thesetracesof Pleistocene-
stylerock art arestylisticallydistinctcharcoaldrawings(including imagesof `dancing'anthro-
pomorphicfigures)producedduring thelateHolocene[30].
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LeangBuluBettuehasbeenthefocusof anannualprogramof joint Indonesian-Australian
excavationscarriedout between2013±15and2017±19.Thiswork hasuncoveredalong
sequenceof stratifiedarchaeologicaldepositsinsidethecavemouthandin theadjoiningshel-
ter (Fig2).Weexcavatedthedepositbystratigraphiclayerusingarbitrary10cm-deepspits,
with �� ���
 archaeologicalfindings(e.g.,stoneartefacts,bones)measuring>10 mm in maxi-
mum dimension3D-plottedusingatotal station.Wewet-sievedculturalsedimentson-site
using3 mm and1 mm screens.

A numberof findingsfrom theseexcavationsarereportedelsewhere[10;seealso32,33].
Herewebrieflydescribethestratigraphicsequenceandculturalremainspertainingto the
uppermostLatePleistocenedeposits(Layers1±5),relevantto thepresentstudy.Wehaveparti-
tionedthisundisturbedsequenceof sedimentarylayers(Fig3) into two discretehumanoccu-
pationphases:PhaseII: Historical(<1790A.D.) and`Neolithic'(1.7±1.6kacalBP);andPhase

Fig 2. Excavationsat LeangBulu Bettue.(a-b)overviewof thetrenchin therock-shelterarea(2017);(a)viewedfrom
southto north; (b) viewedfrom northwestto southeast.(c) siteplanshowingthelayoutof theexcavated squaresin the
rock-shelter andcave(2013±15, 2017±18).

https://doi.org/10.1371/journal.pone.0257273.g002
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Fig 3. Stratigraphyandarchaeological findings at LeangBulu Bettue(2017).Top:Eastwallprofileof the2017rock-shelterexcavations,showingthestratigraphic
sequence(note:Layers4c-farenot visiblehere).Bottom:Spatialdistribution of stoneartefacts,faunalremains,andotherfindingsrecoveredduring the2015±17
excavations, color-codedbystratigraphic layer(preparedusing��������). Thelocationof themodernhumanright maxilla(Maros-LBB-1a)in relationto Stalagmite
437is indicatedbyawhitestar.

https://doi.org/10.1371/journal.pone.0257273.g003
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I: MIS 3/2(~50±16ka).TheLatePleistoceneculturaldepositsof PhaseI consistof silty clays
with densearchaeologicalfindings(Layers4a-e).Thesesedimentaryunitsareup to 1.5m
thick andspan~29.5±16ka.BelowthissequenceisLayer4f,a50cm-thicksandyclaylayer
datedto around40±30ka.BelowLayer4f isLayer5,a50cm-thicksandyclaywith relatively
fewculturalremainsandfaunalmaterials.Layer5hasanestimatedageof 50±40ka.

TheLatePleistocenehumanskeletalremainsdescribedin thispaperwereexcavated�� ���

during the2017field season.Theywererecoveredfrom theupperpartof thestratifiedand
undisturbedLayer4a(Fig3),a~70cmthick moderateyellowishbrown(10YR5/4)slightly
sandỳ mud'(silt = 50.3%,clay= 32.2%).No otherhumanremainshavebeenfound in Layer
4a.Theskeletalelementswererecoveredin closeassociationamidstprofuseremainsof what
weconsiderto be`domestic'activities,including lithic debrisfrom stoneartefactproduction
andfragmentsof burnt animalbonesreflectingfoodpreparationandconsumption.We
encounteredno evidencefor aburial in Layer4a.Wealsoobservedno clearlyassociatedfea-
turesor findingsthatcouldreasonablybeinterpretedasindicativeof specialcontextsfor the
disposalof thehumanremains.Therecoveryof theseisolatedskeletalmaterialscouldbesug-
gestiveof thepresenceof burialsin as-yetunexcavatedportionsof Layer4aat thesite.

TherichestculturalandfaunalassemblagesexcavatedatLeangBuluBettuearefound in
Layer4a[10]. Thelithic technologyusedby theLayer4ainhabitantswasfocusedon chert
reduction.It involvedtwo stone-flakingtechniquesÐdirectfreehandhard-hammerpercus-
sion;andanvil-supportedbipolarpercussion,wheretheblankwassupportedon ahardsurface
andthetop edgestruck,initiating flakesfrom thestruckedgeandtheanvil support[10]. The
densefaunalassemblageisdominatedbyshellsof freshwatergastropods,mostly����	������
���
����. Themostfrequentlyrepresentedmammalremainsarethoseof thebearcuscus
(���
���� 
����
�), andvariousrodents.Sulawesiwartypig (�. ����������) is thelargestanimal
representedin Layer4a.These~40±85kgwild suidsareendemicto Sulawesi,althoughthereis
someevidenceto suggestthespecieswastranslocatedto variousotherWallaceanislands(and
possiblyfurther afield)in lateprehistory[34]. Wealsouncoveredfindingsindicativeof sym-
bolicbehaviourin Layer4a,includingadrilled pendantmadefrom an�. 
����
� phalanxand
severalengravedstoneartefacts,someof whichconsistof flakedchertartefactswith geometric
motifs incisedinto corticalsurfaces[10]. Two stone`plaquettes'engravedwith whatseemto
befigurativemotifshavealsobeenrecovered[33]. Evidencefor pigmentusein Layer4a
includesutilisedmineralcolorantnodulesandochreresidueson thesurfacesof bothstone
andbonetools[10].

Antiquity of the humanremains
Prior datingwork [10,32],andnewevidencepresentedhere,allowsusto constraintheageof
Layer4ato between24.8and16ka,thusbroadlywithin thetimespanof theLGM. Asfar aswe
havebeenableto ascertainno charcoalispreservedin theLatePleistocenedepositsatLeang
BuluBettue.Hence,thechronologyfor Layer4 aisbasedon four independentdatingmethods:
1) U-seriesisotopeanalysisundertakenon vertical,still-emplacedstalagmitesexposedduring
excavationsof Layer4a/b;2) AMS14C-datingof �. ���
���� shellsrecovered�� ���
 from Layer
4a;3) laserablationU-seriesdatingof apig tooth excavatedfrom Layer4a;and4) opticaldat-
ing (post-infraredinfraredstimulatedluminescence[pIRIR]) of feldsparsfrom Layer4a.

Stalagmitechronology. Wedatedthreespeleothemsamplesassociatedwith Layer4a:Sta-
lagmite485(Fig4) andStalagmite437(Fig5),whichboth formedabovethis layer,andStalag-
mite 605,whichformedbelowit (Fig4).Theresultsof U-seriesdatingof thesethree
stalagmitesareprovidedin Table1.Followingcollectionin thefield, thestalagmitesweresawn
longitudinally.In thecaseof Stalagmites485and605,traceelementanalyseswereconducted
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alongthegrowthaxesto identify calcitelayerswith thegreatestU-seriesdatingpotential.
Traceelementanalysiswasnot undertakenon Stalagmite437.U-seriesisotopeanalysesof the
threestalagmiteswerecarriedout in theRadiogenicIsotopeFacilityof theUniversityof
Queensland,Brisbane,on aNu Plasmamulti-collectorinductivelycoupledmassspectrometer
(MC-ICP-MS),followingchemicalseparationproceduresandMC-ICP-MSanalyticalproto-
colsdescribedelsewhere[35,36].The230Th/234U ageswerecalculatedusingIsoplotEX3.75
[37] andhalf-livesof 75,690years(230Th) and245,250years(234U) [38].

Stalagmite485(height:35.6cm,basalwidth: 15.7cm) andStalagmite605(height:18cm,
diameter:~11cm) wereexposedduring the2013excavations.Initial U-seriesdatingresultsfor
thesespeleothemsarereportedelsewhere[10] (Fig4).Thetwo stalagmiteswereuncovered
during excavationof SquareA1 insidethecavemouth ~500cmnorth of thehumanskeletal

Fig 4. StalagmitesdatedusingU-seriesanalysisat LeangBulu Bettue.(a)Stalagmite 485(scaleis in 10cmincrements).The�� ���
 speleothemcomprises
distinct loweranduppersections.Weonly datedthelowersection(highlightedbyabrokenredline).Thispartof thestalagmitehasadiameterof 13.5cm.It grew
to aheightof 18cmon a10cm-thickpedestalof cementedsedimentandarchaeologicaldetritus,whichincludesshell,bone,ochrefragmentsandstoneartefacts.
During excavationthelowersectionof thestalagmitewasleft �� ���
 on aplinth of Layer4asediments;(b) Stalagmites485(lowersection)and605�� ���
.
Stalagmite485,thebaseof whichishighlightedbyabrokenredline,grewatopLayer4a.Thebrokenblueline showstheboundarybetweenLayer4aandoverlying
Layer3f.Stalagmite485grewbetween13.7to 10.3ka,providingaminimum agefor Layer4a.Stalagmite605formedon top of Layer4bbetween26to 24.5ka;(c)
cross-sectionsof Stalagmites485and605showingU-seriessub-samplelocationsanddatingresults(scaleis in 10mm increments).

https://doi.org/10.1371/journal.pone.0257273.g004

Fig 5. StalagmitedatedusingU-seriesanalysisat LeangBulu Bettue.(a)Stalagmite437�� ���
 within thetrenchunderexcavation±during theexcavationthe
stalagmitewasleft �� ���
 on aplinth of unexcavatedLayer4asediments.Thebluedashedline showstheboundarybetweenLayer4aandoverlyingLayer3;(b) cross-
sectionof Stalagmite437showingthelocationsof U-seriessub-samplesLBB17-Stal_3dandLBB17-Stal_3e,whichwereusedto determinethegrowthageof the
speleothem;(c) humanmaxillafragments(Maros-LBB-1a)�� ���
 in Layer4abelowthebaseof Stalagmite437.

https://doi.org/10.1371/journal.pone.0257273.g005
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remainsfind spot.Bothsamplescomprise�� ���
 upright stalagmites.Stalagmite485is thestra-
tigraphicallyyoungestsample.Thisspeleothemformedon theuppersurfaceof Layer4a.Sta-
lagmite605grewon theuppersurfaceof underlyingLayer4b.It wasburiedatalaterstageby
theaccumulationof Layer4a,suggestingtherewasadepositionalhiatusbetweentheselayers.
Bothstalagmitesformedon top of ~10±15cm-thickpedestalsof cementedsedimentand
archaeologicaldetritus.Archaeologicalinclusionsin thepedestalsconsistof shell,bone,ochre,
andlithic artefacts.Thesepedestalsappearto haveformedasaresultof calciumcarbonate-
enrichedwaterdripping from theoverheadceilingandforming ahardenedmasson thesoft
sedimentarydepositsof thecavefloor.

Stalagmite437isaverticalandstill �� ���
 stalagmitethat formedatoptheslopingupper
surfaceof Layer4ain therock-shelterarea(Fig5).Stalagmite437is irregularin form. Thespe-
leothemportion is8cm in heightand10cmin width, and9.5cmthick at thebase.Belowthe
basalgrowthlayerswasapedestalof cementedarchaeologicaldepositmeasuring17cmin
depthby15cmin width by14cmin thicknessandcontainingcharacteristicLayer4afindings,
suchas�. ���
���� shellsandflakedchertartefacts.Thehumanskeletalremainswererecovered
adistanceof 38cmto thesouthof Stalagmite437and3.5cmbelowthebaseof this intact
speleothem.

Ashasbeenpreviouslynoted,Stalagmite485is locatedimmediatelyaboveLayer4aand
thusthebasalgrowthageof thisspeleothemprovidesuswith aminimum agefor thisarchaeo-
logicalhorizon.Six(n = 6) U-seriesagesestimates(sub-samples0055,0435,0835,1375,1560,
1850)werecalculatedalongthemaingrowthaxisof thespeleothem(Fig4,Table1).Their
230Th/232Th activityratiosrangebetween4.11and18.16.Thecleanestsamples(n = 3) are
locatedtowardsthetip of thespeleothem,with analyticallyindistinguishableagesof 10.3� 0.3
to 10.5� 0.4ka.Theothersamples(n = 3) arelocatedtowardsthebaseof thespeleothemand
their agesrangebetween11.7� 1.0to 13.7� 1.8ka.Theoldestminimum agefor Layer4ais
determinedbysub-sample1850,with adetrital-230Th correctedageof 13.7� 1.8ka.Layer4a
is thereforeat least11.9kaandcouldbeat leastasold as15.5ka.Thisalsocorrespondsto the
baseof thespeleothemhavingformedimmediatelyaboveLayer4a.

Stalagmite437(UQ labcode:SampleLBB17-Stal_3)alsoliesimmediatelyaboveLayer4a.
FiveU-seriesageestimates(LBB17-Stal_3a-e)werecalculatedalongthegrowthaxisof the
lowerpartof thespeleothem(Table1).All haverelativelylow 230Th/232Th activityratiosrang-
ing between2.35and4.66,significantlylowerthanis thecasein Stalagmite485.It is therefore
evidentfrom thisobservationthat thesesub-samplesareheavilycontaminatedwith detrital
components.Sub-samplesLBB17-Stal_3a-chavebeenrejectedon thebasisof their low
230Th/232Th activityratiosof between2.35and2.74.Thecorrectedagesfor thesesamplesare
alsoolderthanthemaximumagefor Layer4a(seebelow).Sub-samplesLBB17-Stal_3dand
LBB17-Stal_3e(Fig5) haveslightlyhigher230Th/232Th activityratiosof 4.66and3.44.This is
consistentwith theagesequencedefinedbysub-samplesof Stalagmite485,whichareoverall
purer.Theoldestminimum agefor Layer4aisnowprovidedbysub-sampleLBB17-Stal_3d
with adetrital-230Th correctedageof 18� 2ka.Layer4ais thereforeat least16ka,but it could
beat leastasold as20ka.This finding isalsoconsistentwith thebaseof thespeleothemhaving
formedimmediatelyaboveLayer4a.

Stalagmite605is locatedbelowLayer4aandhasformedimmediatelyaboveLayer4b.Five
(n = 5) U-seriesageestimates(0274,0780,1230,1599,1900)werecalculatedalongthegrowth
axisof thespeleothem(Fig4,Table1).Thesub-samplesareall relativelyclean,with
230Th/232Th activityratiosrangingbetween16.50and111.42.Their agesrangebetween
24.6� 0.2kato 26.4� 0.6ka.Theyoungestmaximumagedfor Layer4aisdeterminedbysub-
sample0274with adetrital-230Th correctedageof 24.6� 0.2ka,suggestingthelayercouldbe
youngerthanthisage.Thisalsocorrespondsto thetip of thespeleothemhavingformedbefore
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thedepositionof Layer4a.Thus,basedon thestratigraphicalcontextof theabovethreestalag-
mites,weinfer thatLayer4acanbesecurelybracketedinto 18� 2 to 24.6� 0.2ka.

Radiocarbondating. WeconductedAMS14C datingon a�. ���
���� shellthatwasexca-
vated�� ���
 from nearto thetop of Layer4ainsidethecave(131cmdepth,SquaresA1 and
A2).Thisshellwaslocated~10cmbelowthepedestalof cementedarchaeologicaldetritus
underlyingStalagmite485.It yieldedanAMS14C age(Wk-37742)of 18,126� 51BPor 22.2±
21.9calkaBPat2�. Thisdatewascalibratedin OxCal4.4usinganunconstrainedmix of the
IntCal20andSHCal20revisedcalibrationcurves,asrecommendedin Hoggetal.2020[39].
With regardsto thisageestimateon �. ���
���� shell,it hasnot beenpossiblethusfar to calcu-
latethemagnitudeof thefreshwaterreservoir(or hardwatereffect)in Maros-Pangkep[27,31].

Optical dating. Asreportedelsewhere[32;seealso10],weconductedpIRIR-datingon
Layer4afeldspars(LBB-I) collectedfrom thesouthwallof SquareA2 atabout8 cmbelowthe
levelof sampleWk-37742,yieldingadepositionalageof 21.4� 2.5ka(68.2%probability[1�])
for Layer4a.Reportedat the95.4%confidenceinterval,error rangesfor thepIRIRfeldspar
(16.4±26.4ka)agesuggesttheupperpartof Layer4aisat least16ka,which,again,isconsistent
with theU-seriesagesobtainedfrom thetwo �� ���
 stalagmitesthatdevelopedimmediately
on top of this layer(Stalagmites485and437).

U-seriesdating of fossil tooth. WeconductedlaserablationU-seriesdatingon asuid
molar recoveredfrom Layer4a(LBB31B-14B).Thespecimenwascollectedatadepthof 156
cm.Resultsindicateaminimum ageof 15.9� 0.5ka(1�) for this tooth.This isalsoconsistent
with thestalagmitechronology,whichindicatesthatLayer4adatesto morethan16ka.

Summaryof dating resultsfor Layer4a. Previously,weinferredanageof 26±22kafor
Layer4abasedon four independentdatingmethods[10]. In thatprior work, the14C datefor
thefreshwatershell(Wk-37742)from belowStalagmite485wasusedasareasonableestimate
for theupperageof Layer4a(~22.3calkaBP).Basedon theuncertaintiesintroducedowingto
thefreshwaterreservoireffect,however,wenowpreferto relyon theU-seriesstalagmitechro-
nology,includingnewdatesreportedfor thefirst time here.Thissuggestsanageof 24.8±16ka
for Layer4ain whichthehumanremainswererecovered.

Summaryof the humanremains
Thekeyspecimen,designatedMaros-LBB-1a,consistsof anearlycompletepalateandfrontal
processof theright maxilla(Figs6andS1).Theformerconsistsof severalfragments(combined
weight18grams)excavated�� ���
 in Square-F1(Spit10),andthelatterwasrecoveredfrom
wet-sievingof thesamesquareandspit.An evidentpoint of contactbetweentheelementswas
discernedat theinferior nasalaperture,leadingto theinferenceof averticallyshortnasalaper-
ture,andareconstructionwith plasticineinsertedto simulatethemissingmaxillarybone.

Theright maxillacontainsthefirst to third right uppermolars(M1, M2, andM3). In addition,
aleftmaxillafragmentweighing1gramwasrecoveredfrom nearbySquareE1(Spit11),andtwo
conjoiningmandiblefragments(combinedweight3grams)werealsoexcavatedfrom SquareE1
(Spit12)andSquareG2(Spit11);however,thesespecimensaretoo fragmentaryfor analysisand
hencetheyarenot consideredfurther here.All of theseskeletalmaterials(including theundiag-
nosticelements)areconsideredto comefrom asingleindividual.TheMaros-LBB-1askeletal
remains(andassociatedfragments)areunburnt andtheir partlymineralisedcondition is in keep-
ing with themajorityof LatePleistocenefaunalelementsexcavatedsofar from Layer4a.

Methods
TheIndonesianfield researchwasauthorisedby Indonesia'sStateMinistry of Researchand
Technology(RISTEK)andwasconductedin collaborationwith counterpartinstitution Pusat

PLOS ONE Human skeletal remains from Pleistocene Sulawesi

PLOS ONE | https://doi.org/10.1371/journal.pone.0257273 September 29, 2021 12 / 27

https://doi.org/10.1371/journal.pone.0257273


PenelitianArkeologiNasional(ARKENAS),Jakarta,Indonesia.All necessarypermitswere
obtainedfrom Indonesia'sStateMinistry of ResearchandTechnologyfor thedescribedstudy
(PermitNo: 154/SIP/FRP/E5/Dit.KI/VII/2017),whichcompliedwith all relevantregulations.
Thehumanskeletalremainsfrom LeangBuluBettue(specimennumber:Maros-LBB-1a)are
permanentlystoredat thepremisesof theBalaiArkeologiSulawesiSelatan(MakassarArchae-
ologyOfficein SouthSulawesi)in Makassar,SouthSulawesi.Requeststo accesscollectionsfor
study,includingdatabasesandcatalogsof finds,shouldbedirectedin thefirst instanceto the
directorsof PusatPenelitianArkeologiNasional(ARKENAS)(http://arkenas.kemdikbud.go.
id/#1) andBalaiArkeologiSulawesiSelatan(https://balar-sulsel.kemdikbud.go.id).

Morphological analysis
Themethodologyfor theanalysisof Maros-LBB-1acloselyfollowedthetechniquesappliedby
DB to GuaChain PeninsularMalaysia[40] soasto assistcomparisonwith thissubstantial
assemblageof mid-Holoceneburialsfrom anIslandSoutheastAsianrainforestenvironment.
Thethree�� ���
 teethweremeasuredfor their maximummesio-distalandbucco-lingual
diametersandalsothesediametersat thecemento-enameljunction.Cranialmeasurements
followedthedefinitionsin BraÈuer[41] andHowells[42]. Measurementsof Maros-LBB-1a

Fig 6. Right maxilla and frontal process(Maros-LBB-1a)from Layer4aat LeangBulu Bettue.(a-b)right andleft lateralviewsof theright maxilla(after
reconstruction). Thesmallpoint of contactbetweenthedentalportion andnasalpillar isobscuredbyglueandplasticine; (c) inferior viewof theright palate;(d) detailof
thelingualsidesof theextantfirst to third right uppermolars(M1 to M3), showingtheextremedegreeof occlusalattrition on theM1 andM3. TheM1 hadlostits crown
byextremewearandthereareabscesscavitiesaroundtheroot tips,owingto theexposureof dentalpulpcavities.TheM3 retainsits enamelonly at themesiobuccal
corner.Only theM2 hasanormalocclusalplane.TheM2 still retainsmuchof its occlusalenamelbut isconsiderably over-erupted,suggestingthat its opposingtooth
(M2) hadbeenlostwhiletheindividualwasalive;(e)anteriorviewof thereconstruction of theright maxillaandfrontal process.Thescalein (a-c)is in 10mm
increments;in (e) thescalebaris10mm. Photocredits:RatnoSardi(a-d);DavidBulbeck(e).

https://doi.org/10.1371/journal.pone.0257273.g006
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weretakenwith aKincromeelectroniccalliperaccurateto 0.01mm (generallyroundedoff to
theclosesttenthof amillimetre).Oral pathologywasrecordedfollowingPatterson[43],
althoughindicationsof periodontaldiseaseareinferredherefollowingTayles[44:238].Dental
morphologyfeaturesrecordedwerethoseof theArizonaStateUniversity(ASU)system[45]
including referenceto standardplaquesillustratedin thatwork andHillson [46] for photo-
graphsof Carabelli'scuspdevelopment.CranialmorphologywasrecordedfollowingLarnach
andMacintosh[47].

Taxonomy
TheLeangBuluBettueindividual (Maros-LBB-1a)isclearlydifferentfrom two representative
pre-modernhominin groupsin theregion,��	� �����
� from Javaand�. 
����������� from
Flores.Thelatterexhibitsadistinctlyprotrudedmaxillaryprocessof themalar,asreflectedby
ananteriorlypositionedlateralnasalmarginandlaterallyfacedbonesurfacebesideit, whichis
markedposteriorlyby theformationof aninfraorbital (maxillary)sulcus,modestalveolar

Fig 7. M2 crown sizeandshapein Maros-LBB-1a,other �. �������, Javanese�. ���	
��, and �. �
����������. Crown
size= SQRT(BLdiam.x MD diam.);crownshapeindex= (MD diam./BLdiam.)x 100.Redcross:Maros-LBB-1a
(measurementbyY.Kaifu);orangecrosses:PrehistoricIndonesian �. ������� (JavaandFlores)(N = 11);greycrosses:
Global�. ������� (Asia,Australia/Melanesia,Africa,Europe)(N = 363);greenªSºandªsº:Sangiran�. �����
� (S,older
subgroup; s,youngersubgroup) (N = 9);blueªLº: �. 
����������� (LB1).Y.Kaifucarriedout all measurements. Fordata
sourcesfor comparative�. ������� sample,seeTable2.

https://doi.org/10.1371/journal.pone.0257273.g007
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prognathism,amesiodistallyelongatedM2 crown,andalingualmolar root thatdiverges
stronglymedially[48±50].Maros-LBB-1adisplaysenhancedalveolarprognathismandtherel-
ativelyshortM2 crownisoutsidetherangeof variationfor �. �����
� (Fig7). It isalsodiver-
gentfrom �. 
����������� (Fig7).Theoretically,Maros-LBB-1acouldbelongto amemberof the
now-extinctandapparentlygeographicallywidelydispersedhominin Denisovanbranch,but
no Denisovancranialremainshavebeenidentified[51] to allowthispossibilityto betested.
Rather,asdescribedbelow,Maros-LBB-1aclearlyfallswithin themorphologicalrangeof �.
������� in theregionandsoisassignedto AMH.

Ageandsexof Maros-LBB-1a
ThisAMH individual isevidentlyadult,asshownby theworn statusof theextantM3 (Fig6,
Table3).Asreconstructed,theextantremainssuggestanindividual of smallto mediumsize:

Table2. Comparative���� ������� sample(seeFig 7).

Remarks Na Repositoryb

Prehistoric SoutheastAsia

Flores� Aimere,GuaAlo, GuaNempong,LiangBua,LiangMomer,
LiangToge,LiangX

9 NBC,
ARKENAS

Java� Hoekgrot,Wajak 3 NBC

Malaysia� GuarKepah 19 NBC

Vietnam� Mai DaDieu,Mai DaNuoc,HangChim,DongCang,ConCo
Ngua

73 IAH

Australia/Melanesia

NewGuinea� 30 AMNH, MH

Australia/Tasmania
Aboriginal Australian�

19 AMNH

SoutheastAsia

Philippine `Negrito'� 20 MH

Others Andaman,Indonesia,Malaysia, Nicobar,Philippine,Singapore,
Thailand

57 AMNH, MH

NortheastAsia

NortheastAsia China,Chukuci, Korea,Mongol,Yukagir 18 AMNH

Africa

`Bushman' 17 AMNH, MH

African `Pygmy'� 20 MH

SouthAfrica Excluding`Bushman' 26 AMNH

EastAfrica 45 AMNH

WestAfrica Excluding`Pygmy' 55 AMNH

Indo/Europe

India 6 AMNH

German 65 AMNH

Others Hungary,Poland,Sweden 8 AMNH

Total 490

� Samplesincludedin theEFAs.
aNumberof individuals.
bNBC= NaturalisBiodiversity Center, Leiden;ARKENAS= NationalResearchandDevelopmentCentrefor

Archaeology,Jakarta;AMNH = AmericanMuseum of NaturalHistory, NY; MH = Museedel'Homme,Paris,

IAH = Instituteof Archaeology,Hanoi.

https://doi.org/10.1371/journal.pone.0257273.t002
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· estimated(right) nasalheightof ~42mm, similar to theaveragesrecordedfor Andaman
IslanderfemalesandKhoisanmalesandfemales,but smallerthantheaveragesrecordedby
Howells[42] for anyothermaleor femaleseries;

· estimatednasalbreadth(basedon doublingtheextantright breadth)of 27mm, whichis
similar to theaveragesrecordedfor SouthwestPacificfemales,andPolynesian/Micronesian,
Ainu andKhoisanmalesandfemales[42].

Thepalateisof 	���
	 size[52] with its lengthandestimatedbreadthof respectively60
and64mm producingamoduleof 38.4.Theteetharequitesmallin size,with availablemea-
surementsthateitherfall reasonablycloseto theaveragesfor 2nd millennium CEburialsfrom
SoutheastSulawesior belowtheir recordedrange(Table4).However,theparticularlysmall
Maros-LBB-1atooth diametersreflectlossof thebulkiestpartof thecrowndueto advanced
occlusalattrition (Fig6,Table3) andsowefocuson thetooth diametersat thecemento-
enameljunction.Doing this,andincludingcomparativedatafrom the(sexuallyand
chronologically,comprehensivelyoverlapping)GuaChateethin PeninsularMalaysia,wesee
that theMaros-LBB-1atooth diametersfall within thelowermedianof thecomparativerange
(Fig8).

In summary,sexisdifficult to estimatefor suchfragmentaryremains,especiallywithout
knowingthespecimen'scomparativepopulation.It isnoteworthy,however,that theTron Bon
Lei individualsaresurprisinglysmallin size,being`uniqueevenbyPleistocenestandardsin
thecombinationof smallandnarrowmorphologies'[2: p12].

Oral disease
Weinfer that thisLatePleistoceneindividual experiencedpoororalhealth(Fig9).Theabsence
of anyteethotherthanthemolarscouldbedueto their lossafterdeath,althoughnoneof them
wererecoveredduring excavation.Certainly,themodestlyresorbedP1 alveolus(Fig9) indi-
catesthat this tooth hadbeenlostprior to theindividual'sdeath,andtheadvanceddehiscences
androughsocketsurfacesat theincisorandcaninesites(Fig9) alsosuggestthat theseteeth
hadlosttheir anchoringbeforedeath.In addition,interproximalinflammation[43] wasmod-
erateto extensiveatall tooth sitesanteriorof theM2, andall of thetooth sitesshowevidence
for whatweinterpretastheeffectsof periodontaldisease(Table5).A levelof antemortem
tooth losspossiblyashighas50%of preservedsocketsseemsrelativelyhighcomparedwith
otherPleistocenehumanfossilassemblages(see,e.g.,[55]). At GrottedesPigeonsin Morocco,
some29%of post-canineteethlostbeforedeathis recordedamongstbiologically`old'AMH
adultsof terminalPleistoceneantiquity,aphenomenonattributedto heavyocclusalattrition
andcariogeniccarbohydratesof adietbasedon fermentedpinenutsandacorns[56]. In
Maros-LBB-1a,theonly observablecariesarepinhole-sizedcavitiesin theanteriorandcentral

Table3. Right maxillary molar wear(Smith's system,in [46]) andcalculusdevelopment (after [43]) evidentin
Maros-LBB-1a.

Tooth Occlusalwear Calculuslocation Calculusamount

Firstmolar 4� Radicular: disto-bucallyanddisto-lingually Slight

Secondmolar 3 Coronal:mesio-buccally Slight

Third molar 7 Radicular: entirebuccalanddistalsurfaces, anddisto-lingually Moderate

� Themesio-lingualcornerof thetooth waschippedoff during life,makingassessment of thetooth'socclusalwear

problematic.

https://doi.org/10.1371/journal.pone.0257273.t003

PLOS ONE Human skeletal remains from Pleistocene Sulawesi

PLOS ONE | https://doi.org/10.1371/journal.pone.0257273 September 29, 2021 16 / 27

https://doi.org/10.1371/journal.pone.0257273.t003
https://doi.org/10.1371/journal.pone.0257273


foveaeof theM2. Hence,aclosercomparisonmaybeaffordedby theHoabinhianhunter-gath-
ererteethfrom GuaChain thePeninsularMalaysiarainforestsÐadramaticincreasein dehis-
cences,interproximalinflammationandotherperiodontaldiseasewith increaseddentalwear,
but maintenanceof acariesrateaffectingonly about40%of teeth[40].

Maros-LBB-1aalsoexhibitsadistinctivedentalwearpattern(Figs6 and9).Only theM2,
theocclusalsurfaceof whichprojectsbelowtheothertwo extantmolars,hasanormalocclusal
plane.Thewearplaneof thefirst molarslopesstronglyupwardfrom thedistalto themesial
margin.A possibleexplanationfor thisunusualcondition is that thefirst premolaralveolar
surfacehadatrophiedto thepoint wherealmosttheentireroot sockethadbeenlost.Accord-
ingly,during eating,thefoodboluswasmasticatedin apronouncedupwarddirectionanteri-
orly from thefirst molar to thefirst premolar.On theotherhand,thewearplaneon theM3

slopesstronglyupwardmesiallyto distally.Thiswouldappearto benot dueto masticationbut
insteadtheextensiveuseof this tooth asatool; for instance,draggingpalmfrondsup the
molarsurfaceto producetwine.Possibleevidencefor thissuggestedparamasticatory(nondie-
tary)dentalusecomesfrom thepresenceof athin but clearstriationrunning from themesio-
lingualto thebucco-distalsurfaceof thetooth.Grooveson theanteriorteethresultingfrom
twineproductionor similaractivitiesarereportedin theliterature[57], but, in thecaseof
Maros-LBB-1a,astriationratherthanagrooveis involvedandtheaffectedtooth is themost
posteriorin thedentition.Furtherassessmentof theunusualtooth wearandoralpathologyof
theLeangBuluBettuepalateisdifficult for adamaged,isolatedfragment.

Table4. Diameters(mm) of the Maros-LBB-1amolars,with SoutheastSulawesicomparisons(from [54]; Bulbeck
laboratory observations).

Tooth Maros-LBB-1a GuaLampetia/GuaAndomo/Gua
Sambangoala

Measurement Average(range)

Firstuppermolar Mesio-distal diameter >>8.5 � 10.4(9.6±11.4)

Secondupper
molar

�G�G 9.8 9.7(9.0±10.7)

Third upper
molar

�G�G 9.2# 9.8(9.5±10.0)

Firstuppermolar Bucco-lingualdiameter 12.2 11.7(10.6±12.6)

Secondupper
molar

�G�G 11.6 11.6(10.9±13.4)

Third upper
molar

�G�G 10.7� 11.5(11.0±12.4)

Firstuppermolar Mesio-distaldiameterat cemento-enamel
junction

8.1 8.6(8.0±9.5)

Secondupper
molar

�G�G 7.9 8.3(7.0±9.6)

Third upper
molar

�G�G 7.0 9.0(8.9±9.1)

Firstuppermolar Bucco-lingual diameter atcemento-
enameljunction

11.9 11.3(10.3±12.4)

Secondupper
molar

�G�G 11.5 11.0(10.0±13.0)

Third upper
molar

�G�G 11.1 11.3(10.8±12.2)

� Cannotbemeasuredwith anyreliability dueto advancedinterproximal wear.
#Somewhatreducedfrom advancedocclusalwear.

https://doi.org/10.1371/journal.pone.0257273.t004
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TeethÐOther observations
No signsof macroscopicenamellinearhypoplasiawereobservedon anyof theextantmolars
of Maros-LBB-1a.

Observationson theroot andcrownmorphologyof Maros-LBB-1aarecompatiblewith
eitheraSunda-Pacific(SoutheastAsian/Micronesian/Polynesian) or aSahul-Pacific(Australo-
Melanesian)affinity, basedon comparisonswith thedatain ScottandTurner [45]. Thetwo-
rootedfirst upperpremolar(Fig6) characterises~40±60%of Sunda-Pacificand~30±45%of

Fig 8. Comparativedatafor Island Southeast Asianupper molar diametersat the cemento-enameljunction. Sources:[40,53];
Table4 (thispaper).

https://doi.org/10.1371/journal.pone.0257273.g008

Fig 9. Dental pathologiesin Maros-LBB-1a.(a) Inferior viewof theright palate.Notetheinflammation of the
interproximal septaatall tooth sites,particularly markedat thesitesof thepremolarsockets,includingtheresorbed
first premolar; (b) close-upof theinflammation of theinterproximal septaat thesecondpremolarsite,showingalso
theroughinterior surfaceof thesocket.Notealsothemesio-lingualto bucco-distalstriationon thethird molar;(c)
close-upof theinflammation of thealveolarboneat thesecondpremolarsite,andslighterinflammation of the
interproximal septabetweenthefirst andsecondmolars.Scalebarsare10mm.

https://doi.org/10.1371/journal.pone.0257273.g009
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Sahul-Pacificpopulations.Thethree-rooteduppersecondmolar is foundwith ~50±80%of
Sunda-Pacificand~55±80%of Sahul-Pacificpopulations.Theabsenceof enamelextensionon
thefirst uppermolar (or anyof theMaros-LBB-1amolars)characterisesmorethan80%of
Sahul-PacificpopulationsandMicronesians,andisotherwiseobservedon ~65±80%of other
Sunda-Pacificpopulations.Basedon hypoconedevelopmentrecordedasASUgrade4,thesec-
ond uppermolarcanbeclearlyclassifiedasfour-cusped,asalsorecordedfor 85±92%of
Sunda-Pacificpopulationsandconsistently>90%of Sahul-Pacificpopulations.

Similarly,statisticalanalysisof dentalmorphologyshowsthat thefour closestpopulations
to GuaCha[58] areSunda-Pacific(Polynesia,'EarlySoutheastAsia')or Sahul-Pacific(Aborig-
inal Australia,Melanesia).

Cranial morphology
Theanteriornasalspineis ������ (Broca1),andtheright lowernarialmarginis represented
byathin line dividing thenasalandalveolarplanes(�������������� of LarnachandMacintosh
[47]). Thelateralorbital marginof themalarisnot preserved,but themedial(maxillary)sec-
tion of theorbit appearsto betrendingtowardsa��
���� orbital border.Medialto theorbit,
thesuperiorsurfaceof thefrontal processfacesanterolaterally,suggestingat leastmodestante-
rior protrusionof thenasalbridge.Althoughtheexactorientationin theoriginal facialskele-
ton isunknownfor theisolatedfrontal process,viewedlaterally,thenasofrontalsutureslopes
anteriorlywhile thenasalmarginfollowsamoreverticalorientation.Thesurfaceimmediately
lateralto thelateralnasalmarginformsaposteriorly`compressed'or anteriorlyfaced,super-
oinferiorly elongatedtriangulararea.

Theshapeof thepalateisparabolic,andbrachystaphylinor ����� [41], with abreadth:
lengthindexof 93.8(Fig3). In sharpcontrastto themodestanteriorprotrusionof theupper
facesuggestedfrom theabovestructure,thesubnasalpartof thepalateexhibitsstrongalveolar
prognathism:in fact,subnasalprognathismisextreme(����� of LarnachandMacintosh[47]).

Thefour characteristicsitalicisedabovereflectamorphologysimilar to thatof Aboriginal
Australiansratherthanto Europeansor EastAsians[47]. Asdetailedin Table6,basedon the
availablecomparativedata,about16%of Melanesians,11%of AboriginalAustralians,and5%
of IslandSoutheastAsiansequatewith Maros-LBB-1ain presentingabroadlyAustralo-Mela-
nesianmorphologyon all thesefour characters.Of thesixGuaChacraniawith all of these
charactersintact,two of them(both Neolithic)alsopresentaconsistentlyAustralo-Melanesian
morphology[40].

Table5. Periodontal disease(after [44]) acrossthe Maros-LBB-1aright maxilla.

Tooth site Classification Location Classification

Centralincisor Markedresorptionof thealveolar
crest

Buccal Reactivebone

Lateralincisor Markedresorptionof thealveolar
crest

Buccal Reactivebone

Canine Markedresorptionof thealveolar
crest

Buccal Reactivebone

Firstpremolar Markedresorptionof thealveolar
crest

Buccaland
lingual

Markedresorptionof thealveolar
crest

Second
premolar

Reactivebone Lingual Reactivebone

Firstmolar Irregularalveolarcrest Lingual Irregularalveolarcrest

Secondmolar Pockets Buccal None

Third molar Irregularalveolarcrest Buccal Pockets

https://doi.org/10.1371/journal.pone.0257273.t005
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Determininganaffinity for theGuaCharemainseitherwith recent,localIslandSoutheast
Asianpopulationsor with Australo-Melanesianpopulationsto thesouthwestprovedexcep-
tionallyproblematic[40], whichinvokesthecautionrecommendedbyCunhaandUbelaker
[59] in proposingancestrybasedon conflictingor inadequateevidence.If thiscautionis
appropriatefor asub-recent,wellsampledserieswith severalcompleteto semi-complete
skulls,suchasGuaCha,it logicallyapplieswith evengreaterforceto thehighly fragmentary
andmucholderMaros-LBB-1aremains.

Discussion
Thepresentscarcityof LatePleistoceneAMH skeletalremainsin Wallaceameansthatour
knowledgeof thepatternandtiming of theinitial migrationof our speciesinto theregion,and
laterinterislandmovements,is limited [2,60].In prior decades,andcontinuingtoday,most
attemptsto modeltheearliestcolonisationof theregionbyAMH havebeenbasedon theso-
named`two-layer'hypothesisor model.Accordingto thisconcept,thefirst AMH to enter
Wallaceaat least50kawereAustralo-Melanesians[61:p119]±directlinealancestorsof mod-
ern-dayAboriginalAustraliansandMelanesians/Papuans[2,14].Themodelholdsthat,once
this foundingpopulationreachedSahul,it becamecut-off andisolatedin thiscontinentuntil
themiddleHoloceneperiod[62]. At thisstage,directcontactwith anas-yetunknownhuman
populationis indicatedby thehuman-mediateddispersalof thedingo(����� �����) to main-
landAustralia,awild canidthatmayhaveoriginallybeenintroducedbyAsianseafarersasa
fully domesticateddog[63]. Accordingto thetwo-layermodel,themainlandEastAsianaffin-
ity of modernpeoplein thePhilippines,Sulawesi,andislandsto thewestisdueto thearrival
~5±4kaof Neolithic farmers(`Austronesians')from ahomebasein southernChina/Taiwan,
andtheir absorptionof theoriginalAustralo-Melanesians[64]. In thisview,theMalayan-Pap-
uanLinewouldmainly reflecttheeasternlimit of theimmigrant farmers'absorptionof the
pre-Austronesianinhabitants.

More complexmodelshavealsobeenproposed,with implicationsfor aPleistoceneancestry
of theMalayan-PapuanLine.For instance,Karafet�� ��. [14] contendthat following theinitial
peoplingof SahulbyAustralo-MelanesiansWallaceawastherecipientof latermigration
eventsinvolvingLatePleistoceneAMH colonistsspreadingout of Sundafrom source

Table6. Recent(2000BPand less)Indo-Pacific craniawith Maros-LBB-1acranial morphology(a). ISEA= Island
Southeast Asia.

Areacovered Observers Females Males Combined

Melanesia

NewGuinea,NewBritain,NewIreland,Solomons, Malekula,New
Caledonia, "Melanesia"

Bulbeck(b) 3/29 19/
107

22/
136= 16.2%

Australia

CoastalNewSouthWalesandQueensland Larnach(c) 11/92 13/
121

24/
213= 11.3%

ISEA

NicobarIslands,MalayPeninsula,Java,SouthSulawesi,southeast
Indonesia

Various(d) 3/40 4/110 7/150= 4.7%

(a) ����� subnasal prognathism,������ anteriornasalspine,�������������� narialmarginsand��
���� orbital

border.Only craniathatcouldbescoredfor all four charactersareincluded.

(b) Unpublishedlaboratory observations.

(c) StanleyLarnachpapers,heldat theStateLibraryof SouthAustralia.

(d) Unpublishedlaboratory observationsbyJohanKamminga, DavidBulbeckandDanielRayner.

https://doi.org/10.1371/journal.pone.0257273.t006
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populationswith differentgeneticancestry,andwhichnevermadeit to Sahul.Claimshave
alsobeenmadefor thepresenceof EastAsianAMH populationsin Sundabyaround40ka
[60;seealso65],aswellasmigrationsof mainlandEastAsiansinto Wallaceaduring theLGM,
aperiodof time whenacombinationof environmentalchangesaffectinghumansubsistence
andlowersealevelsenhancinginterislandvisibility mayhaveledto increasedhumanpopula-
tion movements[2]. In arecentmodel,Curnoe�� ��. [60] proposethat:1) AMH of Africanori-
gin reachedsouthernChinaby80ka[66] andfrom theremigratedinto northernSunda
(present-dayBorneo)andacrosstheWallaceLineto Sulawesi,andpossiblyto Maluku,but did
not extendtheir rangeinto Sahul.Basedon Curnoe�� ���� [60] reanalysisof theNiah Cave
`DeepSkull' (~37ka),theoldest�. ������� fossilknown from Borneo,it isproposedthat this
earlyAMH grouphadaclosemorphologicalaffinity with present-daymainlandEastAsians;
and2) aseparatewaveof AMH colonistsof Australo-Melanesianaffinity migratedeastward
alongthesouthernmostedgeof SundaanddispersedalongthesouthernrouteacrossWallacea
into Sahul.Accordingto thismodel,contraryto thetwo-layerhypothesistherewasno major
turnoverin biologicalpopulationsassociatedwith thetransitionfrom foragingto farmingin
IslandSoutheastAsia:`Instead,it seemsmorelikely thatAustronesianspeakersfrom Taiwan
andislandSoutheastAsiashareacommonorigin goingbackto theLatePleistocenewith only
alimited signalof theªOut-of-Taiwanºexpansionduring theNeolithicperiod' [60:p15].

Asnoted,thehumanskeletalremainsfrom LeangBuluBettuedatedto ~25±16kaarethe
first fossilevidenceof homininsrecoveredthusfar from PleistoceneSulawesi,akeyislandin
our understandingof thepatternof AMH colonisationof WallaceaandSahul.Forwhatit is
worth, thesehighly fragmentarymaterialspresentcharactersthatwouldbeconsistentwith
eitheranAustralo-Melanesianor anIslandSoutheastAsianaffinity, andsothisspecimencan-
not beconsideredasprovidingempiricalsupportfor eitherthetwo-layermodelor anyof its
contenders.

In summary,thetwo-layerhypothesisholdsthat theoriginal foundingwaveof Australo-
MelanesiansthatcolonisedWallaceain theLatePleistocenegaveriseto localisedislandpopula-
tionsthat remainedisolatedgeneticallyandculturallyovertensof thousandsof yearsuntil the
arrivalof EastAsianfarmers(`Austronesians')in themiddleHolocene.It hasalsobeenpro-
posedthat,followingtheinitial peoplingof SahulbyAustralo-Melanesians,Wallaceawasthe
recipientof further LatePleistocenemigrationeventsinvolvingAMH spreadinginto theregion
from sourcesin mainlandEastAsiaandinterminglingwith establishedAustralo-Melanesian
populations.Presently,usingonly thefossilrecordto goby,it isdifficult to testthesescenarios
on aregionalscaleandacrosstheknowntime spanof LatePleistoceneoccupationof Wallacea
byAMH, owingto thescarcityof humanskeletalmaterialsin theregion.Genomicanalysesof
living peopleandancientDNA sequencesareadvancingour knowledgeof earlyhumanmigra-
tionsandpopulationhistoriesin theregion(e.g.,Lipson�� ��. [67]; McColl �� ��. [68]); thusfar,
however,thereareno ancienthumangeneticmaterialsfrom Wallacea(includingMaros-LBB-
1a)andhenceour understandingof howthemodernpatternof humangeneticdiversityin the
regionarose,including theoriginsof theMalayan-PapuanLine,ispoorlydeveloped.

Finally,it isworth ushighlightingthat theLeangBuluBettueindividual possiblybelonged
to thepopulationresponsiblefor oneof theworld'soldestknownrock art traditions.Asmen-
tionedabove,datedparietalart in thesurroundingMaros-Pangkepkarstsspansthetime
periodfrom at least45.5kauntil theLGM. Thehumanremainscamefrom Layer4a,arich
archaeologicalhorizonthatyieldeddiverseandregionallyuniqueevidencefor portableart,as
wellaspersonalornamentsandpigmentuse[10]. Theformer includessmallrocksengraved
with abstractmarkings,and,in two cases,figurativeimagery[33]. Theseart objectsandorna-
mentswerecreatedlongafterthemostlikely initial periodof settlementof WallaceabyAMH
(~70±50ka).However,coupledwith theU-seriesrock art datesfrom Maros-Pangkep,they
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suggestthatasophisticatedartisticcultureexistedin SouthSulawesifrom at least45.5kauntil
aroundthetime of theLGM. Similarly,oneTron BonLeiburial (from TestPit B) wasinterred
with elaboratelycraftedshellfishhooks[11], highlightingtheimportanceof symbolsin the
livesof LatePleistoceneAMH in Alor andperhapswithin theculturalworldsof `iceage'com-
munitiesin Wallaceagenerally[10,69].

Conclusion
Therearemanyunknownsin our understandingof theearlyhistoryof our speciesin Walla-
cea.Giventhedearthof fossildata,therecoveryof anynewAMH skeletalelementfrom Pleis-
toceneWallacea,evenhighly fragmentaryremainslike theright maxillaMaros-LBB-1afrom
LeangBuluBettue,isof value;at leastto theextentof demonstratingthepresenceof early�.
������� in aregionthatmayhavebeenhostto multiple speciesof archaichominins.Thespeci-
menalsohastheadvantageof beingsecurelydatedbyavarietyof chronometrictechniquesto
~25to 16ka.Thefirst modernhumansto reachSulawesiproducedsomeof theoldestknown
datedrock art [13,30],yetlittle isknownabouttheorigin andcultural livesof theseLatePleis-
tocenehunter-gatherers.Maros-LBB-1aprovidesuswith thefirst direct fossilinsightinto the
identity of theseancientforagers,andits unusualtooth wearandoralpathologyoffer tantalis-
ing hintson howtheyadaptedto their rainforestenvironment.It isclearthatmuchmorebasic
fieldworkremainsto bedone,however,in orderto unraveltheculturalandbiologicalhistory
of earlyAMH in thisWallaceanisland.

Supporting information
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(PDF)
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