


�����	�, andanatomicallymodern���� �����	� remainshaveall beenrecoveredin actualor
inferredassociationwith Middle StoneAge(MSA)artifactsatanumberof localities[3]. MSA
occupationsaredominatedby flaketoolsmadeon radialor discoidalcores;someof theseare
retouchedinto tools,whileothersaremanufacturedusingtheLevalloistechnology.Theobjec-
tivewasto producepointsand/orscrapers,manyof whichwereevidentlyhaftedonto organic
handles.

Thispaperpresentsresultsof theanalysisof severalteeththatcomefrom anewarchaeolog-
icalsite,Magubikerockshelter,locatedin thesouthernhighlandsof Tanzania(Fig1).Magu-
bikehasextensiveMSAandlaterculturaldeposits(LaterStoneAgeor LSA,Iron Ageand
recent/historicoccupationlevels).It is locatedin Iringa Rural(���	�� ������	� in Kiswahili),a
district in Iringa Regionin thesouthernHighlandsof Tanzania.Thelandscapeof Iringa is
dominatedbyPrecambrianhighlands,andmanyrocksheltersandinselbergscanbeobserved.

Thearchaeologicalsiteof Magubikeisalargegraniterockshelteron ahill overlookingthe
modernvillageof thesamename.It is locatedat7Ê45.790'S,35Ê28.399'E,atanelevationof
1541m (Fig2).PamelaWilloughbywasshownthis rockshelterin June2005aspartof anini-
tial reconnaissanceof theareanorth of Iringa City on theroadto theRuahaNationalPark[4].
It wasrecordedasSASES(StandardizedAfrican SiteEnumerationSystem)site# HxJf-01and
on thesurfacetherewereLSA(LaterStoneAge)quartzandcrypto-crystallineartifacts,aswell
asIron Agepotteryandiron piecesandiron slag.Boneandshellwerealsopresent.At anele-
vationof 1,666m, in fallowmaizeandtobaccofields,onecouldalsoseenumerousMSA
artifacts.

Themembersof theIringa RegionArchaeologicalProject(IRAP)conductedinitial test
excavationsatMagubikerockshelterin August2006.Thegoalwasto locatestratifiedMSA
depositsin directassociationwith organicremainsanddatablematerial.Up until this time,
theonly StoneAgesitestudiedin anydetailin Iringa wastheIsimila Korongo,anAcheulean
(andlater)localityfirst excavatedin the1950s[5]. Korongoisgully in Kiswahiliandisusually
addedto thesitenameto distinguishit from nearbyplaceswith thesamename.

Geological / Archaeological context

In 2006,threetestpitsof 1 metresquareweredugin 10cmartificial levelsatMagubike.Test
pit 1wasin asidechamberandproducedaculturalsequenceof historic,Iron Age,LSAarti-
facts,andthen,below40cmof sedimentwith veryfewartifacts,aMSAdepositwasencoun-
teredthatextendedfrom 110to 180cmdepth,wherebedrockwasreached.Organicmaterials
wereonly presentin thehistoricandIron Agelayers.Two additionalsquaremetreswereexca-
vatedin themainshelter,underthemodernoverhang(Fig3).Thefirst, testpit 2,contained
historicandIron Agematerialsin thetop 50cm,andthenanentirelydifferentMSAdeposit
wasencountered.While theMSAartifactsin testpit 1weredominatedbyquartzandlight-col-
ouredchertartifacts,thosein testpit 2weredarkmetamorphicrocksandyellowcherts[6±7].
Furtherexcavationwasimpededbyalargepieceof roof fall,but onestrip,about15cmwide,
remainedat thewestside.Consequently,thisexcavationwasextended1metreto thewest(test
pit 3).Testpit 3 extendedfrom thesurfaceto 210cm,wherebedrockwasencountered.Aswas
thecasefor testpit 2,thetop 50cmof testpit 3 belongedto theIron Age(aswellasmore
recentandmoderntimes),therestto theMSA(Fig3).TheMSAdepositsareimmediately
belowtheIron Ageonesin thispartof thesite.(In otherpartsof Magubike,thereareLSA
occupationsin betweentheIron AgeandMSA,but not here).Iron Ageoccupationsareidenti-
fiedby thepresenceof ceramics,domesticatedanimalbonesand,mostimportantly,by iron
tools,andtheremnantsof iron smeltingandblacksmithingactivities(tuyeres,iron, slag,etc.)
Noneof thesearepresentin LSAor MSAlevels.In testpit 3,therewerenumerousanimal
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Fig 1. Magubike rockshelter, Iringa Region, southern Tanzania (map produced by Jeffrey Werner).

https://doi.org/10.1371/journal.pone.0200530.g001
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bonesandlargesnailshells(mainly ��
���	� species)throughouttheMSAlevels[8±9].In
addition,sixhominin teethwererecoveredfrom theMSAdepositsin testpit 3;all derived
from theupperjaw.Fourof theseteethcamefrom between130and140cm(onecentralinci-
sor,onecanineandtwo premolars;thecanineandonepremolarwerecementedtogether);the
remainingtwo (onecentralandonelateralincisor)camefrom 150to 160cmbelowthe
surface.

Theprecisestratigraphiccontextof thesefinds isnot clear(Fig4).Thereareaseriesof lay-
ersin thetop units thatbelongto thehistoricandIron Age(units1±4).Thetop two layers,
comprisingaround15cmin depth,arebothcomposedof moderatelysortedsilty sand.The
top layer(unit 1) isgreyishin colour,whileunit 2 belowis light greyishbrown.Thethird layer
isalsolight greyishbrown,poorlysorted,andwith amixedcompositionof silty sandand
larger,almostgravel-sizedclasts.Unit 4 is reddishbrownish/greyishandcomposedof silty
gravel,it ispoorlysorted,andhasamixedcomposition.Thefinal layer(Unit 5,from around
50cmto bedrock)iscomposedof silty gravelandcobblesizedclasts;thelatterincreasein size
with depthandrepresentdecayingbedrock.Thisunit is reddishbrownish(Biittner, personal
observation).Thestratigraphicsequenceof testpit 12,excavatedin 2012andadjacentright to

Fig 2. Photograph of Magubike rockshelter.

https://doi.org/10.1371/journal.pone.0200530.g002
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thewestof testpit 3,hasasimilarstratigraphicsequence(Fig4 in reference[81]). Here,six
unitsweredistinguished,whichhadanincreasein clastsizewith depthandachangein colour
from brown/greyto redwasalsoobserved.Notethat it is testpit 12thathassuppliedthebulk
of thesamplesusedfor dating.Theoriginaldescriptionof thestratigraphicsequenceof testpit
3 [4, 9] suggestedthat four of theteethwererecoveredfrom a10cmdeepspit (artificial layer
of deposit)immediatelybelowa30cmthick disturbedlayer(i.e.,onethatcontainedamixture
of LSAandMSAartifacts),andthat theothertwo teethwereseparatedfrom thesebyanother
10cmof deposit.Furtherexcavationsnextto testpit 3 confirm that thereareno LSAdeposits
in thispartof thesiteandthat theMSAlevelsbeginbetween30and50cmbelowthemodern
surface.Thefossilhominin teethfrom 2006comefrom wellbelowthis transitionallayer.

A totalof 11,417stoneartifactswererecoveredfrom testpit 3 atMagubike.Of these,1,749
(15.3%)areretouchedtools,1,295(11.3%)arecores,8,369(73.3%)aredebitage(including
wholeflakesandblades,chipsandchunks),and4 (0%)groundstonepieces(Fig5). In terms
of rawmaterials,4,475(or 39.2%)arequartz,829(7.3%)quartzite,1,552(13.6%)crypto-crys-
tallinesilica(chert/flint), 4,306(37.7%)othermetamorphic(i.e.not quartzite),1 (0%)other
sedimentary,and254(2.2%)aremadeof rock crystal(Fig6).While in theIron Agelevels,
quartzandchertaremostcommon,metamorphicrocksdominatein theMSAlevels.

Fig 3. Plan view of excavations at Magubike. PreviouslypublishedasWernerandWilloughby (2017:252).

https://doi.org/10.1371/journal.pone.0200530.g003
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Sincetheoriginal field season,themainareaof thesitehasbeenopenedup further.A num-
berof additionaltestpitsweredug(numberingtestpits6 to 12)andsampleswerecollected
for variouschronometricdatingtechniques.A planviewof theexcavationareasisgivenin Fig
3,previouslypublishedin WernerandWilloughby[81]. Testpit 12is immediatelywestand

Fig 4. View of west wall of test pit 3 during excavations in 2006. Thetop 50cmiscomposedof Iron Ageandmodernculturaldeposits.Belowthat isMiddle Stone
Age,to bedrockat210cmbelowthesurface.

https://doi.org/10.1371/journal.pone.0200530.g004

Fig 5. Numberof stoneartifactsbydepthin testpits3 (left) and12(right) atMagubikerockshelter.

https://doi.org/10.1371/journal.pone.0200530.g005
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southof testpit 3andwasthesourceof numerousmolluscshellsandmammalteethwhich
havebeenusedfor ElectronSpinResonance(ESR)dating.It measured1 m by1.35m and
extendedto alevelof 200cmbelowthesurface.A totalof 14,738stoneartifactswereexcavated
from testpit 12.Thearchaeologicalsequencewasidenticalto that in testpit 3,exceptthat the
changefrom theIron Ageto theMSAoccurredatadepthof 40cmbelowthesurface(rather
thanat50cmasin testpit 3).Theonly differencewasin thewestwallof testpit 12,wherethe
remainsof aniron furnaceextendedto adepthof 50cm(seeªFurnace0 to 50cmº in thelevel
categoriesfor Figs6 and7).Of the14,739stoneartifacts,799(5.4%)areretouchedtools,1,574
(3.9%)cores,13,331(90.5%)debitageand4 (0%)aregroundstonepieces(Fig5).Therearea
smallerpercentageof retouchedtoolsin testpit 12,but thismayreflectabetterunderstanding
of whatcountsasaªtoolº at thissite.Mostof theretouchedtoolscomefrom top levels;MSA
artifactstendto not beretouched.In termsof lithic rawmaterials,thetwo testpitsarequite
similar.Butby thetime testpit 12wasexcavated,wehaddevelopedamorecomplexclassifica-
tion for lithic rawmaterialsbasedon Biittner'swork [6]. Quartzmakesup 44%of thelithic
rawmaterials(n = 6,484pieces)whileªothermetamorphicºis thenextmostcommonat
40.7%(n = 6,002)Chertcomprises7.6%(n = 1,119)andquartzite5.6%(n = 826)(Fig6).

In conclusion,testpits12and3areimmediatelyadjacentto oneanotherandcontainasim-
ilar archaeologicalsequence.Thetypesof lithic artifactsandrawmaterialfrequenciesare
remarkablysimilar.Testpit 12wasexcavatedwith aviewto recoveringin situsamplesof shells
andmammalteethfor ESRdating.Weareconfidentthat thedatesfrom testpit 12reflectthe
ageof testpit 3,andtherefore,for thehominin teethdescribedhere.

Dating of Magubike shells, ostrich eggshell beads and mammal

teeth

ESRdatingrelieson theaccumulationof radioactivedamageovertime [10], for whichtooth
enamelis thepreferredstudymaterial.Signalstabilityin tooth enamelisextremelyhigh [11],
andbecausetooth enamelishighlymineralized,it isoftenpreservedin sites.At Magubike

Fig 6. Lithic rawmaterialfrequency bydepthin testpits3 (left) and12(right).

https://doi.org/10.1371/journal.pone.0200530.g006
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approximatelyadozenteethor tooth fragmentsof mediumto largemammals,primarily
equids,wererecoveredfrom variouslevelsin differenttestpits.Thelist of samplesispresented
in Table1.

Sampleswereprepared,measuredandanalysedbystandardmethods[12]. Dentinewas
removedbymechanicaldrilling with ahand-heldDremeldrill. Onceall dentinehadbeen
cleanedoff, thesamplethicknesswasmeasuredbyamicrometerandanadditional20�m of
enamelwasremovedfrom eachside,in orderto eliminatetheeffectsof alpharadiationfrom
thedentine.A Cs-137sourcewith adoserateof ~2.5Gy/min wasusedfor theartificial irradia-
tion. At minimum, 10doses(maximumdose5x-10xAD) wereusedto determinetheaccumu-
lateddose(AD) or total radiationreceivedby thesample.Samplesthathadnot been
reirradiatedwererun alongwith therampedaliquotsto checkfor spectrometerdrift. ESR
resultswereacquiredon aJEOLRE1Xspectrometeratapowerof 2 mW andmodulation
amplitudeof 0.1mT. PlottingESRintensityagainstdosegavetheAD. Typicalspectraand
growthcurvesareshownin Fig7.Environmentalandinternaldoserateswerecalculatedusing
neutronactivationanalysis(NAA) to determineconcentrationsof radioisotopes.Sinceany-
thing in theenvironmentwithin 30cmcontributesto thedoserate,in addition to thesedi-
mentin thelevelwherethetooth wasfound,sedimentfrom levelsaboveandbelowwere
averagedin. In calculatingages,cosmicradiationwasneglecteddueto theextentof coverover
therockshelterandthesmallangleof opening[13]. Sedimentarywaterwasassumedto bethe
modernvalue,10%� 5%.Sedimentdoserateswerederivedfrom sedimentcollectedwithin 30

Table 1. Tooth samples from Magubike rockshelter.

Catalogue Sample Test Pit Depth (cm)

2012MAG04 PT86 8 110±120

2012MAG07 PT82 8 130±140

2012MAG10 PT83 8 130±140

2012MAG01 PT85 9 30±40

2013MAG45a PT90 9 50±60

2013MAG50a ET25 12 80±90

2013MAG51a PT96 12 130±140

2013MAG53a PT98 12 170±180

https://doi.org/10.1371/journal.pone.0200530.t001

Fig 7. Effect of changing sedimentary dose assumptions on sample age. Error barsare� 1�.

https://doi.org/10.1371/journal.pone.0200530.g007
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cmof thetooth,aswellassamplesof therock wall.However,testingthesedimentaryassump-
tionsshowedthat theexternaldoseratecouldvarybyasmuchas20%in eitherdirectionwith-
out changingthecalculatedagesoutside�2� (Fig7).Similarly,changingwaterconcentration
did not changeagessignificantly(Fig8).

A complicationwhendatingtooth enamelis that teetharesemi-opensystems.Dentineand
enameltakeup uraniumduring burial.The[U] in tooth enamelanddentineisshownin
Table2.Traditionally,wereport threepossibleagesdependingon assumptionsabouttherate
of uptake.Earlyuptake(EU) assumesthat themodernconcentrationof uraniumwasachieved
shortlyafterburial,yieldingtheyoungestage.Linearuptake(LU) assumesthaturaniumhas
accumulatedrelativelysteadilyduring burial,andrecentuptake(RU) assumesthat,dueto
somechangein theenvironmentor thetooth,mosturaniumaccumulatedrelativelyrecently
beforeexcavation,yieldingtheoldestages.Complexuptakemodelsarealsopossible,but these
threecovermostcases,with RUbeinggenerallyrare.In thisstudy,RUageshavenot beencon-
sideredbecausetheyareclearlynot probable.Whencomparisondatingmethodshavebeen
used[14], bestagreementhascomewith LU ages.This isnot surprisingin asitewherewater,
thesourceof U, hasbeenableto percolatethroughthesediment.In thelastfewdecades,cou-
pledU-series/ESRdatinghasmadeit possibleto refinetheuptakemodel.Sampleshavebeen
submittedfor thisadditionaltechniquebut to datenonehaveyieldedresults.

Resultsarepresentedin Table3 andtheLU agesareplottedin Fig9.Additional informa-
tion isprovidedin theS1File.

Overall,samplesshowstratigraphicconsistency.Thedatafrom TestPit 12,10to 65cm
southof wherethehominin teethwerefound,suggestsaminimal agefor the130±140cmlevel
of 160±180ka,andanagefor the170±180cm levelof 280ka.Thelatterageis from asingle
tooth fragmentandclearlyadditionaldateswouldbeusefulto ruleout reworking.

Molluscsareanotherpotentialmaterialfor dating[10]. Multiple samplesof ��
���	� sp.
havebeenfoundatMagubike.Somewerepreparedandanalysedbystandardmethods[132].
However,in instanceswhereteethandshellswerefrom thesamelevelin thesametestpit, for
examplein testpit 12,it wasfound that theagesof theshellswereconsiderablyolder,byas
muchas100ka.As��
���	� isaburrowingspecies,it shouldyieldageslessthanor equalto
tooth agesfor asite.This isparticularlytrue for thesesamples.Thesnailsin theMSAlevels
tendto bewhole,suggestingthat theymayhavelivedin theshelterandburrowedinto the

Fig 8. Effect of varying assumed water concentration on sample age. Error barsare� 1�.

https://doi.org/10.1371/journal.pone.0200530.g008
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MSAdepositsto estivate.Closeexaminationindicatesanimpurity in theESRspectrumthat
distortstheresults.More studyisunderwayto seeif theseagesin canbecorrected.In the
meantime,shellagesfrom Magubike,suchasthosepublishedin WernerandWilloughby
(2017),haveto bediscarded.

Furtherevidencethat theshellagesareincorrectisshownbycomparisonof ESRand14C
ages.Initially, theIsotraceRadiocarbonlaboratoryat theUniversityof Toronto datedtwo
��
���	� snailshells.Onefrom theIron Age/ historic levelsfrom 20to 30cmproducedan
uncalibrateddateof 2,990� 60BP(TO-13422);thisproducesa68%confidenceintervalof
1,315to 1,125calibratedyearsBC.Another,from 130to 140cm,thesamelevelasfour of the
hominin teeth,producedanuncalibrateddateof 41,790� 690BP.Threeshellsfrom the2012
excavations,whichweredatedby radiocarbon,werealsodatedbyESR(Table4).All came
from testpit 12,which is immediatelyadjacentto testpit 3 from 2006.Oneshell,from theIron
Agelevels,20to 30cmbelowthesurface,producedanuncalibrateddateof 4,477� 32years
BP(OxA-27438).Anothershell,from closeto thetop of theMSAdeposits(60to 70cmbelow
thesurface),gaveadateof 49,200� 900BP(between49,403and45,600calBC)(OxA-27439).
Thethird shell,from 90to 100cmbelowthesurfacegaveasimilardate:47,550� 700BP(or
between47,218and44,291calBC)(OxA-27440).Thesedatesareconsistentwith theoriginal
��
���	� datefrom Isotrace.In contrast,andconsistentwith theoriginal Isotraceresults,the
ESRagesaremucholder.��
���	� shellsseemto giveradiocarbondatesthataresimilar to the
ESRdateswhentheycomefrom therecentsequencebut appearto bemuchyoungerthan
expectedwhentheycomefrom theMSAdeposits.Onecouldhypothesizethat theradiocarbon
agesareminima andtheESRagesmaxima,but thedifferencebetweenthemis too largeto
makethisarealisticproposition.Theconservativeassumption,then,is that theradiocarbon
datesprovideat leastaminimum agefor thesedeposits,andthat theMSAoccupationin the
mainpartof theMagubikerockshelterisat least40,000to 50,000yearsold.

Table 2. Uranium content for tooth enamel and dentine. Uncertainty for all valuesis0.02ppm.

Sample [U]en (ppm) [U]den1 (ppm) [U]den2 (ppm)

PT86en1 0.15 16.14 16.14

PT86en2 1.38 15.26 11.18

PT86en3 0.75 11.18 15.26

PT82en4 0.56 9.10 9.10

PT82en2 0.23 6.30 9.10

PT82en6 0.55 5.51 6.58

PT82en5 0.84 6.14 6.14

PT85en1 0.13 7.58 6.46

PT85en2 0.15 6.46 7.17

PT85en3 0.32 6.76 6.46

PT90en1 0.65 14.41 9.57

PT90en2 0.56 13.07 9.57

PT90en3 0.66 9.57 13.74

ET25en2 0.49 10.66 33.17

ET25en1 0.37 10.78 45.67

PT96en1 0.77 29.58 29.58

PT96en3 2.35(est) 23.52 23.52

PT98en1 0.85 20.04 13.90

PT98en2 1.29 13.90 19.75

PT98en3 0.50 19.46 13.90

https://doi.org/10.1371/journal.pone.0200530.t002
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Table 3. Summary ages for tooth samples. D(ext) is theexternaldoserate.EUD(int) is theinternaldoserateassuminganearlyuptakemodel.EU is theagein kaassum-
ing anearlyuptakemodel.LU D(int) is theinternaldoserateassumingalinearuptakemodel.LU is theagein kaassumingalinearuptakemodel.Doesunitsarein micro-
graysperyear.Sedimentarywaterconcentration:10%.Alpha-efficiency:0.13.

Sample D (ext) �Gy/a AD (Gy) �Gy/a EU (ka) LU D (int) �Gy/a LU (ka)

PT86en1 3260 815.0 1520 170.5 702 205.7

� 261 32.0 43 12.9 17 17.6

PT86en2 3260 763.6 1299 166.7 605 197.6

� 261 25.0 41 12.5 17 16.7

PT86en3 3260 711.4 1183 160.1 543 187.1

� 261 31.2 30 13.0 13 16.9

PT86(avg) 3260 169.0 196.8

� 261 12.7 17.0

PT87en1 3260 799.8 1401 167.3 642 199.9

� 261 98.1 41 24.3 18 30.3

PT82en1 4231 678.2 538 142.2 242 151.7

� 306 48.0 15 13.6 9 14.9

PT82en4 4231 735.0 639 155.2 286 167.7

� 298 28.0 23 11.5 9 13.1

PT82en6 4231 745.0 400 160.9 177 169.0

� 298 50.0 25 15.1 12 16.2

PT82en5 4231 670.0 585 143.0 269 153.7

� 298 23.0 23 10.4 10 11.8

PT82(avg) 4231 150.3 160.5

� 298 12.3 13.1

PT83en1 4099 830.0 2850 120.3 1221 152.7

� 298 38.7 57 7.8 27 11.1

Sample D (ext) �Gy/a AD (Gy) EU D (int) �Gy/a EU (ka) LU D (int) �Gy/a LU (ka)

PT85en1 3211 283.0 429 77.7 195 83.1

� 202 15.0 9 6.0 4 6.6

PT85en2 3211 267.0 381 74.3 174 78.8

� 202 10.0 8 5.0 3 5.6

PT85en3 3211 299.8 431 82.3 196 88.0

� 202 10.0 12 5.3 4 6.0

PT85(avg) 3211 78.0 83.3

� 202 4.1 6.0

PT90en1 4890 555.0 737 98.6 333 106.3

� 306 19.0 18 6.4 8 7.2

PT90en2 4890 547.3 679 98.3 307 105.2

� 306 28.1 17 7.4 7 8.2

PT90en3 4890 549.8 622 98.0 327 105.4

� 306 17.9 18 6.3 8 7.1

PT90(avg) 4890 98.3 105.6

� 306 6.5 7.5

PT91en1 4796 744.6 1056 127.2 482 141.1

354 21.8 32 8.6 14 10.3

PT91en2 4796 616.4 733 113.6 285 121.3

354 26.0 21 8.9 9 9.9

PT91(avg) 4796 120.8 131.1

354 8.8 10.1

ET25en2 4959 915.0 1245 138.0 616 155.0

(��	��	� �� )
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Alongwith thesnailshells,anumberof ostricheggshellbeads(OES)andbeadfragments
from testpit 12weresubmittedfor radiocarbondating[15]. Threeof thesecamefrom MSA
levelswhile two camefrom theIron Age/ historic levels.

OneOESbeaddiscor preformcamefrom 80to 90cmbelowthesurfacein testpit 12.It
producedadateof 31,810� 180BP(with a72%probabilityof anagebetween34,798to 34,239
calBC,anda23.4%probabilitytheagerangesfrom 34,015to 33,585BC)(OxA-27627).A sec-
ond preformfrom 70to 80cmbelowthesurfacein testpit 12gaveadateof 47,750� 750BP
(47,405to 44,418calBC)(OxA-27626).Thethird, acompletebead,camefrom between90

Table 3. (Continued)

� 328 45.4 45 7.1 20 7.8

ET25en1 4959 696.3 1382 104.5 638 117.6

� 328 45.4 34 8.6 22 10.1

ET25(avg) 4959 121.3 135.8

� 328 7.8 9.0

Sample D (ext) �Gy/a AD (Gy) EU D (int) �Gy/a EU (ka) LU D (int) �Gy/a LU (ka)

PT96en1 3878 798.8 2118 133.2 990 164.1

� 203 54.0 90 10.7 35 13.2

PT96en2 3878 1018.0 2176 168.2 1016 208.1

� 203 60.0 89 14.1 41 18.3

PT96(avg) 3878 150.7 186.1

� 203 12.4 15.7

PT98en1 3391 1121.7 1513 229.5 705 274.7

� 213 35.3 35 12.8 18 16.8

PT98en2 3391 781.1 1524 159.0 703 190.8

� 213 37.4 41 10.6 18 13.6

PT98en3 3391 966.5 1350 203.9 725 240.8

� 213 30.0 32 11.4 14 14.9

PT98(avg) 3391 194.1 235.4

� 213 11.7 15.1

https://doi.org/10.1371/journal.pone.0200530.t003

Fig 9. Age as a function of sample depth. Where multiple subsamples were measured, ages are average of all

subsamples.

https://doi.org/10.1371/journal.pone.0200530.g009
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and100cm belowthesurfacein testpit 11,eastof testpit 12andsouthof testpits2 and3
from 2006.Thishadaradiocarbondateof greaterthan50,100BC(OxA-27628)[16].

Giventhestratigraphicdepthatwhichthehumanteethwerefound in testpit 3,theyare
likely to beat least45,000yearsold,andperhapsmucholder.In thefuture,it maybepossible
to directlydatetheteethby laserablationusingESRandU-series.In addition to theradiocar-
bonandESRdating,JamesFeathersof theUniversityof Washingtonisalsoattemptingto date
sedimentsfrom testpit 12usingopticallystimulatedluminescence(OSL).However,no final
datesareavailableyet.

Materials and methods

Thematerialavailablefor studyconsistsof sixpermanent,fully developedupperteeth.They
are:left andright centralincisors,right lateralincisor,right canine,right third premolarand
left fourth premolar(Fig10).Theywereall isolated,without anyassociatedbone.However,
theright canineandright third premolarareheldtogetherbymatrix andbyafragmentof
alveolarboneatapoint two-thirdsof thewayup theroot. Aspectsof themorphology,metrics,
wear,andpathologyof theteethsuggestthat theycomefrom theoneindividual.

Foursampleswerepreparedfor makingmorphologicalcomparisons:

1. African mid/latePleistocene,basedon publisheddescriptions,casts,andoriginalspecimens
heldby theHumanOriginsGroupin theDepartmentof EarthSciencesat theNaturalHis-
tory Museum(NHM), London.Sitesin thissamplefall into two principalgroups:a)Middle
Pleistocenepre-modernhomininsassignedto ���� 
�����
����	��� or archaic���� �����
�	� (ThomasQuarriesIII, SaleÂ, Rabat,JebelIrhoud, BrokenHill, Eyasi);b) mid/latePleisto-
cene���� �����	� (Guomde,SeaHarvestCave,Kabua1,Die KeldersCave,EquusCave,
NazletKhater,Wadi KubbaniyaandtheAteriansitesof Mugharetel `Aliya,Dar esSoltan,
andSmuggler'sCave).Themorphologicaltraits thatcanbedeterminedvarywith thelevel
of wear,andfor somesites,little usefulinformation canbegleaned.Dueto thescarcityof
relativelyunworn sub-Saharanmaterial,thesamplehasaNorth African bias.References
for sitesincludedin thissampleareidentifiedin Table5.Thedatafor numberof premolar
rootsfor Ndutu, JebelIrhoud, NgalobaLH18andBodois from SchwartzandTattersall
[112].˟: Crownmeasurementsareincludedin groupslistedin Table6.Datesaretaken
from Klein [113]andothercitedreferences.

2. African Holocenematerialheldat theNHM, London,for makingbothmetricalandmor-
phologicalcomparisons:

i. aKenyanearlyHolocenesampleconsistingof specimensfrom thesitesof Elmenteita,
Naivasha,NaishiandGamble'sCave[17];

ii. specimensfrom thesiteof Gwisho(Lochinvar)in Zambia,datedat5±4ka[18].

3. RecentEast/SouthAfrican (last1000years)utilising sub-Saharanmaterialheldat the
NHM, London,for traits for whichtherearelittle relevantpublisheddata,principallyrelat-
ing to premolars.

Table 4. Comparison of ESR and 14C ages for Achatina shells.

Catalogue Sample Depth C-14 Sample ESR Age (ka) C-14 Age (ka)

2015MAG02 CM69 20±30 OxA-27438 6.2� 0.4 4.47� 0.03

2015MAG01 CM67 60±70 OxA-27439 202� 20 49.2� 0.9

2015MAG03 CM68 90±100 OxA-27440 183� 18 47.6� 0.7

https://doi.org/10.1371/journal.pone.0200530.t004
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In addition,principally for traits in theanteriorteeth,Bailey's2006[16] sampleof early
modernAfro-Asians,mostlycontainingteethfrom Skh�l andQafzeh,but alsofrom Die
KeldersCave,EquusCaveandSeaHarvestCave,wasemployedand,in addition,published
samplesof recentBantuandrecentSan.

Publishedmorphologicaldatapredominantlyrelateto anteriorteeth,of theteethbeing
studied,andnot to premolars.Consequently,whilst themid/latePleistoceneandKenyanearly
Holocenesamplesareusedfor comparisonto all theteeth,theearlymodernAfro-Asianand
recentBantuandSansamplesareusedfor comparisonto theanteriorteeth,andtherecent
East/SouthAfrican sampleisusedfor comparisonto thepremolars.

Headingsin Table5 relateto thegroupingsof non-recentsitesusedfor makingmetrical
comparisonsin Table6.Sitesincludedin eachgroupareidentifiedby `˟'.Comparisonsare

Fig 10. Photos of the labial, mesial, lingual, distal and occlusal surfaces of the Magubike teeth: Upper left central

(LCI), right central (RCI) and right lateral (RLI) incisors, right canine (RC) and right third premolar (RP3) and

left fourth premolar (LP4). Scale1cm.

https://doi.org/10.1371/journal.pone.0200530.g010
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Table 5. References used for comparative material. Headingsrelateto groupingsof sitesusedin Table6.

Specimen Reference

Homo erectus
`��	�	�
� ����' (China~770ka) Weidenreich1937[23]

KNM-ER1808 (˟~1.8±1.7Ma) BrownandWalker1993[82]

KNM-ER3733 (˟~1.8±1.7Ma) LeakeyandWalker1985[83]

SK27 (˟~1.8±1.5Ma) Clarke1977[84]

KNM-ER803 (˟~1.6±1.4Ma) BrownandWalker1993[82]

Nariokotome˟KNM-WT15000(~1.5Ma) BrownandWalker1993[82]

OH 59/29˟(~1.15±0.8Ma) Rightmire1980[85]

Homo heidelbergensis / archaic Homo sapiens
Tighennif˟ (Algeria~780ka) Arambourg andHoffstetter1963[87]

ThomasQuarriesIII �˟ (Morocco~600±400ka) Ennouchi1976[88]; Rightmire1990[86]

SaleÂ�˟ (Morocco~400ka) Jaeger1975[89] ; Day1986[91]; cast

JebelIrhoud�˟ (Morocco~350±300ka) Hublin etal.2017[2]
Richteretal.2017[125]

Rabat�˟ (Morocco~200±130ka) Day1967[90]; ThomaandVallois1977[42]

BrokenHill �˟ (Zambia~300±200ka) Carter1928[92]; Day1986[91]; original specimens

Lainyamok˟ (Kenya~392±330ka) Shipman etal.1983[93]

Wadi DagadleÂ˟ (Djibouti ~400±250ka) DeBonisetal.1984[94]

Eyasi�˟ (Tanzania~400±200ka) Weinertetal.1939[95]

Aterian

Mugharetel `Aliya�˟ (Morocco~128±40ka) �enyuÈrek1940[96]; Briggs1967[53]

Dar esSoltan�˟ (Morocco~128±40ka) Hublin etal.2012[97]

Smuggler'sCave(GrottedesContrebandiers)�˟
(Morocco~128±40ka)

Hublin etal.2012[97]

Sub-Saharan Middle Stone Age Homo sapiens
Guomde� (Kenya~300±100ka) Photographstakenby G BraÈuer,F Spoor;cast

Herto˟ (Ethiopia~160±154ka) White etal.2003[98]

OmoKibish1˟ (Ethiopia~198±104ka) Leakeyetal.1969[99]

SeaHarvestCave�˟ (SouthAfrica ~128±40ka) GrineandKlein 1993[120]

Kabua1�˟ (Kenya) Whitworth 1966[117];originalspecimen

Die KeldersCave�˟ (SouthAfrica ~75±65ka) Averyetal 1997[100];Grine1998[101],2000[74]

EquusCave�˟ (SouthAfrica ~75±27ka) GrineandKlein 1985[102]

North African later late Pleistocene / early

Holocene

NazletKhater� (EgyptMSA~37.5ka) Thoma1984[103];Pinhasi1998[104]

JebelSahaba(˟N Sudan~14±12ka) Anderson1968[105]

Wadi Halfa˟(N Sudan~11±8ka) Greeneetal.1967[106]

Wadi Kubbaniya� (Egypt~25±20ka) WendorfandSchild1986[107]

N African Epipal/Meso˟(TaforaltandAfalou) BermuÂdezdeCastro1991[108]

Sub-Saharan Holocene

MatjesRiverProtoBushman(SouthAfrica ~9.7
ka)

Keith 1933[109];Sealyetal.2006[110];cast("proto-Bushman)

KenyaearlyHolocene(Elmenteita;Naivasha;
Naishi;Gamble'sCave)

Measured by Tim Compton

Gwisho(Zambia~5±4ka) Measured by Tim Compton

Mapungubwe(SouthAfrican Iron Age) Galloway1937[56]

Other

Mugharetes-Skh�l (Israel~120±90ka) McCownandKeith 1939[118]

(��	��	�� � )
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alsomadeto metricaldatapublishedfor recentAfrican groups:Teso,Bantu,andSanBush-
men.Measurementsfor comparativematerialusedin Tables6,7 and8 aretakenfrom pub-
lishedsources,asindicatedin Table5,unlessotherwisestated.

Themorphologicaltraitsstudiedaredescribedin Table9.Mostof themorphologicaltraits
studiedarein theASU(ArizonaStateUniversity)dentalanthropologysystem(ASUDAS),and
theASUscoringsystemis followedusingtheir dentalreferenceplaques[19±20].Whereboth
left andright antimeresarepresent,thehighestexpressionof atrait encounteredis theone
used(accordingto [19]).

Thedefinitionsusedfor measuringmesiodistalandbuccolingualcrowndiameters,crown
heightandroot lengtharethoseof Moorrees[21], andthosefor root robusticityareasdefined
in ComptonandStringer[22], basedon Weidenreich'smethod[23]. Cervicalmeasurements
arethosedefinedbyHillson �� ��. [24]. No adjustmentsfor wearweremadeto themesiodistal
crowndimensionsof theMagubiketeeth,it not beingconsideredthat theinterproximalwear
wassufficientto warrantthis.Wherebothantimeresweremeasured,themeasurementsare
averagedunlessotherwisestated.Estimatedroot lengthsweredeterminedbyextendingthe
buccalandlingualsurfacesof theroot on ascaledphotographandassuminganarrowrounded
tip similar to thoseon thetwo teethwith completeroots.Themethodof Smith[25] is
employedto describethelevelof wearon theteeth.

All theobservationsmadeon theMagubiketeethwererepeatedafteranintervalof a
month.On othermaterial,outlier measurementsandobservationsof low frequencytraits
wererepeated.

Scratcheson thelabialsurfaceof theteethwereobservedusingaScanningElectronMicro-
scope,anddetailedthree-dimensionalmodelsof thesurfaceswereproducedusinganAlicona
Infinite Focusopticalsurfacemeasurementsystem[26±27].Theorientationof thenon-masti-
catorystriationsrelativeto theocclusalplanewasmeasuredon scanningelectronmicroscope
imagesof thelabialsurfacesusingthefour orientationcategoriesdefinedbyLaluezaFoxand
Frayer[27]: horizontal,angleextendingbetween0Ê-22Êand158Ê-180Ê;right oblique,from the
individual'supperright to lowerleft,angleextendingbetween23Êto 67Ê;left oblique,from the
individual'supperleft to lowerright, 113Ê-157Ê;andvertical,68Ê-112Ê.

Descriptions

Thesixteetharecompleteapartfrom theapicesof therootsof theright-handteeth,whichare
missing.Theapexof theleft fourth premolarroot isalsoslightlychipped.Therootsand
exposeddentineof theright-handteetharestainedblack.This is lesspronouncedon theleft-
handteeth,whichhavepatchesof blackstainon therootsandnoneon exposeddentine.All
therootshavepatchesof concretion.Therealsoappearsto bemineralisationtowardsthecer-
vix, andextendingonto theroots,causingahighgloss.Theleft centralincisor issplit near-

Table 5. (Continued)

Specimen Reference

Recent sub-Saharan (measurements)

Teso(Kenya) Barnes1969[111]

SanBushmen Drennan 1929[79]

Bantu(SouthAfrican) Middleton Shaw1931[57] (crownheightsandroot lengths);
Jacobson1982[54] (crowndimensions)

�: Sitesincludedin mid/latePleistocenemorphologicalsample.

https://doi.org/10.1371/journal.pone.0200530.t005
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verticallyinto two piecesalongthemesiodistalaxisof thecrownandthebuccaltwo thirds of
theroot. All theteethhaveminor ����������� verticalcracking.

Thesixteethhavesufferedataphonomicerosiveprocesscausingthepartialdissolutionof
theenamelandtheformationof obviousgroovesandperforationsof thecrown,exposingthe
prismaticstructureof theenamel(Fig11A).Thisdamageisaccentuatedon their roots,proba-
bly dueto differencesin hardnessof theenamelanddentine.This typeof alterationis likely to

Table 6. Comparative crown measurements (in mm).

Site / Sample

Upper

I1

‘n’

Upper

I1

Area

Upper

I1

Index

Upper

I2

‘n’

Upper

I2

Area

Upper

I2

Index

Upper

C

‘n’

Upper

C

Area

Upper

C

Index

Upper

P3

‘n’

Upper

P3

Area

Upper

P3

Index

Upper

P4

‘n’

Upper

P4

Area

Upper

P4

Index

African non-recent

���� ������� XÇ 3 94 75 3 66 102 3 96 98 4 113 144 2 98 145

���� ������� Range 77±110 71±80 62±72 99±105 79±110 91±106 101±
129

137±
162

98 142±
149

�. 
�����
�� ��	��� /
archaic�. �����	� XÇ

2 72 97 7 92 110 5 92 138 6 93 142

�. 
�����
�� ��	��� /
archaic�. �����	�
Range

68±76 88±106 81±110 100±
126

82±105 132±
147

79±105 135±
156

Aterian(128±40ka)
XÇ

1 89 133 2 82 126 2 103 129

Aterian(128±40ka)
Range

79±84 119±
134

102±
103

118±
140

MagubikeXÇ 2 75 80 1 58 87 1 71 117 1 70 128 1 69 126

Sub-Saharan Middle
StoneAgeXÇ

2 61 72 1 37 102 4 73 106 2 71 145 7 72 132

Sub-Saharan Middle
StoneAgeRange

60±61 71±73 58±89 91±119 60±81 124±
167

54±81 122±
150

N African laterLate
Pleistocene/ early
HoloceneXÇ

17 62 71 33 51 94 34 71 113 36 75 133 44 72 140

Kenya(Early
Holocene)XÇ

2 67 88 4 49 97 5 64 111 10 72 131 11 66 140

Kenya(Early
Holocene)SD

5 1 8 11 5 9 8 10 8 7

Kenya(Early
Holocene)Range

64±70 88±89 43±60 87±111 59±71 101±
126

64±87 110±
145

56±80 131±
154

Gwisho(Zambia,5±4
ka)XÇ

8 60 82 6 42 94 6 59 105 7 62 132 6 65 136

Gwisho(Zambia,5±4
ka)SD

9 9 5 6 11 3 8 8 7 8

Gwisho(Zambia,5±4
ka)Range

49±71 73±97 35±48 86±100 47±76 100±
108

52±75 120±
143

55±74 127±
148

Mapungubwe(SA,
Iron Age)XÇ

4 69 88 4 58 92 3 82 110 3 86 134 4 85 133

Recent Sub-Saharan

Teso(Kenya)XÇ 27 53 82 28 46 91 15 67 106 14 75 131 10 72.6 132.9

Teso(Kenya)Range 56±95 124±
147

58±80 119±
147

SanBushmanXÇ 25 54 78 24 40 90 26 59 104 25 58 126 26 55 131

antu(SA)XÇ 191 63 83 266 46 95 363 65 109 389 68 132 386 64 140

Bantu(SA)Range 48±86 70±110 24±85 57±124 45±91 92±139 44±90 108±
150

45±86 121±
163

https://doi.org/10.1371/journal.pone.0200530.t006
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beassociatedwith chemicaldegradation,similar to thedissolutionof thecorticalsurfaceon
bonecausedby root etching[29±31].It seemslikely that thescarcityof humanremainsat the
siteisassociatedwith thisprocessof strongchemicaldegradation[32±33].

Dueto ����������� damage,it isnot possibleto ascertainthedegreeof �	�� ������ polish
or minor chippingon theteeth.It canbesaid,though,that therewasno major �	�� ������
chippingor fractures.Theonly definite�	�� ������ chippingof theenamelisalongthelin-
gualsideof theexposeddentineon theright centralandlateralincisors(chips0.3mm wide).
Inter-proximal facetsarevisibleon all teeth,apartfrom distallyon theleft centralincisor,due
to ����������� damage,andbetweentheright canineandright third premolar.Theyareflat
andregularlyplacedexceptfor thedistalfaceton theleft fourth premolar,which isat thebuc-
calendof thedistalsurfaceandorientedslightlybuccallyandocclusally,implying minor rota-
tion andtilting of this tooth.Thereareno sub-verticalgrooveson thefacets.

Despitethetaphonomicdamage,it is still possibleto observe,on theundamagedareas,a
seriesof veryfine striationson thebuccalandlingualsurfacesof theenamelof all theteeth
(Fig11B).Thesehaveasize,between50to 200�m in lengthandlessthan20±30�m in width,
andoverlappingorientation,normallycategorizedasmicrowear.Microwearstriationsare
assumedto berelatedto themasticationof food[34±36].On thebuccalsurfacesof thecrowns

Table 7. Comparative measurements for crown height (in mm).

Site / Sample Upper Central Incisor

N

Upper Lateral Incisor

N

Upper Canine

N

Upper Third Premolar

N

Upper Fourth Premolar

N

Magubike >11.3� >10.0 10.7 7.9 6.8

SK27XÇ 1
14.0²

1
16.3

Nariokotome 1
12.95

1
13.3�

1
11.9

1
9.4

1
8.05

'��	�	�
�� ���' XÇ 1
13.3

2
11.65

2
13.9

1
9.7

2
8.25

'��	�	�
�� ���' Range 11.4±11.9 13.6±14.2 8.2±8.3

Rabat 1
>10.0

1
12.5

1
� 10.0

1
8.5

MugharetelAliya 1
12.9

1
9.0

SeaHarvest 1
8.5

EquusCave 1
10.2

KenyaEarlyHoloceneXÇ 2
10.6

4
9.8

4
10.4

8
8.3

6
7.9

KenyaEarlyHoloceneRange 10.0±11.1 8.5±10.8 9.9±10.8 7.9±9.1 7.3±8.5

GwishoXÇ 2
11.5

1
9.6

1
11.2

2
7.6

1
>7.0

GwishoRange 7.0±8.1

Recent

SanBushmenXÇ 19
9.3

18
7.9

20
7.9

17
6.6

15
6.3

BantuXÇ(range) 65
10.5

66
9.4

66
9.9

62
7.9

87
7.7

BantuRange 9.0±12.5 8.0±11.0 8.5±12.0 7.0±8.5 6.5±9.0

�: Highestof two antimeresshown.SeaHarvestUP4measuredfrom scaledphotograph.

²: Measured lingually.

https://doi.org/10.1371/journal.pone.0200530.t007
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thesearenearhorizontalon theright incisorsandbothverticalandobliqueoccluso-distalon
thecanineandpremolars.All theteethhaveverticalstriationslinguallyandalsostrongerobli-
questriationson thecanineandpremolars,whicharenearhorizontalon thefourth premolar.
No striaeor groovesareapparenton themesialor distalsurfacesof theteeth.

Thereisno indicationof cariesandno hypercementosis.Seenat12xmagnification,thepre-
molarshaveirregularverticalcorrugationson thebuccalsurfacein theocclusalhalf.All the
teethhavemultiple disturbancesof theperikymata/ verymild furrow-form hypoplasiaon the
buccalsurfacetowardsthecervix,in particularthecanine,whichalsoshowsthis lingually.
Thereisclearmultiple furrow-form hypoplasiain thispositionon thefourth premolar(occur-
ring ataboutage5 yearsusingFig96in [37]), andthisepisodemaybereflectedin horizontal
lineardisturbancesin theroot of thethird premolarnearthecervix.Therearetwo groupings
of multiple furrow-form hypoplasiason thebuccalsurfacesof thetwo centralincisorsin the
cervicalhalf,whichalign(occurringataboutage3.5yearsusingFig96in [37]). Thesealso
occuron thelateralincisor,but veryfaintly.Thesemight beexpectedto bereflectedin the
occlusalpartof thecaninebuccalsurface,but this ismucherodedandonly apartialsinglefur-
row isvisible.Thereisno pit hypoplasiaon theteeththatcanbeseenat12xmagnification.
Thereisno evidenceof calculus.Thereareno irregularitiesof occlusionandthereappearsto
havebeenslightoverbite.

All theteethhavesinglerootsthat taperto aroundedpoint (wherecomplete)andall have
singleroot canals.Therootsarenot entirelyregularin that,in most,thecurvatureor direction

Table 8. Comparative measurements for root length (in mm).

Site / Sample Upper Central Incisor Upper Lateral Incisor Upper Canine Upper Third Premolar Upper Fourth Premolar

N Length N Length N Length N Length N Length

MagubikeÐActual 16.5(left) >12.1 >18.1 >17.0 21.6

MagubikÐEstimate� 16.5 19.5 20.0

Nariokotome 1 21.15 1 >18.2

���	�	�
��� ��� � 4 17.1 1 19.0 4 22.6 2 20.2 3 15.2

���	�	�
��� ��� Range 11.5±0.7 21.8±23.2 20.0±20.4 13.3±16.2

Skh�l XÇ 3 17.3 3 18.2 4 18.6 2 15.5 3 14.7

Skh�l Range 15.5±20.0 17.8±18.5 15.0±22.8 11.6±19.3 13.3±17.5

Rabat 1 >17.5 1 � 18.5 1 19.0

SeaHarvest 1 >19.1

KlasiesRiverMain 1 13.5

EquusCave 1 14.0 1 12.5 1 18.7

MatjesRiver 1 17.5

GwishoXÇ 6 13.5 4 13.8 2 15.4 2 14.0 3 14.6

GwishoRange 11.5±16.9 11.4±18.0 14.6±16.0 12.7±15.2 12.2±16.9

MapungubweXÇ 2 15.5 2 12.3 2 18.3 1 15.0 2 16.0

MapungubweRange 14.0±17.0 11.5±13.0 17.5±19.0 15.0±17.0

Recent

TesoXÇ 19 13.8 20 13.7 15 17.9 15 15.0 10 16.4

TesoRange 12.0±16.3 12.0±17.3 14.8±24.2 13.6±18.0 13.2±18.3

SanBushmenXÇ 19 12.5 18 12.5 20 16.3 17 14.5 15 14.8

SanBushmenRange 10.0±15.5 11.0±16.0 13.3±19.5 12.0±18.0 13.0±18.3

BantuXÇ 66 13.4 66 13.6 66 17.3 62 13.9 87 14.6

BantuRange 11±18 10±16 13±24 10±19 13±19.5

�: Estimatedlengthsof Magubikerootscalculatedby extending thebuccalandlingualsurfacesandassumingaroundedapex.

https://doi.org/10.1371/journal.pone.0200530.t008
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of oneor moresideschangesatapoint onethird of thelengthof theroot from theapex.None
of theteethhasawaistor prominentoverhangof enamelat thecervix,or abuccal/lingual
basalprominence.Themeasurementsof theMagubiketeetharesummarizedin Table10.
Locationsof crownmorphologicaltraitsareindicatedin Fig12.

Table 9. Descriptions of non-metric traits used in this study.

��������� ��	��	� I1: Bothcentralincisorsarerotatedmesiolingually,givingav-shapedappearance

����	 �
��� (viewedfrom buccalaspect)I1: Scoredassquare(type1), tapering (type2) or ovoid(type3) usingLeon
Williams' classification(Williams [121]).

�
������	 � I1, I2, C1: Thepresenceof mesialanddistallingualmarginalridges.Degreescoredasgrades1±7.

Noteon measurement of degreeof shovelling:ÐJacobson[54] andBarnes[111] recordshovellingastrace,semiand
full. In usingthismethod,Carbonell [119]definedsemi-shovelasbeingwhenthedepthof thelingualfossabetween
themesialanddistalmarginswas1 mm.
Traceshovelhadadepthlessthanthis andfull shovelhadadepthgreater.Thedepthof thelingualfossaon grade2
of theASUDASUI1 shovelling dentalplaqueis 1 mm andgrade2 is thereforeequivalentto semi-shovel.

���
�� �
������	� I1, I2, C1, P3, P4: Thepresenceof mesialanddistalbuccal(labial)marginalridges.Degreescoredas
grades1±6.
Note:Definedin theASUDASsystemasreferringto anteriorteethandthird premolarsbut herealsoappliedto
fourth premolars.

 ������� ��
��� ��	��!��" (viewedfrom occlusalaspect)I1: Theextentto whichthelabialsurfaceof theincisor is
curved.Degreescoredasgrades0±4.

�	���������	 ������ I1, I2: A groovethatcrossesthecingulumon thelingualtooth surface,mesial,distalor medial,
oftenreachingtheroot.

#�
������ � ��	���� (including finger-likeprojections)I1, I2, C1: Emanatingfrom thecingularregionof thelingual
surface.Canrangefrom theform of finger-likeprojections(grades1±4)to acuspor tubercle,with or without afree
apex(grades5- to 6).

����	 �
���, ���$������� (viewedfrom buccalaspect)I2: Maybenormal,or distallyreduced,reducedin size,peg-
shapedor haveadistalindentation(Hillson [51]). (This is scoredasreducedin sizeor peg-shapedin theASUDAS
system.)

��	����� ��� I2: A pit occurringin thecentreof thelingualcingulum.Maybesmallor largeandhollowedout (��	�
�	����	� ���). Grades1±2.

 ������� �
��� ���	� (viewedfrom occlusalaspect)C1: Theocclusalshapemaybeswollen(especiallylingually)and
rounded(premolariform), or triangular/ diamondshaped,or mesiodistally elongated.

 ������� �����
� ���� 
���� (viewedfrom occlusalaspect)C1: Thereis commonly amesiobuccalbulgein theocclusal
outline.

������ 
���� �����	�	� � (viewedin verticalpositionfrom mesialaspect)C1, P3, P4: Thebuccalsurfaceextends
significantly beyondtheline of thecervix.

%�	���� ��	����� �	�� ����� &��
����� �!��	���	' C1: Extendsfrom thetuberculum dentaleto theocclusaledge,maybe
placedcentrallyor mesially, andcanbemultiple. It canbereplacedbyadeepcentralgroove(not scored).

��	�	� ������ ����� C1: Mesiolingualridgeis largerthanthedistolingual ridgeandis attachedto thelingualtubercle
suchthat it runswithout interruption to thedistalsideof thetooth.

������ ��������" ����� C1: A ridgeoccurringin thedistolingual fossabetweenthetooth apexandthedistalmarginal
ridge.Sizescoredasgrades1±5.

(��� 
����� �������� �������� � (viewedfrom mesialaspect)I2, C1: Thereis distinct convexity of thebuccalsideof the
root, in particular towardstheapex,suchthat theapexis placedlinguallyto theverticalaxisof thetooth.
Determinedfrom root socketsfor sub-SaharanEastandSouthAfrican sample.

��������" �����	�� ���� P3, P4: Thesagittalsulcusis stronglybifurcatedat its mesialand/ordistalendresultingin a
bulgeor free-standing accessory tubercleon themarginal ridge.

������ ��������" �������� ����� P3, P4: Thepresenceof mesialor distalaccessoryridgeson thebuccalcusprunning
nearparallelto theessentialcrest.

������ ����	���� ����� ������� P3,P4:Thebuccalessential crestmaybifurcateasit approachesthesagittalsulcus.

�������� ������ �	��������� &���	���� �� �����' P3, P4: Thesagittalsulcus(mesiodistal occlusaldevelopmentalgroove)
maybecontinuous,or beinterrupted by oneor, veryrarely,moreenamelridgesconnecting thebuccalandlingual
cusps.Thismaybemedially,mesiallyor distallyplaced.(KrausandFurr [114];Ludwig[115]).

)��
�� �* ����� on P3, P4: Theremaybeoneroot, two roots,buccalandlingual,or three,resultingfrom bifurcation
of thebuccalroot.

https://doi.org/10.1371/journal.pone.0200530.t009
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Incisors

Thewearon all threeincisorsisgrade4 (moderatedentineexposure),flat andlingually
inclined.Theyall havealine of exposeddentine,approximately7.4x 1.2mm on thecentral
incisorsand5.7x 0.7mm on thelateralincisor.Thedentineisnear-flaton theright central
incisorandnormallyworn on theothertwo incisors.Buccalto thedentine,theocclusalsurface
is rounded.Lingualto thedentine(andmesialanddistalto it, wherenot eroded)isalingually
inclinedwearfacet.This is roundedlingually.All threeincisorshavedeepscratcheson the
buccalsurface(describedbelow)andhaveslightroundingof thelingualsurfacedueto wear.

Thepresenceof regularlyplacedmesialinterproximalfacetson thecentralincisorsindi-
catestheabsenceof wingingor midline diastema.Thecrownshapesare'tapering'viewed

Fig 11. A. Scanningelectronmicroscope(SEM)imageof thelabialsurfaceof theright centralincisor,showinggroovesexposingtheprismatic structureof theenamel
(whitearrows).B.SEMimageof thelabialsurfaceof theleft centralincisor,showingmicrowearstriations(a)andnonmasticatory striations(b).

https://doi.org/10.1371/journal.pone.0200530.g011

Table 10. Measurements of the Magubike hominin teeth (in mm to nearest 0.05).

Measurement Direction Upper Right

Central Incisor

Upper Left

Central Incisor

Upper Right

Lateral Incisor

Upper Right

Canine

Upper Right

Third Premolar

Upper Left

Fourth Premolar

Crown MD length 9.6 9.7 8.2 7.8 7.4 7.4

Crown BLbreadth 7.7 7.75 7.1 9.1 9.5 9.35

Crown Area(MD x BL) 74 75 58 71 70 69

Index([BL/MD]x100) 80 80 87 117 128 126

Rootrobusticity MD 6.9 6.7 6.0 6.2 5.6 5.7

Rootrobusticity BL 7.2 7.2 6.6 9.0 8.8 8.6

Rootrobusticity MD x BL 50 48 40 56 49 49

Cervical MD 7.1 7.3 6.1 6.4 5.9 6.1

Cervical BL 7.5 74 6.9 9.0 9.0 8.9

Cervical MD x BL 53 54 42 58 53 54

Crownheight >10.4 >11.3 >10.0 10.7 7.9 6.8

Rootlength >13.5 16.5 >12.1 >18.1 >17.0 21.6

BuccalAngle (Angleto vertical,occlusaledge
to point of maximumcurvature)

28 28 27 22 20 17

Rootrobusticity/
crownarearatio

0.67 0.64 0.68 0.79 0.70 0.71

https://doi.org/10.1371/journal.pone.0200530.t010
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buccally.Theshapeof thelateralincisorcrownisnormal,with no reductionor distalindenta-
tion. Thereismild shovelling(grades1±2)on all threeincisorsandmild doubleshovelling
(grade1) on thecentralincisors.On thecentralincisorsthedoubleshovellingismorepro-
nouncedmesiallythandistallyandisbarelyvisibledistallyon theright centralincisor.There
aresingledistallyplacedfinger-likeprojectionson thecentralincisors,andagrade5 tubercu-
lum dentalein theform of anarrowbuccolingualridge,with acingulumpit distalto it, on the
lateralincisor.Thereisacentralverticalgrooveon thebuccalsurfaceof theleft centralincisor
andon thelateralincisor.

Therootsof thecentralincisorsarestraightandhavearoundedtriangularshape,flattest
mesiolingually.Thetaperin theapicalthird of theserootsisgreaterlinguallythanbuccally.
Theroot of thelateralincisorhasamesiodistallyflattenedandroundedrectangularshape,and
aslightdistalcurvaturetowardstheapex.Thebuccalsideisdistinctly longitudinallyconvex.
Thereareno grooveson theroot.

Canine

Wearisgrade1 (in occlusionbut no dentineexposure).Therearelinguallyinclinedwearfac-
etson themesialanddistalmarginsof thecaninecusp.Thedistalmarginbuccalto thefacetis
roundeddueto wear(mesialmargineroded).Thereisalsoroundingof thelingualsurfacedue
to wear,morepronouncedthanon theincisors.

Fig 12. Photosof A. theocclusalsurfaceof theright lateralincisorshowing:a:shovelling; b:cingulumpit; c:tuberculumdentale.B.theocclusal
surfaceof theright canineandthird premolarshowing:a:doubleshovelling; b:mesialcanineridge;c:distalaccessoryridge;d: mesialinterruption of
sagittalsulcusandassociatedbuccalandlingualmesialaccessoryridges;e:buccalcuspdistalaccessoryridge;f: buccalcuspmedianridge;g:lingual
cuspmedianridge;h: sagittalsulcusrunsovermesialmargin;i: anteriorfovea;j: posteriorfovea.C. theocclusalsurfaceof theleft fourth premolar
showing:a:mesialanddistaltriangulargrooves;b:bridgeacrossjunction of distaltriangulargrooveandsagittalsulcus.D. thelingualsurfaceof the
right canineandthird premolarshowing:a:mesiallyplacedlingualridgeandE.thelingualsurfaceof theleft fourth premolarshowing:a:medially
placedbuccalcusp;b:mesiallyplacedlingualcusp;c:concavedistalmarginof buccalcusp.

https://doi.org/10.1371/journal.pone.0200530.g012
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Theocclusalshapeof thecanineisnearcircular,swollenlingually,with amild mesiobuccal
bulge.This,togetherwith theblunt cuspshape,givesthetooth apremolariformappearance.
Thereisno tuberculumdentale,but thereisawide,mesiallyplaced,linguallongitudinalridge
(tubercleextension).Thereismild shovelling(grade1) andmoderatedoubleshovelling(grade
2).A caninemesialridgeispresentandadistinctgrade3distalaccessoryridge.

Theroot ismesiodistallyflattened,widestbuccally.Theangleof taperto theapexisgreater
distallythanmesiallyin theapicalpartof theroot. Themaximummesiodistaldimensionisat
thecervix,but themaximumbuccolingualdimensionis4mm from thecervix,dueto thecon-
vexityof thelingualsurfaceof theroot. Thereisaverydistinct longitudinalcurvatureto lin-
gualof thebuccalsurface,sothat theapexisplacedlinguallyto theaxisof thetooth.Thereisa
mild verticalgrooveon thedistalsurface.

Premolars

Wearisgrade1 (in occlusionbut no dentineexposure).Thebuccalandlingualcusptipsof the
premolarsareboth roundeddueto wear.On thethird premolartherearewearfacetson the
distalmarginsof bothcusps,both inclinedlingually.Thesearealsopresenton thefourth pre-
molar,aswellasalinguallyinclinedfaceton themesialmarginof thebuccalcusp,whichcon-
tinuesonto theridgeacrossthesagittalsulcus.

Theocclusalsurfaceof thepremolarshasaregularrounded-triangleshape.Thebuccal
cuspsaremediallyplaced,but thereispronouncedmesialplacementof thelingualcuspin
relationto thebuccolinguallongitudinalaxisof thetooth at thecervix(leaston thethird pre-
molar).Bothcuspshavestrongmarginslinking to prominentmesialanddistalmarginal
ridges.Thesearestraight,apartfrom thedistalmarginof thefourth premolarbuccalcusp,
whichisconcave.Thesagittalsulcuscontinuesu-shapedinto thedistaltriangulargroove.On
thefourth premolarthereisaslightenamelbridgeat thispoint. Theindistinct distalfoveaisat
themostlingualpoint of thesagittalsulcus.Thesagittalsulcusdoesnot interrupt themesialor
distalmargins,rathergoesoverthemesialmarginon thethird premolar.Bothtriangular
groovesarefissured.Thebuccalessentialcrestiswideandprominenton bothpremolarsand
thelingualessentialcrestisprominenton thethird premolar,but slighton thefourth premo-
lar.On bothpremolarstherearemesialanddistalaccessoryocclusalridgesbuccally,and
mesiallingually.Themesialaccessoryridgeson thebuccalandlingualcuspsof theteethlink
to form amesiallyplacedlow ridge(transversecrest)overthesagittalsulcus.Thisdoesnot
reachthecusptipsandisweakeron thethird premolar.On both teeth,buccalandlingual
groovesascendthedistalsideof this ridgefrom thesagittalsulcus.On thethird premolarthere
isastrongridgebetweenthesetwo grooves.Thereisalsoaslightinterruption of thesagittal
sulcusbetweenthebuccalandlingualessentialcrestson thethird premolar.Theanterior
foveaisbuccolinguallyelongated(themesialtriangulargroove).Thereisno wrinkling of the
occlusalsurface.Thewidecaninegrooveon thethird premolarisverydistinct.Bothpremolars
havedoubleshovelling(grade2 mesiallyand1 distallyon thethird, andthereverseon the
fourth), andon thefourth premolarthedistaldoubleshovellinghasmultiple verticalgrooves.

Therootsarelongandslenderandmesiodistallyflattened,andtheroot of thethird premo-
lar hasaslightdistalcurvaturetowardstheapex.Thecompleteroot of thefourth premolaris
similar in certainrespectsto thatof thecanine�Šgreaterangleof taperdistally,longitudinal
convexityof thelingualsurfacetowardsthecervix,andlongitudinalcurvatureto lingualof the
buccalsurfacein theapicalhalf,but not aspronouncedasin thecanine.Bothpremolarroots
havedistinct infolding forming widegroovesfrom approximately3.5mm to 9 mm from the
cervix,mesialanddistalon thefourth premolar(thedistalbeingthedeepest),anddistalon the
third premolar.
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Results and discussion

Number of individuals

Althoughonly two of theteetharelinkedbyalveolarbone,it is reasonableto assumethat they
all comefrom theoneindividual,despitethefactthat theywerefound in two groups,10cmin
depthapart:-

i. Theinterproximalfacetson adjacentteethfit;

ii. Thelevelsof wearareconsistentwith thisassumption;

iii. Theepisodesof furrow-form hypoplasiaalignon theincisorsandon thepremolars;

iv. Thereisasimilarity of size,shapeandmorphologybetweenthetwo centralincisorsand
betweenthetwo premolars;and

v. Eachof thetwo groupsin whichtheteethwerefoundcontainedoneof thecentralincisors,
thesealmostundoubtedlybeingantimeres.

However,thefactthat theteethwerefoundatdifferentlevelssuggeststhat therehasbeena
certainamountof mixing and/or rapidaccretionof thedepositsat thesite.

Age at death

Smithandco-authors[38±39]havedemonstrated,usingsynchrotronvirtual histology,that
theMiddle Palaeolithic���� �����	� juvenilesfrom QafzehandJebelIrhoud hadsimilar
dentaldevelopmenttimesto thoseof modernhumans.However,it shouldbenotedthat
Guatelli-SteinbergandReid[40] found that theperikymatadistribution patternin Qafzeh
anteriorteethdifferedfrom recenthumanteethin thesamewayasfound in Neanderthals
andconsideredthis to betheretentionof anarchaictrait. Smith�� ��.'s [38±39]findings
suggestthat it is reasonableto usemodernhumancriteria to agebotharchaicandanatomi-
callymodernhumansfrom thelatermiddlePleistoceneandthelatePleistocene.Apicalclo-
sureof thefourth premolar(the lastof theteethpresentto becomefully developed)is
complete,givingaminimum ageof 14years(Table5.1in reference[41]). Thereis little
wearandno dentineexposureon thecanineor premolars(dentineexposureon thecanine
appearsto beimminent), suggestingthat theteetharefrom ayoungindividual.Thomaand
Vallois[42] consideredthat thearchaic�. �����	� `RabatMan', with asimilar (but slightly
lower) levelof wear,wasaged14±15yearsbasedon thedegreeof third molardevelopment,
usingmodernhumancriteria.

Wear

Thelingualroundingof theMagubikeincisorsandcanineisunlikeLSAMAT(lingualsurface
attrition of themaxillaryanteriorteeth)describedbyTurner andCheuicheMachado[43] and
alsounlike theirregularcuppedwearproducedbyerosion[122],but ratherit andthepromi-
nentandlargelynearhorizontallingualstriationson thecanineandpremolarsareconsistent
with lengthymasticationof vegetablematerial[123±124].

Grine �� ��. [44] andHenshilwood�� ��. [45] notethat thepresenceof faint horizontal
striaeon themesialanddistalsurfacesof premolarandmolarcrownsis commonamongst
SouthAfrican MSA teeth,occurringat BlombosCave,KlasiesRiver,Die KeldersCave,
BorderCave,andEquusCave.Asstatedabove,thesearenot apparenton theMagubike
teeth.
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Morphology

It isdifficult to makecomparisonsandto look for trendsin eithermorphologyor measure-
mentsof relevantMSAteeth,sincethereis little African Pleistocenecomparativematerial
availablefor thepreservedMagubiketeeth,particularlyin sub-SaharanAfrica,andmuchof
thematerialthat isavailableisveryworn (e.g.NazletKhater,BrokenHill, LakeEyasi,Herto,
Ngaloba,andKabua).Themorphologicaltraitsof theMagubiketeetharepresented,along
with comparativedata,in Tables11and12.

Relationships between comparative samples. ScottandTurner [20] identifiedasub-
Saharancomplexof morphologicaltraitsoccurringamongstrecenthumans.Theysubdivided
this into WestAfrica,SouthAfrica,andSan.Sometraitsspecificto theteethbeingstudied
havehighor low occurrenceratesin recentsub-SaharanAfricanscomparedto othergroups:-

1.Low:winging,shovellingin uppercentralincisorsatgradesabove2,doubleshovellingin
uppercentralincisors,interruption groovesin upperlateralincisors.

2.High: mesialcanineridgein uppercanine,two-rootedupperthird premolars(though
thisvariesbetweengroups).

Thesefindingsarereflectedin theAfrican mid/latePleistoceneandKenyanearlyHolocene
samples.ThePleistoceneandearlyHolocenesamplesarebothcharacterisedby low gradesof
incisorshovellinganddoubleshovelling,belowgrades4 and3 respectively,andmild finger-
like projections(asdistinct from tuberculumdentale),grades1 or 2.Thegradesof labialcon-
vexityof thecentralincisorarealsolow,belowgrade3,andinterruption groovesareabsent.
Differencesin thePleistocenesamplecomparedto theearlyHoloceneandrecentsamples
usedfor comparisonare:-

i. Incisors:therearehigheroccurrenceratesof finger like projections/ tuberculumdentale
and,in thelateralincisors,grades>4.

ii. Canine:caninemesialridgeisabsent(andalsoabsentin theearlymodernAfro-Asiansam-
ple).(Nevertheless,caninemesialridgeoccursatahigh ratein Neanderthals[16] and
Stringer�� ��. [46] consideredit to beprimitive for modernhumans).

iii. Premolars:doubleshovellingiscommonerdistallyon third premolars,andmesiallyand
distallyon fourth premolars;sagittalsulcusisnot interruptedon third premolars,but
morefrequentlyinterruptedon fourth premolarsand,in third premolars,buccalaccessory
occlusalridgesarecommoner.

TheKenyanearlyHolocenesamplediffersfrom both themid/latePleistocenesampleand
recentcomparativesamplesin occurrenceratesof certaintraits:lateralincisorreduced,round
occlusalshapeof canine,buccalbasalprominencein premolars(all higher)andcaninetuber-
culumdentale(grades>4) (lower).

Certainpatternsareclearin thepremolarmorphologicaltraitsscored:-

i. Accessorymarginalcusps:in all but onesamplethesearecommoneron thedistalmargin
thanon themesial,andcuspson thedistalmarginoccurmorefrequentlyon P4 thanon P3

ii. Doubleshovelling:this iscommonermesiallythandistallyon theP3, asfoundbyScottand
Turner [19] in anteriorteeth,but thereisno clearpatternon theP4.

iii. Buccalbasalprominence:mostoftenfoundon theP3

iv. Buccalaccessoryocclusalridges:Burnettetal.[126] found theseto becommoneron theP4

thanon theP3 andcommonerdistallythanmesiallyon theP3. Thisgenerallyholdshere

v. Sagittalsulcusinterrupted:mostoftenfoundon theP4.
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Relationship of Magubike teeth to comparative samples. TheMagubiketeethfit well
with recentsub-Saharanteethandthemid/latePleistocenesamplein not havingtraits that
only occuratalow level,suchaswinging,interruption groove,andreducedlateralincisor.In
addition,thereis theabsenceof highgradesof shovellinganddoubleshovellingin theincisors
andthepresenceof only low gradesof finger-likeprojectionsandlabialconvexity.Magubike
contrastswith thePleistocenesampleprimarily in thecanine�Šround occlusalshape,lackof
tuberculumdentaleatgrade>4 andpresenceof caninemesialridge�Šandalsoin theinter-
ruption of thesagittalsulcusin thethird premolar(thoughthis lasttrait isalsorarein the
recentEast/SouthAfrican sample).In this respect,it is in betteraccordancewith theKenyan

Table 11. Morphology comparative data, upper incisors and canine, percentage frequencies.

Trait Magubike

Left

Magubike

Right

Early Modern

Afro-Asian

African Mid / Late

Pleistocene

Kenyan early

Holocene

Recent Bantu Recent

San

Central Incisor

Bilateralwinging No No 0 (0/8) 0 (0/3) 4.5(178) 16.7(90)

Crownshapetapered Yes Yes 67(2/3) 67(2/3) 12.0²(100)

Shovelling>1 1 1 33(2/6) 40(2/5) 50(1/2) 23.2� (181) 40.0� (80)

Doubleshovelling>1 1 1 0 (0/7) 25(1/4) 33(1/3) 1.7(177) 0.0(79)

Occlusallabialconvexity>1 1 1 50(4/8) 40(2/5) 33(1/3) 52.8(178) 66.3(80)

Tuberculumdentale(inc. finger-
like projections)>1

1 2 50(3/6) 100(4/4) 50(1/2) 40.0˟ (214)

Lateral Incisor

Crownshape,peg/reduced No 14(1/7) 40(2/5) 8.1(86) 11.2(178)

Shovelling>1 2 83(5/6) 50(4/8) 20(1/5) 14.3˟ (322) 38.6˟
(109)

Doubleshovelling>1 0 0 (0/7) 14(1/7) 40(2/5) 26ᶲ(9/34)

Interruption groove No 0 (0/6) 0 (0/5) 11.6(173) 15.7(83)

Cingulumpit 1 0 (0/6) 0 (0/5) 4ᶲ (1/28)

Tuberculumdentale(inc. finger-
like projections)>1

5 67(4/6) 100(7/7) (6 x gd5-to
6)

60(3/5) (gd5-to
6)

27.3(172)(11.1˟
gd5-to 6)

44.3(79)

Canine

Occlusalshaperound Yes 10(1/10) 50(3/6) 9ᶲ (5/53)

Occlusalmesiobuccal bulge Slight 70(7/10) 80(4/5) 67ᶲ(32/48)

Shovelling>1 1 100(5/5) 50(4/8) 17(1/6) 30ᶲ(13/44)

Doubleshovelling>1 2 13(1/8) 60(6/10) 40(2/5) 43ᶲ(21/49)

Buccalbasalprominence No 29(2/7) 17(1/6) 14ᶲ(7/51)

Tuberculumdentale>4 0 20(1/5) 78(7/9) 20(1/5) 68ᶲ(30/44)

Linguallongitudinal ridge(tubercle
extension)

Mesial 75(6/8) 3 mesial 100(6/6) 0 mesial 91ᶲ(39/43)21
mesial

Caninemesialridge>0 Yes 0 (0/5) 0 (0/8) 20(1/5) 9.9(172) 35.1(77)

Distalaccessoryridge>0 3 100(2/2) 80(4/5) 80(4/5) >1,57.3(171) >1,20.3
(69)

Rootbuccalverticalcurvature Yes 25(1/4) 0 (0/3) 7ᶲ (4/57)

Figuresfor EarlyModernAfro-Asian(rounded)from Bailey[15]; Bantu,San:UnmarkedIrish[115],
�Irish (personal communication),

˟Jacobson[54],

²Middleton Shaw[57],

ᶲRecentsub-Saharan East/SouthAfrican sample.

Numberwith trait overnumberin sample,or numberin sample,in brackets.

https://doi.org/10.1371/journal.pone.0200530.t011
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earlyHolocenesample,but samplesizesaresmall.Thepresenceof singlerootson theMagu-
bikethird premolarcontrastswith both thePleistoceneandtheearlyHolocenesamples,but
not with theGwishosample,wheretwo of threeteetharesinglerooted.Therearecaseswhere
thereisacleardifferencebetweenthePleistoceneandearlyHolocenesampleson theone
hand,andtherecentcomparativesampleson theother,andwheretheMagubiketeetharein
accordwith theearlierteeth:

i. Gradesof tuberculumdentaleabove4 in lateralincisors(presentatMagubike)occurmore
frequentlyin both thePleistoceneandtheearlyHolocenesamplesthanin therecentsam-
ples.In therecentsub-SaharanEast/SouthAfrican sampleonly two of thirty-four teeth(6%)
haveatuberculumdentale> 4.

ii. Thisalsoappliesto thetaperedshapeof centralincisorswhere,in addition,eightof ten
Gwishocentralincisorsaretapered.

Thecingulumpit foundon theMagubikelateralincisoronly occurson oneGwishotooth,
andonetooth in therecentEast/SouthAfrican sample,of thematerialstudied(though,in the
latter,sixteethhadcalculusor concretionobscuringthesite),but canbeararefeature,e.g.

Table 12. Morphology comparative data, upper third and fourth premolars, percentage frequencies.

Trait

Right Third

Premolar

-Magubike

Right Third

Premolar–African

Mid / Late

Pleistocene

Right Third

Premolar–

Kenyan early

Holocene

Right Third

Premolar–

Recent East/

South African

Left Fourth

Premolar—

Magubike

Left Fourth

Premolar–African

Mid / Late

Pleistocene

Left Fourth

Premolar—

Kenyan early

Holocene

Left Fourth

Premolar—

Recent East/

South African

Accessory
marginalcusp±
M

No 29(2/7) 20(2/10) 5 (3/57) No 25(2/8) 20(2/10) 10(5/52)

Accessory
marginalcusp±
D

No 17(1/6) 30(3/10) 11(6/57) No 29(2/7) 36(4/11) 19(10/52)

Double
shovelling±M
>1

2 50(5/10) 40(4/10) 62(37/60) 1 60(6/10) 11(1/9) 7 (4/57)

Double
shovelling±D>1

1 40(4/10) 0 (0/10) 3 (2/59) 2 30(3/10) 10(1/10) 14(8/57)

Buccalbasal
prominence

No 22(2/9) 60(6/10) 22(13/58) No 9 (1/11) 45(5/11) 5 (3/58)

Buccalaccessory
occlusalridge-M

Prominent 43(3/7) 20(2/10) 15(8/55) Prominent 80(8/10) 60(6/10) 53(30/57)

Buccalaccessory
occlusalridge-D

Prominent 67(4/6) 30(3/10) 41(24/58) Mild 44(4/9) 55(6/11) 55(30/55)

Buccalessential
crestdivided

No 0 (0/6) 20(2/10) 23(14/60) No 11(1/9) 0 (0/11) 14(8/59)

Sagittalsulcus
interrupted
(transverse
crest)

Mesial 0 (0/7) 20(2/10)0
mesial

9 (6/67)5 mesial Mesial 56(5/9) 3 mesial 33(4/12)2
mesial

16(10/62)8
mesial

Numberof
roots> 1

1 78(7/9) 100(4/4) 82.6²(84) 1 56(5/9) 40(2/5) 59.2²(83)

Numberof roots
>1 (San)

20.0Ä(15)

Numberof roots:

ÄIrish[116]

²Middleton Shaw[57]. Numberin sample,or numberwith trait overnumberin sample,in brackets.M: Mesial;D: Distal.

https://doi.org/10.1371/journal.pone.0200530.t012
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nonewerefound in aNeolithicpopulationfrom CËatalhoÈyuÈk in Turkey[46]. Theoccurrence
of grade2 doubleshovelling,mesiallyon thethird premolaranddistallyon thefourth premo-
lar atMagubike,mirrors theoccurrenceratesfor this trait found in therecentEast/SouthAfri-
cansample.Otherminor traits foundatMagubike,suchasconcaveshapeof premolarbuccal
cuspmarginsandanenamelbridge(interruption) betweenthesagittalsulcusandatriangular
grooveon apremolar,arefound in both thePleistoceneandtheearlyHolocenesamplesas
wellasin therecentEast/SouthAfrican sample.

Themesialplacementof thecaninelingual longitudinalridgeseenatMagubikeiscommon
in themid/latePleistoceneandrecentEast/SouthAfrican samples,andatGwisho(2/3),but
doesnot occurin theKenyanearlyHolocenesample.Interruption of thesagittalsulcusis
morefrequentlyfound in thefourth premolarthanin thethird in all threereferencesamples
in Table12,andwhenit occursit isoftenplacedmesially,asatMagubike.

Thepronouncedbuccalverticalcurvatureof thecanineroot foundatMagubikeisseenin
earlyteeth,���� ������� andNeanderthal[22,47],but not in samplesof earlymodern����
�����	� (Skh�l andQafzeh)or EuropeanUpperPalaeolithic���� �����	� [48]. In recent
teeth,thebuccalsurfaceisusuallystraightor hasamild curvature[49]. Thefewcanineroots
thatcouldbeobservedin theKenyanearlyHolocenesample,andthetwo in theGwishosam-
ple,arestraight,andin themid/latePleistocenesampleonly theBrokenHill caninehassimilar
curvatureto thatof theMagubikecanine.However,four instanceswerefound in therecent
sub-SaharanEast/SouthAfrican sample(7%).Similarly,theincompleteroot of theMagubike
lateralincisorhaspronouncedbuccalverticalcurvaturein contrastto themoreevenlytapered
form of recentteeth[50]. A lateralincisorof this form occursat theKlasiesRiverMain site
[51] andin oneof four in theGwishosample,but in justoneout of seventy-fivein therecent
East/SouthAfrican sample.

Middle Pleistocene traits. BermuÂdezdeCastro[52] identifiedcertaintraitsfound in mid-
dlePleistocenehominin teeth�Šmesiobuccalbulgeviewedocclusally(��
������� ������) in
theupperthird premolar;buccalcingulumon upper(andlower)caninesandpremolars;sec-
ondarycrenulationandfissuration(wrinkling) of posteriorteeth.In themid/latePleistocene
samplethesetraitsareonly found in certain���� 
�����
����	��� / archaic���� �����	� teeth
andsomeAterianteeth.Theydo not occurin theKenyanearlyHoloceneor Gwishosamples
studiedor atMagubike.

1. Premolarasymmetry(viewedocclusally)(��
������� ������).
Themesiobuccalbulgeof theupperthird premolar,alsoseenin some���� ������� speci-
mens[23], occursatSaleÂandatEyasi.Higham�� ��. [42] observedthis trait in samples
from Skh�l andQafzeh(25%)andEuropeanUpperPalaeolithic(8%),but not in recent
Europeanteeth.

2. Cingulum(horizontalenamelshelfon buccal/lingualsurface).
Cingulaon uppercaninesandpremolars,describedbyBriggs[52] asvestigesof cingulain
theform of buccalandlingualswellingsat thebaseof thecrown,arefoundatRabatand
Mugharetel `Aliya.

3. Premolarwrinkling (multiple additionalor distortedocclusalridges).
Occlusalwrinkling of upperpremolarsoccursatRabat.Of thelaterteeth,premolarwrin-
kling alsooccursat theHolocenesiteof Wadi Halfa.

Possible San affinities. Asstatedabove,ScottandTurner [20] subdividethesub-Saharan
complexof morphologicaltraits into WestAfrica,SouthAfrica andSan.Of thesethreesub-
complexesanumberof characteristicsin theMagubiketeethsuggestpossibleSanaffinities:
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mild shovellingof theincisors,thetaperedshapeof thebuccalsurfacesof thecentralincisors,
theround premolariformocclusalshapeof thecanineandthepresenceof amesialcanine
ridge,andthesinglerootedthird premolar.Noneof thesearespecificto San,thoughtheytend
to bemorecommonin Santhanin othersub-SaharanAfricans.Of thetraits for whichfigures
arepublishedfor recentgroups(Tables9 and10or asstated):-

i. upperincisorshovelling:for anylevelof expressionin thecentralincisortheSansample
has,at44.2%,approximatelythreetimesthepercentagerateof Bantu(15.4%)[53]. Semi
(grade2) shovellingandabovein lateralincisorsoccursin 38.6%of theSansampleagainst
14.3%of Bantu

ii. caninemesialridge:occursin 35.1%of theSansampleagainst9.9%for Bantuand12%for
SouthAfrican excludingSan[20].

iii. singlerootedupperthird premolars:in Santhesearethenorm at80%against17.4%in
Bantuand37%for SouthAfrican excludingSan[20].

Oranje[54] describedBushmanuppercentralincisorsasbeingfanshaped(i.e.tapered)
givinganincreasein mesiodistaldiameterfrom theenamellevelto thecuttingedge.Healso
referredto theuppercanineasnot beingpegshaped,but insteadresemblingthepremolar.
Galloway[55] alsodescribesBushmanupperincisorsasbeingType2 (tapered),in contrastto
theBantuincisor,whichisusuallyType3 (ovoid) [57] andrefersto thepremolariformnature
of theuppercanineasbeingaspecialisedmanifestationof theSandentition.Againstthis,the
caninedistalaccessoryridgeatabovegrade1,presentatMagubike,occursatalowerfre-
quencyin San(20.3%)thanis found in Bantu(57.3%).

In summary,theMagubiketeethhavethecharacteristicstypicalof African sub-Saharan
���� �����	� Holoceneteeth,but aspectsof themorphologyof theuppercanineandthird
premolarareatypicalfor theAfrican mid/latePleistocenesample.However,this maybeat
leastpartlydueto its North African bias.Certaintraitspresent�Še.g.theroot shapeof the
lateralincisorandcanine,andthepresenceof acingulumpit on thelateralincisor �Šare
rareor absentin thecomparativesamples.Traitsspecificto ���� 
�����
����	��� / archaic
���� �����	� andAterian teetharenot present.Despitetheir largesize,thereis somesug-
gestionof Sanaffinities,thoughthis interpretationmustbeverytentative,beingbasedon a
singleindividual.

Measurements

Themeasurementsof theMagubiketeetharesummarisedin Table10,andreferencesfor the
comparativesamples(Tables6,7 and8) arepresentedin Table5.

Crown measurements (Table 6). For theteethstudied,thereisadifferencein size(crown
area)betweenthelarge���� 
�����
����	��� $archaic���� �����	� teeth(e.g.ThomasQuar-
riesIII, SaleÂ, Rabat,JebelIrhoud, BrokenHill, Lainyamok,Wadi DagadleÂ, Eyasi)andthe
North African Aterianteeth(Mugharetel `Aliya,Dar esSoltan,Smuggler'sCave)on theone
hand,andlaterNorth andsub-SaharanAfrican ���� �����	� teethon theother.TheMagu-
biketeethclearlybelongto thesecondgroup(Fig13).ThecentralandlateralMagubikeinci-
sorsarelargecomparedto contemporaryandlatermaterial,but thecrownareasandcrown
indicesof thecanineandpremolarsall lie within therangesof valuesof thesmallsampleof
sub-SaharanMiddle StoneAge���� �����	� teeth.Thecrowndimensionsof all theMagubike
teethfit in thewiderangeof valuesfound in therecentBantusample.Thesizerelationship
betweenthetwo premolarsvariesin differentsamplesandspecimensbut generallythethird
premolarisalittle largerthanthefourth asit isatMagubike.
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Thecrownindex(shape)figureof theMagubikecentralincisorsvariesin its relationshipto
themeansof African samplesin thesecondgroupdescribedabove,thoughthatof thecanine
ishigherthanall thesamplemeansin thisgroupandthoseof thelateralincisorandbothpre-
molars(with oneexception)arelower.Again,however,all theMagubikecrownindicesfit in
therangeof valuesfound in therecentBantusample.

Crown height (Table 7). Teethincludedin Table7,otherthanthosemarked">",have
minimal wear.In thecomparativedata,thecrownheightsof theRabatandAterianMugharet
el `Aliyateethareparticularlylargeandthoseof theSanBushmenarenotablysmall.The
Magubikefourth premolarcrownheightissmallcomparedto othermaterial,andthelargedif-
ferencein crownheightbetweentheMagubikethird andfourth premolarsisonly seenin the
���� ������� specimensandatRabat(all greater).TheMagubikethird premolarandcanine
crownheightsareintermediatecomparedto other���� �����	�, andthecrownheightsof the
incisorsarelarge,consideringthelevelof wear,which isequivalentto alikely lossof crown
heightof at least2 mm (thelevelof wearon theRabatandMagubikelateralincisorsbeing
similar).

Root length (Table 8). Theactual/estimatedMagubikeroot lengthsarelongcomparedto
otheranatomicallymodernmaterial(otherthanSkh�l) listedin Table8,beingaboveor top of
range,in particularthoseof thepremolars,whicharelongerthanin all theother���� �����	�
samples.TheRabatandSeaHarvestpremolarrootsaresimilarly longcomparedto more
recentAfrican material,aboverangefor all samplesexceptBantu.Incisorsfrom anLSAskele-
ton, indirectlydatedat11±16ka,from thenearbyMlambalasirockshelterhaveparticularly

Fig 13. Crown area comparisons, Group A: African H. heidelbergensis, archaic H. sapiens, Aterian. GroupB:sub-
SaharanMiddle StoneAgeto mid Holocene�. �����	�.

https://doi.org/10.1371/journal.pone.0200530.g013
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longrootstooÐ17.1mm and17.8mm for centralandlateralincisorsrespectively[58]. The
estimatedequallengthsof theMagubikecentralandlateralincisorroots,andthegreater
lengthof thefourth premolarroot comparedto thethird, is reflectedin themeansof therecent
African samples.

In summary,thecrownareasof theMagubiketeethimply that theyarenot ���� 
�����
���
��	��� / archaic���� �����	�. Theteetharenotablefor thelargesizeof theincisorcrowns,the
low crownheightof thefourth premolar,thedifferencein crownheightbetweenthethird and
fourth premolars,andthelongroots,particularlyof thepremolars.

Surface scratches

Thethreeincisorsaremarkedon thelabialcrownbyscratchesmuchcoarserthanmicrowear
striations,noneof whichhavebeenobservedon their lingualcrown.Thesescratchesaremuch
longerandwider thanwouldhavebeenproducedduring mastication,sotheyaredefinedas
non-masticatory(Fig11B;[52,59±65]).Thenon-masticatoryscratchesobservedon theMagu-
bikeincisorsarecharacterizedbymicroscopicfeaturesconsistentwith incisionsmadebya
stonetool edge(Fig14Aand14B):internalandlateralmicro-striations,Hertziancones,anda
`shoulder'effectalongoneor bothedges[26±27,59±60,66±70].Theleft centralincisor is the
moremarkedby thesecoarserscratches,mainlyconcentratedon thecentralandlateralpartof
its labialface.Theright centralincisorandtheright lateralincisorpresentfewerscratches,
scatteredthroughthecentralandlateralportionsof thelabialfacesof theteeth(Fig15Aand
15B).

Non-masticatorystriationshavebeenpreviouslyreportedin somefossilhomininsfrom
middleandlatePleistocenesitessuchasBoxgrove,UK [65], Mauer,Germany[61], Atapuerca
SimadelosHuesos,andCovaNegra,Spain[55,71],KrapinaandVindija, Croatia[27,71]and
otherNeanderthals[131]aswellasin recentpopulations[64,73].Partlymatchingthedeep
scratchesoccurringon thebuccalsurfacesof theMagubikeincisors,Grine �� ��. [74] andHen-
shilwood�� ��. [42] describeaseriesof deep,short,sub-parallelstriaerunning transverselyon
thelabialsurfaceof anupperdeciduouscentralincisorfrom BlombosCave(SouthAfrica),
whicharecomparablein termsof width (12±24�m) to thescratchesobservedon Neanderthal

Fig 14. Images of non-masticatory scratches on the labial surface of left central incisor obtained using the Alicona 3D Infinite Focus microscope. White triangles
indicatenonmasticatory scratches,anda,b,c showfeaturesconsistentwith incisionsmadebyastonetool edge:a,internalmicro-striations;b,Hertziancones;c,
shouldereffect(micro-striationsalongoneor bothedgesof theincision).

https://doi.org/10.1371/journal.pone.0200530.g014
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incisors,but dissimilarin beingpredominantlyhorizontalratherthanobliqueandbeingmost
numerousin thecervicalhalfof thelabialsurface.Thesescratcheshavebeengenerallyinter-
pretedasante-mortemcut-marksproducedbystonetoolsusedto cut foodand/orothermate-
rialsheldbetweenthejaws.Thetoolsmayhaveoccasionallypenetratedthematerialcausing
thescratchingof theteeth.Scratcheson theMagubiketeetharecharacterisedbyawidedistri-
bution acrossmuchof thelabialsurface,andoverlappingrelationships,whichsuggestthatuse
of thefront teethastoolsincludedregularlyrepeatedactivitiesundertakenthroughoutthelife
of theindividual.

Fig 15. A. Compositeof SEMimagesusingaLEO1455VPscanningelectronmicroscopeof theright lateralincisor(RLI), theright centralincisor(RCI) andtheleft
centralincisor(LCI). B.Outlinedrawingsshowingmasticatoryscratcheson thelabialsurfaceof RLI,RCIandLCI.

https://doi.org/10.1371/journal.pone.0200530.g015
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Theorientationof scratcheson incisorshasoftenbeenassociatedwith handedness[28,52,
72±73,75].Striationson theMagubikeincisorsarepredominantlyright oblique,with higher
valuesfor horizontalstriationson theleft centralandtheright lateralincisors(no statistical
differencehasbeenobservedbetweenthethreeteeth(Figs14and15).Theªright-obliqueºori-
entationhasbeenmorefrequentlyobservedon fossilspecimensin otherstudiesandhasbeen
interpretedasevidenceof right handedness[28,52,72].Thepredominantªright-obliqueºori-
entationfor theMagubikeincisors,moreobviousfor thetwo centralincisors,maysuggesta
right-handedtool usercuttingobliquely.Nevertheless,thelimited numberof scratchesand
theheavy����������� erosivedamageof theenameldo not allowfor adefinitiveassociation
of thesescratcheswith handedness.

Concluding remarks

Thediscoveryof MSAteethatMagubikewasunexpected.Humanskeletalremainsarerarein
bothMSAandPleistoceneLaterStoneAge(LSA)contextsin EastAfrica [58,76],whileHolo-
ceneLSAonesaremorecommon.In earlierliterature,EastAfrican Holoceneskeletalremains
aredescribedascomingfrom individualswhoweretall andlinear,whileSouthAfrican ones
aregenerallysmall[76±77].Smallbodiedindividualsrecoveredfrom EastAfrican LSAsites
haveoftenbeendescribedashavingªKhoisanoidaffinitiesº,implying anassumedconnection
with thesmallbodiedpeopleof SouthAfrica, including theSan[75]. Therearealsostill people
in northernTanzaniatodaywhoselanguagesareoftenrelatedto Khoisan(theHadzabeand
Sandawe),implying somepossiblepastconnectionswith southernAfrican peoples[78].

A fragmentaryhumanskeletonwasexcavatedfrom alatePleistoceneLSAcontextatMlam-
balasirockshelterin 2010,not far from Magubike[58,76].Twenty-sixof theteethof this indi-
vidualwererecovered,alongwith numerousfragmentarypostcranialelements.Theboneshad
no collagen,socouldnot bedirectlydated,but associatedmaterial(onecharcoalsample,two
��
���	� snailshellsandtwo ostricheggshellbeads)havebeenradiocarbondatedbetween
approximately11,000and16,000yearsago[76]. Sawchuk's[58] analysisof thisskeleton
emphasizedits smallbodysizeandsmallteeth(thecrowndimensionsof whichare,with one
exception,within or belowtherangesof valuefor lengthandbreadthgivenbyDrennan[79]
for SanBushmen),in light of debatesaboutpossibleSanaffinitiesof EastAfrican individuals.
Shealsonotedthat it did fit thegeneralpatternsof bodysizedocumentedin otherstudiesof
EastAfrican LSAremains.But,sincemostof thesebelongto theHolocene,therecouldbea
differentpatternin Pleistoceneindividuals[58,76].

ThesixMagubiketeetharedifferentiatedfrom African archaic���� �����	� $���� 
���
���
����	��� andAterianteethin termsof sizeandthelackof morphologicaltraits thatcould
beassociatedwith thesegroups.Theyarealsodifferentiatedfrom theKenyanearlyHolocene
andGwishosamplesandmorerecentteethin termsof therelativesizeof theincisors,theinci-
sorcrownheights,therelativecrownheightsof thetwo premolars,andthelongpremolar
roots.However,themorphologicalevidenceiscontradictory,principally in relationto the
caninehavingtraits thatarerareor absentin theAfrican mid/latePleistocenesample,though
thismaybepartlydueto thesmallsizeof thissampleandits North African bias.

Theseteethareimportant becauseof therarity of EastAfrican MSAhumanteethcombined
with their relativelyminimal wear.Theyall comefrom theupperjawandrepresentanMNI of
asingleindividual.Whencomparedto thosefrom otherAfrican (andnon-African)samples,
theyrevealrelationshipsto earlymodern���� �����	�. This isconsistentwith aminimum
ageof at least45,000yearsold andtheir MSAarchaeologicalcontext.Theteetharealsosignifi-
cantin showinggreatersignsof San-liketraits thanmostotherMSA-associatedmaterials.
Givenrecentgenomicstudiessuggestingamuchgreatertime depthfor Sangeneticlineages
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[129±130],suchtraitsmaybeindicativeof deepconnectionsin time,but morefossildataare
clearlyrequired.Magubikeis thefirst sitein southernTanzaniathathasproducedalongMSA
sequenceassociatedwith organicmaterials(snailshells,mammalboneandostricheggshell
beads),let alonehumanremains.Theincisorsshowevidenceof culturalmodificationrelated
to theuseof themouth asathird hand.Testpit 3,theunit from whichthehominin teeth
derive,containsarecentdeposit,belowwhich is1.6metresof sedimentwith MSAartifacts.
Threeostricheggshellbeadsor beadpreformsfrom theMSAlevelsof testpit 12(adjacentto
testpit 3) dateto between31,000yearsBPandtheeffectiveradiocarbonlimit of 50,000years
ago[14]. Thesecomefrom between50and100cmbelowthesurface.Thelithic assemblage
from testpit 3 includesLevalloispointsandfurther excavationsin thevicinity revealassem-
blagesthatcouldbelongto theearlyMSA.However,thepresenceof latePleistocenebeadsas
wellastheshellradiocarbondatesleadto theconservativeconclusionthat thedepositfrom
whichtheteethderiveisat least45,000yearsold.Thepossibilitythat theteetharefrom the
lateMSAissupportedby their possibleSanattributes,featureswhichareasyetonly recog-
nisedfrom thelateMSAandearlyLSA(e.g.BorderCave).FurtherexcavationsatMagubike
andat relatedsitesin Iringa [80,81]shouldhelpclarify thestatusof theseMSAteethandwill
perhapsprovideotherfossilhumanmaterial.
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