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Graphical Abstract

Highlights

PhylogenomianalysesupportSapajusand Cebuscladeswithin capuchinmon-
keys

Molecular data support Sapajusnigritus, S. robustusand S. xanthosternosas
species

UCE phylogenylumpsSapajusAmazonianandgrasslandnorphospecies

" SNPdataseparatés. flaviusandS.libidinosusassisterspecies

We recommenctollapsingS.apella, S.macrocephaluandS.cayasonespecies

Abstract

Phylogenetiaelationshipsamongrobustcapuchinmonkeys(Samjus) arepoorly under-
stood.Taxonomiedor this groupbasedn morphologyhaveconsideredrom oneto
twelvedifferentspeciesCurrentlUCN classificationlists eightrobustcapuchinsS.
xanthosternasS. nigritus, S.robustus S.flavius S.libidinosus, S.cay, S.apellaandS.
macrocephalusHerewe assembledhefirst phylogenomiaatasetfor robustcapuchin
monkeysusingultra-conservealementfUCES)to constructarobustcapuchinphylog-
enyusingRAxXML. We extractedSNPsfrom the UCE dataset,and createdSNPphy-
logeniesusingBayesiarandMaximum Likelihood methodsWe estimateda species

treeusingSVDquartetsanalysesAll phylogenomianalysestronglysupportedSapa-
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jus andCebuscladeswithin capuchinmonkeysandSapajusigritus, S.robustis andS.
xanthosternoasspeciesHowever,the UCE phylogenylumpedmorphospecieS.cay,
flavius, libidinosus,apella,macrocephalusandflaviustogetherasa singlewidespread
evolutionarylineage.The BayesianrSNPphylogenywasbetterresolved andrecovered
S.flaviusandS.libidinosusassisterspeciestogetherassisterto anS.apella+ macro-
cephalust cayclade;S.apella S.cay,andS.apellaindividualswereinterspersedo-
getherin thetopologywith no evidencefor monophylyfor anyof thesethreemorpho-
logical speciesThe speciedreetopologydiffered from the UCE andSNPtopologiesn
thatit reconstructedwo majorcladesfor robustcapuchinmonkeys:oneAtlantic Forest
clade(S.robustus S.xanthosternasandS. nigritus) andonewidely distributedclade
(S.flavius S.libidinosus plusnorthandsouthAmazoniarrobustcapuchins)As mor-
phologicalandmolecularsubdivisionsof the Amazoniangroup+ southerrgrasslands
group(currentlyrecognizedasS.cay, S.apellaandS.macrocephals) arediscordant,
we recommendumpingall Amazonianplus southerrgrasslandobustcapuchintaxaas

S.apellawithout subspecies

Keywords

Neotropicalprimates phylogeny singlenucleotidepolymorphismgSNPs) species

tree,Ultraconserveelement{UCES)

1. Introduction
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Robustcapuchinmonkeys(Sapaju$ compriseawidespreadNeotropicalprimate
genusfoundacrosscis-AndeanLatin America,from the ColombianLlanosto the Gui-
anasandthroughoutthe Amazonbasinaswell asin the Atlantic Forest,Cerrado,
CaatingaandCentralGrasslandef SouthAmerica,asfar southasnorthernArgentina
(Rylandsetal., 2013) Theseprimatesasa grouparetrue habitatgeneralistswith an
incrediblediet breadthcomparedo otherNeotropicalprimates While fruit andinsects
form thebulk of their diets,their robustjaw morphologycoupledwith behaviorakdap-
tationsfor tool useandmanipulativeandextractiveforagingtogetherallow for the ex-
ploitation of encase@ndhiddenfoodsunavailableo mostothernon-humananimals

(Fragaszyetal., 2004;Lynch Alfaro etal., 2012b).

Taxonomistdhavedisagreedboutthe proximity of therelationshipof robust
capuchingo gracilecapuchinsElliot (1913)createdataxonomickey thatdividedthe
genusCebusnto tufted andnontufted groupson the basisof the presencer absencef
hair tufts on the frontal regionof the head.However,only afterHershkovitz(1949 was
therea generalkconsensusaboutthis division, with just onespeciegCebusapellaLin-
naeus1758)recognizecamongthetuftedgroup.Hill (1960)alsoconsideredll robust
capuchinsasonecosmopolitarspeciesCebusapella placedwithin thegracilecapu-
chingenusCebus Groves(2001,2005)considerectapuchindo form two species
groups:(1) C. capucinuggroupwith C. capucinusC. albifrons C. olivaceusandC.
kaapori and(2) C. apellagroupwith C. apella C. libidinosus C. nigritus, andC. xan-
thosternogTablel). Silva-Junior(2001)separatedobustcapuchinsasa differentsub-
genus(Sapaju$ from gracilecapuchingCebu$ on thebasisof distinctcranial,post
cranialandpelagemorphology.Subsequentlygeneticresearctvalidatedthe separation
of robustandgracilecapuchinsastwo distinctandequallydiversecladesusingmito-

chondrial(Lynch Alfaro etal.,2012a;Lima etal., 2017 anda combinationof mtDNA
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andnuclear(Perelmaretal., 2011)markers.Two Alu elementgprovidestrongevidence
for themonophylyof robustversusgracilecapuchinsAlu elementS49Pis presenin
Sapajusbut not Cebug(Vianaetal., 2015)andthe AluSc8insertionis foundin Cebus
but not SapajugMartinsJr.etal., 2015).A recentreviewjustified the splitting of ro-
bustandgracilecapuchinsnto two generg Cebusfor gracilecapuchinsandSapajudor
robustcapuchinspasedon thedistinctmorphology biogeographidistory, behavior,

andecologyof eachtype (Lynch Alfaro etal.,2012b).

Taxonomistdhavealsodisagreedboutthe numberof specieencompassebly
extantrobustcapuchindasedn morphology(Tablel). Elliot (1913)recognized
twelve specief robustcapuchinsbut Cabrerg(1957)andHill (1960)placedall robust
formsinto onespeciesCebusapella while retainingll and16 subspeciegespective-
ly. Forthefour decadedetweenl 960 and2000,mostresearcherkimpedall robust
capuchinsasonespeciesrrespectiveof placeof origin, usuallywithout regardfor sub-
specieglesignationge.g.Cole,1992;Daegling,1992;FordandHobbs,1996; Master-
son,1997;Wright, 2005a;2005b,2007) leadingto obfuscatiorof speciesr population
differenceswithin therobustcapuchiniterature(seeLynch Alfaro etal., 2014for dis-
cussion)However,Torresde Assumpcad1983)pointedto distinctgeographicalaria-
tion in morphologyamongrobustcgouchinpopulationswithin Brazil, andespecially
within the Atlantic Forest.More recentmorphologicalnalysesiaveprovidedevidence
for multiple SapajusspeciegGroves,2001,2005;Silva-Junior,2001,2002,2005;
Rylandsetal., 2005,2012,2013;RylandsandMittermeier,2009).Therobustcapuchin
groupis now consideredy mosttaxonomistdo be comprisedf four to eightspecies
(Silva-Janior.,2001;Groves,2001;RylandsandMittermeier,2009;Rylandset al.,
2005,2012,2013).ThelUCN (2015)currertly recognize®ightspeciesSapajudla-

vius, theblondecapuchin;S.xanthosternoghe yellow-breastedapuchin;S.robustus
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therobusttufted capuchin;S. nigritus, theblack-hornedcapuchin;S.apella thebrown
capuchin;S.macrocephalughelargeheadedcapuchinS.cay, $] D Ud&ffu¢hinand

S.libidinosus thebearded:apuchin.

Recentbiogeographi@analysedasedn mitochondriaDNA suggesthatthe
time depthof theradiationof extantrobustcapuchings about2.5 My of diversification,
with diversity accumulatindirst in the Atlantic CoastalForestof Brazil, andarecent
expansiorof robustcapuchinghroughouthe AmazonBasinandCerrado Caatingaand
CentralGrassland# thelast500,000years(Lynch Alfaro etal.,2012a;Limaetal.,
2017). Theseanalysesuggesthatwhile the Atlantic Forestpopulationsarerelatively
old anddistinct,andcanbe separateadsup to four differentspeciesthe Ama-
zon/Grasslandsadiationis betterconsidered highly polymorphicsinglespeciesor
specis complex(Lima etal.,2017).If our currentnucleardatasetis congruentwvith the
mtDNA data,we would expectto seeevidencedor four to five speciesS. nigritus, S.
robustus andS.xanthosternogachasreciprocallymonophyleticcladeswith S.flavius
eithernestedwithin or asthesistergroupto a singlecladethatextendsacrosgshe Ama-
zonandgrasslandsabitatsn SouthAmerica(andencompasseS.apella S.libidino-

sus S.macrocephaluandS.caymorphospecieqlLima etal., 2017).

Herewe use phylogenomianarkersultraconserve@lementfUCES),to infer
the phylogenyfor robustcapuchinrmonkeysandto assesghe evidenceor congruence
with speciesassignmenby morphologyandby mitochondrialandAlu markers.The
UCE-basedapproacltenriches DNA librariesfor hundredsor thousandef UCEsand
their flanking regions;thenemploysmassivelyparallelsequencindor thesedlibraries,
andinformatictoolsto assemblealign andanalyzethe data(Fairclothetal., 2013).The
UCE approactasbeenusedsuccessfullyto resolvehistorically contentiougaxonomi-

cal questiongMcCormacketal., 2012;Crawfordetal., 2012)including Pleistocene
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radiationgMcCormacketal., 2015).Previousstudiesusingnucleamarkersfor capu-
chin phylogenyhaveutilized alimited numberof taxaandusedcaptiveindividuals
from unknownprovenanceasspecieexemplargi.e. Perelmaretal., 2011,Springeret
al., 2012).The presenstudymarksthefirst testof robustcapuchinphylogenyusing
phylogenomianarkersto analze geneticrelationshipsacrossspeciesepresentative
individualsfrom known provenancendassignednorphologicallyto eachof the eight
currentlyrecognizedsapajusspeciesBasedon the mostcomprehensiventDNA analy-
sisfor thecapuchinmonkeyradiaton (Lima etal., 2017)we expectthatmuchof the
diversificationwithin the Sapajusggenushasoccurredrelativelyrecently,within the
PleistoceneWe useSNP(SingleNucleotidePolymorphismspatarecoveredwithin the
UCE resultsin orderto refine our understandingf robustcapuchindiversification,as
thistechniqguevassuccessfutecentlyin elucidatingthe scrubjay phylogenyacrossa

similar geologictime frame(McCormacketal., 2015).

2. Material and methods

2.1. SamplesDNA extractionandseqencing

We sampleds7 individualsfrom 8 specief the genusSapajusand4 speciesf
thegenusCebusfrom 62 localitiesdistributedthroughouthe Atlantic Forest, Amazon,
CentralGrasslandsabitatsandCentralAmerica(Figurel andTable2). Thetotal ge-
nomicDNA wasextractedrom muscleandblood samplesisingthe QiagenDNeasy
Blood & TissueKit, accordingothe P D Q X | D F pkoxotbHLibfavy preparationse-
guencecaptureandsequencingf ultraconserve@lementsvereperformedoy RAPID
GenomicqGainesville,FL, USA). Samplesverequantified,normalizedandshearedo

anaveragdragmentlengthof 350basepairs(bp) for library preparationSamplesvere
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duatindexedwith uniquei5 andi7 8bpindexesLibrarieswerethenpooledwith

equimolarconcentrationsandthetargetsequencevascapturedisinga customsetof
4715probegargetingapproximatel\2300UCE loci and46 exons.Capturdibraries
werethenpooledwith equimolarconcentrationgor multiplexedduatend(2x100bp)

sequencingn anllluminaHiSeq2500v4 machine.

2.2.Sequenceeadquality control, assemblyand UCE identification

We performedquality controlusingthe trimming tool Trimmomatic0.32.1
(Bolgeretal., 2014)which trimmedsequence®r adapteicontaminationparcodesand
low-quality regionsusingthe parallelwrapperscriptin lllumiprocessor2.0.6(Faircloth,
2013)(https://github.com/fairclotiab/illumiprocessor)We assembledhe contigsfor
eachsampleusingTrinity softwarepackaggvers.2-25-2013)with defaultparameters
usingPhylucel.5.0(Faircloth,2016).We matchedur assembledontigsto 4715UCE
loci customdesignedorobesetusingphyluce_assembly _match_contigs_to_pradhes
tegratingLASTZ 1.02.00(Harris,2007)from the Phylucel.5.0(Faircloth,2016)to
removeany contigsthatdid not matchprobesor thatmatchedmultiple probesdesigned
from differentUCE loci. We performedn Phylucel.5.0(Faircloth,2016)thealign-
mentof the contigsusingthe programphyluce_align_seqcap_aligrith MAFFT 7.271

(KatohandStandley2013).

2.3.Phylogeneti@analyses

Forthephylogeneti@analyseswe useda concatenatedatasetin asingle

alignmentconstructedn Phylucel.5.0(Fairclothetal., 2012;Faircloth 2016).We
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usedtwo datasetsof UCE alignmentghatincludedgreaterthan95% of taxapresenfor
eachUCE locus(5% missing)andgreaterthan75% of taxapresenfor eachUCE locus
(25% missing),totaling 1838UCEswith five exons(RAPGEF1 NAT15, GRIA21,
CLOCK e BDNF) and1388UCEswith two exons(NAT15, GRIA21) respectivelyWe
performedohylogenetidreereconstructiorundermaximumlikelihood (ML) in
RAXML 8.0.19(Stamatakis2014),usinga GTRCAT modelof nucleotidesubstitution,
1000replicateseachesto identify the optimaltreeandwe generatechon-parametric
bootstrapreplicatesusingthe autoMREoptionof RAXML. To find the bestpartitioning
schemewe usedPartitionFindelLanfearetal., 2012).We considereceachUCE asa
datablock andenabedhcluster(Lanfearetal., 2014)with equalweights.To evaluate

thefit of eachmodelwe usedthe Bayesiannformationcriterion (BIC).

2.4. SNPsAnalyses

Uponidentifying thetargetUCE loci, we computedhe coverageat eachbaseof
eachcontigusinga pythonwrapperincludedin Phyluce
(phyluce_assembly get trinity _coverage for_uce_|d¢gthenemployedadenovo
SNPscalling approachoy aligningall raw readsagainstour sampleof S.robustusthe
referencesamplewith the highestcoverageacrossall UCE loci enriched.This method
integratedBWA (v 0.7.71) andPICARD (v 1.1060) to outputde novoalignedalign-
mentsin BAM format,repairanyformattingviolations,addreadgroupheadeinfor-
mation,andmarkduplicatesn eachBAM. We thenmergedall resultingBAMs into
onefile, realigningthedataandcalling SNPsandindelsusingGATK (v 3.5-0-
g36282e4)To ensurehigh-quality SNPsin downstreanmanalyseswe hierarchically

filtered the dataaccordingto stringentquality andvalidationparametersexcluding
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SNPswith QUAL under25, low variantconfidenceandpoorvalidation.Finally, the
resultingVCF waspassedhroughVCFTOOLS(v 0.1.14)to removeall loci that

missedSNPcallsfor over25%of all 67 samples.

Onaparalleltrack,we passeaur SNP datathrougha recentlydevelopedauto-
maticpipelinecalledSNPhylo(Leeetal. 2014),designedo efficiently reconstructrees
basedn genomewide SNPs.We modified our filtered VCF file by manuallyfilling in
autosomathromosomepositionsfor eachSNP call, anecessargonditionin orderto
runtheprogramWe thensetthe Minor Allele Frequencyhresholdto 0.04andnegated
the LD thresholdo enablea moreinclusivedatasefor phylogenetianference We also
bypassedhe defaultlow-quality dataremovalstep,because¢he datasehadalreadyun-
dergonequalityfiltration with GATK. As afinal step,the SNPhylopipelineemploys
DNAML to generatea maximumlikelihood hypothesisandpasseshetreethrough

PHANGORN,which generate4000bootstrapreplicatesfor thefinal result.

Additionally, in ExaBayesl.4.1(Abereretal., 2014),we performedwo inde-
pendentuns,eachwith four chains(threeheatedandonecold), from randomstarting
topologiesfor 10 million generationsvith a samplingfrequencyof 500 generations.
Posteriodistributionsof treesweresummarizedvith the consensuscriptandcom-
binedwith the postProcPararscript. Convergencandstationarityof parameteesti-

mateswereverified usingTracerl.6.0(Rambauttal., 2013).

We estimaéda speciedreeusingSVDquartetaanalysegSingularValue De-
compositionScoredor SpecieuartetsChifmanandKubatko,2014)implementedn
PAUP* v4.0a147(Swofford,2002).This methodinfersquartetdbbasedon summarie®f
SNPsin aconcatenatedeqencematrix speciesisinga coalescenmodel.We random-

ly sampledLO million quartetdrom thedatamatrix to infer a speciesreeandwe meas-
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ureduncertaintyin relationshipsusingnonparametrivootstrappingvith 1000repli-
catesForthis analysiswe did notincludethe sampledrom thewidely distributed
cladethatdid notform a partof the NorthernAmazonor SoutherrAmazonsubcladesn

the BayesianExabayespandmaximumlikelihood (SNPhylo)trees.

2.5.Divergencedatinganalyses

Forthe purpose®f divergencdime estimationthe 75% completedatasetvas
re-analyzedn PartitionFinder2 (Lanfearetal., 2017)usingthe k-meansalgorithmde-
scribedby Frandseretal. (2015)andthe BIC asthe modelselectionrmethod We identi-
fied thefastestevolving partitionbasedn theratemultipliersreportedn auxiliaryfiles
generatedisingthe *-save S K\ O R flag) Hi partition, totaling 10,316sites,was

thenusedto conductatimetreeanalysisn BEAST 1.8.2(Drummondetal., 2012).

We usedthebirth-deathbranchingprocesgGernhard2008)with defaulthyper-
priorsplacedon the growthrateandrelativedeathratehyperparametern® generatehe
joint prior distributionon treetopologyandnodeheights.The uncorrelatedognormal
relaxedclock wasusedto modelthedistributionof branchratesacrosshetree.ln order
to constrainthe branchratedistributionto biologically realisticvalues we placeda
lognormalhyperpriorwith a meanof 0.005(in realspaceanda standardieviationof 1
ontheudd.meanhyperparamete(initial valueof 0.005),andassigned truncatecex-
ponentialdistributionwith supportfrom 0 to 1 anda meanof 0.3to theucld.stdevhy-
perparametefinitial valueof 0.1). GTR+ wasspecifiedasthe nucleotidesubstitution
model;all of its free parametersvereassignedlefaultpriors,the basefrequenciesvere
estimatedatherthanfixed, andthe gammarateheterogeneityistributionwasdiscre-

tizedinto 4 categories.
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We ranthe analysisunderthefixed topologyoperatomix asspecifiedin
BEAUTI v1.8.4(Drummondetal., 2012),with thetuningof theucld.mearand
ucld.stdewoperatorsetto 0.9 andtheir weightincreasedo 6.0. All remainingoperators
werekeptattheir defadt values.Thetopologicalconstrainwe employed(Supplemen-
tary Figurel) wasbasedon the speciegreeinferredwith SVDquartergseebelow),
with onecallitrichid andsevencatarrhineoutgroupsmanuallyaddedo thetreebasedon
thegenerallyaccepteghylogenyof the Simiiformes(Perelmaretal., 2011;Springeret
al., 2012).Thedatafor outgroupspeciesveregeneratedrom Fairclothetal. 2012.
Sincemostof the calibrationpointswe usedwereconcentratedvithin the catarrhine
partof thetree,we prunedthe capuchintaxonsampledownto 4 specieswith 2 repre-
sentative®f the genusCebug(C. capucinusandC. olivaceu$ and?2 representativesf
SapajugS.apellaandS.xanthosternagsin orderto increaseheratio of calibratedo
uncalibratechodes,aswell asto achievea moreuniform placemenbf fossil data

throughouthetree.

To calibratethetree,we usedall of the fossil datespreviouslyemployedoy
Springeretal. (2012)thatwereapplicableto our restrictedtaxonsample(Table3). To
asesghesensitivityof the posteriomodeagedistributionto theroot ageprior, we also
rananadditionalanalysisusinganolderroot calibrationderivedfrom the ageof Pe-
rupithecus(Bondetal., 2015).Eachcalibrationpoint wasassignedn offsetexponen-
tial densitysuchthatthe upperboundspecifiedby Springeretal. (2012)corresponded
to the 95th percentileof thedistribution.In contrasto the uniform densitiesutilized by
Springeretal. (2012),exponentiabistributionshavethe advantag®f concentrating
mostprobabilitymasscloseto thelower bound.As single parametedistributions,ex-

ponentialsaarealsolessarbitrarythanlognormalpriorscommonlyusedin BEAST time
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treeanalyseswhich canrenderthe posterioroverly sensitiveto the choiceof calibration

densityhyperparameter@Varnocketal., 2012).

The Markov chainMonte Carloanalysiswasrun for 400million generations,
samplingevery1000generationgndremovingtheinitial 10% of samplesasburnin.
We assessedonvergencef the chainusingthe effectivesamplesizes(ESS)reported
for eachparametem Tracerl.6.0(Rambaugtal., 2013)by ensuringhatall the ESS
valuesexceede@00. The posteriordistributionof time treeswassummarizednto a
maximumcladecredibility treeusingTreeAnnotatod..8.3(RambauandDrummond,

2015a).

3. Results

3.1.Quality control

We sequencedtotal of 178million readpairs(mean= 2,661,695.4jor all
samplesAn averageof 3309contigspersample(min = 1162,max= 6170)wasassen-
bledfrom 67 individuals(Table?2). After alignmentandtrimming asdescribedabove,
we gotanaverageof 1882uniguecontigsmatchingUCE loci from eachsample We
produceda 75% completedatamatrix containingl843alignmentsof UCE loci, which
produceda concatenatechatrix of 550,515bp (averagdength:298.70bp peralign-
ment)anda 95% completedatamatrix containingl390alignmentsof UCE loci, which
produceda concatenatechatrix of 439,190bp (averagdength:315.96bp peralign-

ment).

3.2.Phylogenomi@nalyses
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We recoveredstrongsupportin thetreetopologyfrom our RAXML (75%and
95%)analysedor reciprocalmonophylybetweerthe SapajusandCebusclades(Figure
2 andSupplementaryrigure2). Our analyseshowstrongmolecuar supportfor three
of themorphologicakpeciewithin thegenusSapajus S.robustus S.xanthosternos
andS. nigritus, all within the Atlantic Forestof Brazil. All othermorphologicallyde-
fined specieswithin thegenug(S.flavius S.libidinosus S.apella S.cay,andS.macro-
cephalu$ grouptogethermwith high supportin awidely distributedclade(from the At-
lantic Forestto the Amazon),butthereis no supportfor anysubcladesvithin this group
in eitherthe 75%or 95%taxasets.Thus,the RAXML treesuggest$our specieof Sap-
ajus S.robustus S.xanthosternosindS. nigritus from the Atlantic Forestof Brazil,
andawidespreadpeciegshatencompassasorphotypesS.flavius S.libidinosus S.

apella S.cay,andS.macrocephalus

3.3.SNPsAnalyses

After filtering outlow quality SNPs,we retaineda total of 19,583SNPsacross
all samplesWe thenfiltered for missingdataandincludedonly the SNPsthatwere
parsimonyinformativesites,generatinga 75% completematrix with atotal of 11,4&

informativehigh quality SNPs.

Similarto the RAXML analysespur MaximumLikelihood andBayesiartrees
usingSNPsfrom the UCE datarecoverS.xanthosternogndS. nigritus asmonophylet-
ic cladeswith thesingleS.robustussampleasthesistergroupto S.xanthosternos
(Figure3). However,within thewidely distributedcladein the SNPtrees therearetwo
distinctsubcladesOnesubcladeaecoveranonophylyof the speciesSapajudlaviusand

alsocontainsall S.libidinosussamplesn acladewith S.apellaspecimengrom Tucu-
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rui. TheothersubcladecontainsS.cay, S.apella, andS.macrocephalusclusterswithin
this subcladearegeographically}coherenbut do not correspondo the currentmorpho-
logical taxonomyof the genusSapajus Thereis a cleardivision betweenrAmazonian
Sapajusorthandsouthof the AmazonRiver, with someexceptionsThus,our phylo-
genomicSNPdataprovidessomesupportfor six distinctspeciewithin SapajusS.
nigritus, S.robustus S.xanthosternasS.flavius, S.libidinosusanda widespreadhma-

zonianandsouthermgrasslandspecies.

While the ExaBayesand SNPhylohadsimilar topologiesthetwo treesdiffered
in the strengthof their supportfor particularcladesFor example the SNPhylotreere-
solvedsS. nigritus asthe sistergroupto thewidespreadsapajusclade(98), andS.ro-
bustusassisterto S.xanthosterno$96). SNPhyloalsoresolvedS.flavius + (S.libidino-
sus+ TucuruiS.apelld) cladeasthesistergroupto S.apella+ S.macrocephalus- S.
cay(100).0Ontheotherhand,the ExaBayegreeprovidedhighersupportfor the S.fla-
vius+ (S.libidinosus+ TucuruiS.apellad) clade(0.99)andfor the S.cay+ RonddniaS.
apellaclade(0.99).Within thewidespreadhmazonianS.apella+ S.macrocephalus
S.cayclade ,ExaBayesecovereda northwesterr§. macrocephalusubcladg0.99)and
anortheasters.apellasubcladg0.99)thatwerestronglysupportedassisterto each
other(0.97).ExaBayeslsosupportedhesisterrelationship(0.95)betweerthe S.cay +
RondoniaS. apellasubcladeanda southcentralAmazonianS. macrocephaluslade
(Atalaia,Purus Jirau,CanutamaCujubim,Mamiraua,JapuraJamari;0.91).In con-
trast,theinternaltopologyfor the subclade®f the S.apella+ S.macrocephalus S.

caycladewaslesswell-supportedn SNPhylo.

In thespeciedreerecoveredusingSVDquartetsanalysegFigure4), we found
strongsupport(100)in thetreetopologyfor reciprocalmonophylybetweernSapajusand

CebusTheinternaltopologydifferedin someregarddor Sapajusvhencomparedo
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our RAXML, ML andBayesiartreesusingSNPsfrom the UCE data.As in otheranal-
yses,SapajusxanthosternoandS. robustuswerestronglysupportedassistertaxa
(100),but hereS. nigritus wasweakly supported 77) assisterto S.xanthosternos- S.
robustus While in the othertrees,S.apella S.macrocephalusS.cay, S.flavius, andS.
libidinosusformeda subcladenestedwithin the Atlantic forestrobustcapuchinclade
andsisterto S.nigritus, herethis widespreadyroupformsa secondandwell-supported
(100)cladedistinctfrom the Atlantic forestclade,with S.flaviussupported90) assis-
terto S.libidinosus andNorthernAmazonianand SoutherrAmazoniarnrobustcapu-

chinstogetherforming a clade(100).

3.4.Divergencdimeanalyses

While the BEAST runwith the youngerroot calibration(basedon Aegypto-
pithecusat 28.3Ma) reachedtonvergencafterthe specifiednumberof generations
(ESSvalues R250for all parametersthe analysisenploying the Perupithecusderived
36 Ma minimumon theageof theroot failed to convergeasindicatedby an effective
samplesizeof <200for the ageof the hominoid-cercopithecidlivergencgnode6). An
additionalrun of 200 million generationsvasperfamedandcombinedwith thefirst
chainusingLogCombinerl.8.3(RambauandDrummond,2015b);however theresult-
ing ESSvalueswerelower thanthoseobtainedfrom thefirst run alone,suggestinghat
thetwo chainshadsampledrom differentdistributions To overcomehis problem,a
third chainof 500 million generationsvasrunin BEAST underthe samesettings.The
ESSvaluesfor boththethird run aloneandthetotal combinedrun of 900,000samples

exceede@00for all parameters.
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Regardlessf thechace of root prior, the 95% highestposteriordensity(HPD)
intervalsof all calibratednodeswerewell within the boundsusedto constructhere-
spectivecalibrationdensitiegcomparelables3 and4). Useof the Perupithecusali-
brationshiftedthe margiral posteriordistributionof theroot agefrom the Late to Mid-
dle Eocenebut exerciseccomparativelyittle influenceon the estimatedagesof shal-
lower divergencegTable4). Theintrageneriaivergencesvithin both CebusandSapa-
jus (Table4; nodesr and8) wereconsistentlyolderandlessprecise(markedby wider
95%HPD intervals)whenestimatedinderthe Perupithecuslerivedroot ageprior. The
meanestimatedsplit betweerrobustandgracilecapuchingTable4; node9) shifted
from 5.4 to 6.8 Ma whenPerupithecusvasusedto calibratethe platyrrhinecatarrhine
divergencewhile thewidth of the correspondin@5%HPD intervalremainedun-

changed.

4. Discussion

Togetherour analysegprovidegeneticsupportfor six distinctspecieswithin
Sapajusfive morphologicakpeciegstrongsupportfor S.robustus,S.xanthosternoss.
nigritus, andmoreequivocalsupportfor S.libidinosusandS.flavius) andonemorpho-
logically diverseAmazonian+ CentralGrasslandspecieghatcontainstwo major
cladesseparatedby distributionsin NorthernversusSouthernrAmazonia.Recentmito-
chondrialstudiesprovidesomeadditionalsupportfor the speciestatusof S.robustus
S.xanthosternoandS. nigritus thoughthe exactrelationshipsamongspecies/aries
(Limaetal., 2017 Ruiz-Garciaetal.,2012).S.flaviusis recoverecasa monophyletic
groupwith mitochondrialdata,butis embeddedavithin thewidespreactlade,or posi-

tionedassisterto thewidespreactlade(Lima etal., 2017, whereaghe nuclearresults
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hereplaceS.flaviusandS.libidinosusassistertaxa.Both the mtDNA andthenuclear
DNA topologiesarediscordantvith * U R Y(B0@Y)taxonomichypothesighatS.ro-
bustuds asubspeciesf S.nigritus, becausé. nigritus andS.robustusdo not group
togetherassistertaxawithin Sapajuslin the previousstudiesemployinglargenumbers
of concatenatetbci to elucidateprimaterelationshipgPerelmaretal., 2011;Springer
etal.,2012),S.robustusandS.xanthosternoarerecoveredssistertaxato the exclu-
sionof S.apella In Springeretal. (2012)S.apellais recoveredssisterto S.libidino-

sus consistentvith our presenphylogeny.

While all Sapajuslibidinosussampleswith light yellow pelagephenotypdound
acrossS.libidinosusdistributionin therelativelydry biomesof CaatingaandCerrado
clustertogetherin oneclade thatcladealsoincludessampleghatpresenstandards.
apellapelageatthe borderof thetwo speciedlistributions,nearTucurui,Pard,onthe
easterrsideof thelakethatwasformedby the dammingof the TocantinsRiver for a
HydroelectricPlant(Figure5b). Thesesameindividualswith S.apellamorphotypes
from Tucuruiclustergeneticallywith all sampledndividualswith S.libidinosuspelage
from within S.libidinosusdistributionwhenusingmitochondrialmarkers(Lima etal.,
2017. Tucuruicapuchindavedarkerpelageandlive in tropicalforesthabitat,while
nearbyS.libidinosusareadaptedo openCerradoandCaatingahabitats andhavelight-
er pelage S.libidinosushasalsobeenshownto havecranialandpostcranialadapta-
tionsto increasedyrounduseandencasedruit extraction(Wright etal., 2015).Mor-
phometricdataarenot availablefor the Tucuruispecimensto determindf their cranial
andpostcranialcharacteristicslusterwith S.libidinosusor S.apella Their external
colorationshouldalsobe studiedin detailto comparewith otherSapajusspecimens.
Theunexpectedopologyleavesuswith variouspossibilities;it maybethatthe S.libid-

inosudineagehasexpandedrom the Cerraddbiometo makeinroadsinto the Amazon,



431 andthatS.libidinosuspopulationdiving in forestedareasevolvedarkerpelage sothat
432 theyconvergean appearancwith S.apella Thiscouldbearesultof geneticadapation,
433 orit couldbethatcapuchindhavea developmentatesponsevith coatcolor adjustingto
434 habitatconditions.Eitherway, this suggest®cologicalforcesmaybedriving coatcolor
435 andmorphologicakcharacteristicsA secondpossibilityis thatS.apella eastof the To-
436 cantinsRiver becamasolatedfrom otherrobustAmazoniancapuchinsandovertime
437 gaveriseto the CaatingaandCerradopopulationsof S.libidinosus A third possibilityis
438 thatS.apellaandS.libidinosushavecomeinto secondarygonactatthe bordersof their
439 distribution,andthatdespitesignificantgeneflow, thetwo populationgmaintaintheir
440 pelagecharacteristicsMore morphologicalgeneticandecologicaldatawill needto be
441 collectedin the CerradeAmazontransitionzonein orderto betterunderstandelation-

442  shipsamongcapuchinpopulationshere.

443 NotethatSapajuslibidinosus+ Tucuruisampledormeda cladewith S.flavius
444  Forthis study,we sampledacrossvesternCaatingaandCerraddor S.libidinosus but
445 we donothawe samplesherefor easterrCaatingavhereS. libidinosusis foundcloseto
446  S.flaviusin northeastermrazil (Figure5b). More datafrom the CerradeAmazontran-
447  sition zoneandthe CaatingaAtlantic Foresttransitionzonecouldresolveif S.flavius
448 andS.libidinosusaregeographicaVariantsof the samespeciestwo distinctspeciespr

449  arebestlumpedwithin thewidespreads. apellagroupdescribedelow.

450 Themoleculardistinctivenes®f the othermorphologicakpeciesurrentlyas-
451 signedto Sapajuss not supportedWithin thewidespreadsapajuscladerecoveredn
452 the SNPtree,therewerestrongindicationsfor sharedevolutionaryhistoryamongmor-
453 photypesS.cay, S.apellaandS.macrocephalusTherewasno reciprocalmonophyly
454  betweeranyof thesemorphologicallydefinedspeciesinsteadwe observedyeographic

455  coherencdor recoveredineageghatdid notcorrespondo currentspecieypotheses
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for Amazonianandgrasslandapajus The patternis moreconcordantvith anisolation
by-distancemodelacrosgheentire u Z L G H VEJSHTINGHe/Afidmorphologicalvar-
iation drivenby habitattype. The sampleglesignate@sS. cayformeda cladewith ge-
ographicallyproximateS.apellasamplesindicatingeithera high index of geneflow
betweernthetwo, or thatthetwo typesactuallyarewithin the samespeciesandhave
evolvedphenotypicvariationrelatedto habitattype. Anotherpossibilityis thatthereis
morethanonetaxonencompassedithin the currenttaxonomicclassificationof S.cay.
SomestudeshavealreadyindicatedthatS. cay from the Brazilian Pantanabndfrom
Paraguaynaynot be a monophyleticgroup(Casadeetal., 2010;Lima etal., 2017, but
in this study,we do not havesampledrom bothareasS.macrocephalussdefinedby
Rylandsetal. (2013)is alsoparaphyletidn our study,with two distinctlineagespne
foundnorthof the SoliméesandJapuraiversandsouthof the Rio Negro(recoveredas
sisterto S.apellanorthof the AmazonRiver: Figure5c) andthe otherin southcentra
Amazonsouthof the AmazonandSolimdesrivers (recoveredasthe sistergroupto
southAmazonianS.apellaandS.cay. Figure5d). Notethatour studyextendgheS.
macrocephalusnorphotypecastof the MadeiraRiver, into the Brazilian stateof Ron-
doénia S.apellaappearsn multiple placesacrosghetopologyof boththe RAXML and
SNPtrees dividedamongvariouslineagesvhich do not form amonophyletiogroup,

butinsteadareintersperseavith cladesof S.libidinosus S.macrocephalusandsS. cay.

It is importantto notethatthe geographidoundarieandtaxonomicaffinities
for S.apella,S.cay, S.libidinosusandS.macrocephalusredisputedoy thetwo pre-
dominantmorphologicalauthoritiesGroves2001,2005;Silva-Junior,2001,2002).For
exampe, Groves(2001)considersS.cayastwo distinctsubspeciesf S.libidinosus
(calledCebudibidinosusparaguayanusndCebudibidinosuspallidus), andS.macro-

cephalusasa subspeciesf S.apella(Cebusapellamacrocephalus Neithermitochon-
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drial (Lynch Alfaro etal.,2012a;Limaetal., 2017 nor nucleardatafrom the present
studyrecoveredeciprocalmonophylyfor S.cay, S.apella or S.macrocephalusCom-
bining geneticandmorphologicaldata,we interpretthatthesemorphotypesarenot
clearly definedanddiscretespeciesbutinsteadform onemorphologicallydiverse re-
centlyevolvedpanAmazonianplus grasslandladeof robustcapuchinsif we collapse
thesethreetaxainto onespeciesthetaxonomicnamewould be Sapajusapella which
haspriority overthe othernameshecausé wasgivenfirst by Linnaeusn 1758.We do
notrecommendhe useof subspeciewithin this cosmopolitarspeciesbecausenolecu-
lar andmorphologicakubdivisionsarediscordantwith oneanothersuggesting high

indexof morphologicabplasticityandconvergencevithin the species.

We alsonotethatwhile thetwo major Sapajuscladeswithin the Amazonaredi-
videdroughlyby the AmazonRiver (seeFiguressc andd), thatsomesampleswithin
theNortherncladewerefrom individualssouthof the Amazon,andvice versa.ln most
caseghesewereindividualsthatwerevery closegeographicallyo the AmazonRiver
itself, andmaybetheresultof humanmediatedransportacrossheriversin recentor
moderntimes.lt is alsopossiblethatcapuchingrossthe Amazonatlow frequencyin
areaswheretherearemanyseasonaislands.Squirrelmonkeysshowa similar patternin
theeasterrAmazonbasin,wherethe AmazonRiver formsthe borderfor thedistribu-
tionsof Saimiri sdureusandsS. collinsi, with somecasef limited dispersato the op-
positebankof the AmazonRiver for eachspeciesn the JurutiandFaroregionsof Para

State Brazil (Mercésetal., 2015).

Thetime trees basedyeneratedrom our BEAST analysisplacedthe meanesti-
mateddivergencdime for gracileandrobustcapuchinsat 5.4 Ma usingthe Aegypto-
pithecustreeroot prior, or 6.8 Ma, usingthe Perupithecudreeroot prior. Thesecom-

pareto previousmeanestimategor divergencebetweenCebusandSapajusat 5.8 Ma,
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usingmitochondrialdata(Lima etal., 2017),at 6 Ma usingaBEAST analysisfor 54
nucleargeneqPerelmaretal. 2011),and6.6 Ma for the MCMC treein PAML utilizing
autocorrelatedatesandsoft-boundedconstraintgor a supermatrixof both nuclearand
mitochondrialgeneqSpringeretal., 2012).In otherwords,all analyseonvergeona
late Miocenedivergencdime for robustandgracilecapuchinmonkeys.Thistiming is
consistentvith theformationof thesavanndike Cerraddeadingto vicarianceof a
widespreadtapuchinancestopreviouslyspanninghe Amazonto the Atlantic Forest

(Lynch Alfaro etal.,2015;Lima etal.,2017).

5. Conclusions

Our phylogenomiaataprovidedstrongsupportfor CebusandSapajusastwo
reciprocallymonophyleticclades Thisis concordantvith morphologicalkevaluationof
distinctivenes®etweerrobustandgracilecapuchingElliott, 1913;Hershkovitz,1949;
Groves,2001,2005;Silva-Junior,2001,2002;Lynch Alfaro etal., 2012b),andmito-
chondrialand Alu elementdatathatalsopointto this split (Lynch Alfaro etal., 2012a;
Limaetal., 2017 MartinsJr.etal., 2015 Vianaetal.,2015. Werecovered late Mio-
cenesplit for robustandgracilecapuchinsgconcordantwith previousmolecularstudies.
Thetimetreemeanestimateor theinitial diversificationof robustcapuchinavasat?2.1
Ma (usingthe Aegyptopithecusoot calibration)or 2.6 Ma (usingthe Perupithecusoot
calibration);this early Pleistoceneliversificationis alsoconsistentith previousstud-

iesusingmitochondrialdata(Lynch Alfaro etal. 2012a;Lima etal., 2017).

In general our phylogeniedasedon ultraconserve@lementsverecongruent
with mitochondrialphylogeniedor robustcapuchingLynch Alfaro etal.,2012;Lima

etal., 2017, althoughthe placemenbdf S.robustusassisterto S.xanthosternosvas
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uniqueto the nucleamphylogenomialata,aswastherecoveryof asisterrelationship
betweerS.flaviusandS.libidinosus Our UCE treedistinguishednly four Sapajus
speces,butthe ExaBayesSNPtreeprovidedmoresupportfor six robustcapuchinspe-
cies,S.xanthosternasS.robustus S. nigritus, S.flavius S.libidinosus andS.apella
(which subsume$.cayandS.macrocephalus althoughS.apellamorphotypegrom
Tucuruiwerefoundwithin the S.libidinosusclade.The majordivision for Amazonian
capuchinsaccordingo moleculardatais a North-Southdivision (bothin the present
work andfrom mitochondrialdatain Lima etal., 2017, whereagshe morphological
divisionof S.macrocephaluandS.apellahasbeendescribecasmoreof anEastWest
division, with the MadeiraandNegrorivers asthe suggestediividing line (Groves,
2001,2005;Silva-Junior,2001,2002).As morphologicalandmolecularsubdivisionsof
the Amazoniangrouparediscordantywe recommendumpingall Amazonianplus
southermgrasslandobustcapuchintaxaasS. apellawithout subspeciedHowever this
doesnot discounttheimportanceof populationaldifferencesn behavior,morphology
andecologyin S.apellaacrosgshe Amazonandsouthermgrasslandsthesepopulational
differencesanayserveasa modelfor understandinghe rapid evolutionof populational

differencesacrosdliversehabitatsn otherhighly polymorphicspeciessuchashumans.

Thetaxonomicrelationshipof S.nigritus to othercapuchings notwell support-
ed,with thespeciedreeplacingit asthesistergroupto S.xanthosternos S.robustus
butthe genetreesplacingit asthe sistergroupto thewidespreaaladeof robustcapu-
chins(S.flavius S.libidinosus S.apellaasabove).ln contrastmitochondrialphyloge-
neticreconstruction®aveplacedS. nigritus asthe sisterto all otherSapajuqLima et
al.,2017. More work needdo bedonedelineatingherelationshipandgeogaphical
boundariedetweersS. nigritus nigritus from Minas Geraisto SaoPaulo,Brazil andS.

n. cucullatusfrom southerrBrazil andArgentina,andtheir relationshipgo othercapu-
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chins.Futurework is alsoneededo determingherelationshipof Critically Endangered
S.apellamargaritaeendemido Margaritalsland,Venezuelao the otherAmazonian

andGuiananrobustcapuchins.
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Tables

Table 1: Taxonomiesof robustcapuchins.

Elliot (1913) Hershkovitz (1949) Cabrera (1957) Hill (1960) Groves(2001,2005)
Cebusapella Cebusapella Cebusapella Cebusapella Cebusapella
Cebudfatuellus C.a.apella C.a.apella C.a.apella

C.f. fatuellus C.a. margaritae C.a. margaritae C.a.fatuellus

C.f. peruanus C.a. macrocephalus C.a.fatuellus C.a. macrocephalus
Cebusmacrocephalus C.a.libidinosus C.a.peruanus C.a.peruanus
Cebudibidinosus C.a. paraguayanus C.a.tocantinus C.a.tocantinus
Cebusazarae C.a.pallidus C.a. macrocephalus C.a. margaritae

C.a.azarae C. a. xanthosternos C .a.libidinosus Cebudibidinosus

C.a.pallidus C.a.versutus C.a.cay C.l. libidinosus
Cebusfrontatus C.a.nigritus C.a.pallidus C.l. pallidus
Cebusvariegatus C.a.vellerosus C.a.frontatus C.l. paraguayanus
Cebusversuta C.a.robustus C. a. xanthosternos C.l. juruanus

Cebuscirrifer
Cebuscrassiceps
Cebuscaliginosus

Cebusvellerosus

C. a. nigritus
C.a.robustus
C.a. magnus

C.a.juruanus

C.a. maranonis

Cebusigritus
C. n. nigritus
C.n.robustus

C.n. cucullatus

Cebusxanthosternos
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Table 2: List of samples|ocality dataandresultingfor UCE data.

Trimmed ContigsAssem-

Code Species Latitude Longitude reads bled
1 S.xanthosternos -15.17 -39.07 2681597 3274
2 S.xanthosternos -15.41 -39.5 2843593 3661
3A S.xanthosternos -14.79 -39.05 3196673 3802
3B S.xanthosternos -14.79 -39.05 3521726 4275
4 S.robustus -19.95 -43.85 4538948 5198
5 S.nigritus -23.86 -46.14 2762021 3471
6 S.nigritus -23 -49.32 946881 1937
7 S.flavius -6.56 -35.13 2713906 3096
8 S.flavius -7.01 -34.96 4787966 5150
9 S.flavius -7.02 -35.09 2877922 3601
10 S.libidinosus -2.77 -41.81 2764451 3430
11 S.libidinosus -2.8 -41.87 4348317 5094
12 S.libidinosus -5.09 -42.43 2612178 3208
13 S.libidinosus -7.93 -44.2 3068523 3551
14 S.libidinosus -5.28 -48.3 3303530 3885
15 S.libidinosus -14.14 -48.17 3381894 3603
16 S.libidinosus -16.6 -49.26 3301692 3884
17A S.apella -3.83 -49.64 3541159 3793
17B S.apella -3.83 -49.64 2980533 3534



18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44A
44B
45

S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.apella
S.cay
S.cay
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus
S.macrocephalus

S.macrocephalus

-6.15
-3.36
-2.61
-0.58
3.22
0.83
1.29
-1.49
-2.47
-2.6
-3.18
-3.88
-4.71
-10
-9.2
-12.03
-12.56
-16.06
-13.52
-12.45
-8.67
-9.1
-8.89
-8.8
-8.19
-5.69
-4.99
-4.99
-4.75

-49.56
-51.74
-51.54
-52.33
-52.03
-53.93
-58.7
-56.8
-58.4
-56.18
-55.8
-56.78
-56.44
-56.04
-59.06
-60.67
-63.44
-57.72
-60.43
-62.92
-62.37
-62.88
-63.24
-63.95
-64.02
-63.24
-62.96
-62.96
-61.28

1908769
3391742
5485708
1311929
1757726
2781762
2130450
1572934
3571090
2394355
1890413
1276241
1746336
1791793
2103015
2339872
3883141
1624662
2361492
2986344
2962283
2222218
3054313
1459387
2196025
3840307
3199632
1163783
2351064

2828
3723
6170
2137
2338
2805
2604
2413
3780
3227
2709
2039
2515
2450
2895
3027
4558
2588
2991
3335
3477
2882
3411
2148
2741
4395
3780
2218
3072
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46 S.macrocephalus -4.44 -60.32 2219015 2938
a7 S.macrocephalus  -3.37 -60.48 1876035 2707
48 S.macrocephalus  -1.05 -62.89 2044899 2699
49 S.macrocephalus -0.48 -64.41 2723327 3234
50 S.macrocephalus -0.61 -64.92 3169376 3983
51 S.macrocephalus  -0.23 -66.85 2105443 2681
52 S.macrocephalus  -2.47 -64.83 3117247 3756
53 S.macrocephalus -2.59 -64.89 2484843 2946
54 S.macrocephalus -2.45 -65.36 1918138 2692
55 S.macrocephalus -1.84 -69.03 2085573 2716
56 S.macrocephalus  -4.4 -70.14 3522837 4000
57 S.macrocephalus -4.94 -68.17 4107017 4659
- C. unicolor -9.22 -66.74 2057387 3279
- C.o.castaneus  -0.58 -52.33 2107696 3145
- C.o.castaneus 1.84 -52.74 1401630 2151
- C. kaapori -2.33 -46.08 2885841 3593
- C. capucinus 10.95 -84.55 3954729 4702
- C. capucinus 10.88 -85.78 508807 1162
- C. albifrons -2.59 -64.89 3111458 3951
Table 3: Fossilcalibrationsusedfor divergencdime estimation(seeSupplementary
Figurel for nodelabels).
Calibrated node Divergence Fossil Reference

1

Hominina/ Pan

Hominini/ Gorilla

Papio/ Macaca

Sivapithecusp.

Macacalibyca

Ardipithecuskadabba

Hominoidea Cercopithecidae Afropithecugurkanensis

Springeretal., 2012

Springeretal., 2012

Springeretal., 2012

Springeretal., 2012
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10

11

Callitrichidae/ Cebidae

Patasolamagdalenag

(senswRylandsetal.,2012)

Catarrhini/ Platyrrhini

Lagonimicoconclucatus Kay, 2015(minimum);

Springeretal., 2012 (maxil

Aegyptopithecuzseuxis Springeretal., 2012/

Perupithecusicayaliensis Bondetal., 2015

Table 4: Summaryof the posteriordistributionof divergenceimes(in Ma) estimated

usingBEAST (seeSupplementaryrigurel for nodelabels).

Springer et al. root calibration

Node
Median Mean 95% HPD Median
1 5.6 5.8 5.1#.3 5.7
2 7.9 8.2 5.741.1 8.6
3 14.2 14.5 10.149.5 11.4
4 17.4 17.7 12.123.2 15.5
5 6.5 6.9 5.59.6 6.3
6 23.6 24.4 20.680.8 25.8
7 1.7 1.8 0484 2.2
8 19 2.1 0.64.0 2.4
9 5.2 54 3.28.0 6.6
10 17.0 17.4 13.422.1 14.9
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34.1

35.4

28.346.7

41.4




Figure Captions

Graphical Abstract. (a) Maximumlikelihood and(b) Bayesiarninferencefor robustcapuchinphylogenybasedn SNPdata.
Figure 1. Map showingthe sampledocalitiesfor Sapajus

Figure 2. Maximumlikelihood (RAXML) 75% phylogenyfor UCE data.

Figure 3. (a) Maximumlikelihood and(b) Bayesiarinferencefor robustcapuchinphylogenybasedon SNPdata.

Figure 4. Speciedreefor robustcapuchinsisingSNPquartets.

Figure 5. (a) Map with minimum convexpolygonsto showgeographidistributionof majorsubcladesvithin thewidespreadsapajus
clade,(b) Minimum convexpolygonfor rangedistributionfor S.flaviusandS.libidinosuscladeswithin the ExaBayeghylogeny,(c) Min-
imum convexpolygonfor rangedistributionfor the NorthernAmazonianSapajuscladewithin the ExaBayephylogenyand(d).Minimum
convexpolygonfor rangedistributionfor the SouthernrAmazonianSapajuscladewithin the ExaBayegphylogeny.Largermapdepictssub-

cladesof souh centralAmazonianS. macrocephalugndsoutherrAmazoniant grasslands.apella+ cay.

Supplementary Figure 1. Topologicalconstraintusedfor divergencdime estimationin BEAST.

Supplementary Figure 2. Maximumlikelihood (RaxML) 95% phylogenyfor UCE data.
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