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PREFACE

The aim of the present work is to explore the ecological diversity of the Plio
Pleistocene cercopithecids &urope by analyzing their dietary ecology, which will
contribute to theknowledgeof the evolution of Cercopithecidae in the area of European
region during the studied time period.

This was achieved by using the combined application of two methodologies: dental
topographic enamel thickness analysis and dental microweantexanalysis. The study
is focused on four fossil taxaMesopithecus monspessulanysDolichopithecus
Paradolichopithecusand Macaca and the studied fossil material derives from several
institutional and museum collections across Europe. résults ofttis work are expected
to increase the overall amount of information regarding the ecological background of the
fossil Cercopithecidae from Europe, and further contribute to the better understanding of
how ecological processes such as interspecific congrefitr space and resources may
have influenced the evolution of this primate family in this geographic region. All these
are expected to fuel more researchers to investigate the potential effects of these ecological
interactions irpast and present dayiiate habitats.
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Chapter 1. Introduction

1.1Diet and dentition: Implications for dietary reconstruction on fossil forms

Two basicbiological demandpresumed to be of key importance in the course of
evolution of every specsaresexual reproduction and diet, batbcessary for life continuity.
Nevertheless, the importance of diet is beyond question, as it is a daily need in the life of every
living organismin order to surviveMammalan diets overall exhibit three bastategries
carnivorous, herbivorous and omnivoroliesemostly depend on the mammalian group of
study.However, it can be rather complex to explore the subtle variation of these three basic
dietary categories, as several factors throughout the gagiinfluencedietary habits For
instance, ungulatesre herbivorous mammagxploiting food resources from the herbaceous
layer and/or browse from trees, bushes and othestypeegetationVariations in feeding
preferences and dietary repertoire depend mastlgeasonal and spatial factors which may
vary even between populations of the same spetieghe case of primateslietary
characterizations can be more complexgeneral, primateare considered as omnivorous
organisms(Harding, 1981) however, this dietary characterization usually refers to primates
which habitually consume meat along with other vegetal reso(gagdVatts, 2020) In this
sense, only humans may be considered as truly omnivorous, as meat is an almost indispensable
dietary component in their diethe diets of most nehuman primates are very diverse being
primaiily constituted by p l-asmur ce f oods 6 ( PSFwith somd speciédi | t on,
also including animasource foods (ASFs; cf. Milton, 2003a,BYimate species exhibit a wide
variation of dietary preferences and foraging strate@es Garber, 1987)they will exploit
food resources available on the terrestrial substrate if possible, also in the sliltmy;

1993) Furthremore, some primate speaiesasionallywill resortto object manipulatianor

even devise tools to acquire and efficiently process targeted food reqblecemndezAguilar

et al ., 2007 ; F a $everal researclzers throu@hout theyiears dedicdtes dheir
lives studying and recording the digf ecology oprimate species.

To depictthe dietaryecology of a primatepeciesfirst information is ekracted from
field studies. The most usual approaches on recording the diet efafrgiag primate
populations are time sampling methods. The feeding behavierditiary intake and
composition,as well asthe specific amounbf time it required to consunmbcessit, is
recorded for specific periods of timAlternative feeding methods are also used in some
circumstances such as analysis of stomach content,deablsis andidentification of food
remains(see National ResearcPouncil, 2003for more detad). The amount of time spent
resting is alsénformative In addition, all these require to be observed on several populations
of the same species, in the different habitats of its geographical distribution, and on different
periods of time throughout the year if possible. In addition to these, one impogant et
should also be considered in investigations of dietary ecology, is the niche partitioning with
other primates specidbat occur in the same habitat and their direct interactions. Lastly, the
anthropogenic effects on primate habitisuld alsde considered.

If it can be so complex to determine the dieteerglogyof extant primatg how can
we infer dietfor extinct primate speci@sThisstill troublespaleontologists even today, while
we need to further accept thhere is probably a liminithe information that can be extracted
from fossils, as potentially important behavioral aspects of dietary ecology cannot be directly
observed. Lastly, some important anatomical and physiological features related to diet (e.g.
digestive systejndo not gaerally fossilize Despite these factdirect observatiasiof modern
primatespecies and comparisons with the fossil recordylenas to better understapdmate
dietsand theirimportancein primate evolutionin paleontological studies, the masgidely
used anatomical traiih dietary nvestigations is the dentition.
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Studies of fossil dental remaims mammaian paleontologyand paleoprimatology
have always beethe center of attéion. The major interest derivésom the fact that teeth
retain phylogenetic informationand thereforeare useful for taxonomic and systematic
purposes while dietary information can be cruci&br interpreting the way of life. Also,
conmpared to other anatomical parts teatk morefrequently preservedithe fossilrecord
mostly due to th@hysical properties @dnamel tissue. Thus, studies of tooth form famdtion
are necessarnp dedpherthe dietary ecology of extant and extinct primates. Morphological
comparisons of dental characters in extant species, sueledispresence/absence of shearing
crests, enamel thickness and its distribution along the tooth craleng with available
recorded dietary information from observational studies, enable us to depict the dietary ecology
of extinct forms Neverthelessthis comparative approach does carry some potential problems
that must be resolved before we tryré@cha reliable conclusion abodietaryadaptations.
First, the potentiadietary adaptationmust be generally aerved.For example, if most
insectivoraus primates have molars with sharp cusps, high relief and loagrelerests, while
frugivorous/hard object feeded not, thisobservationprovides additional support to the
argument. But still we have to consider the possibility of an extinct primglesimilarly
observed morphology occupying a specificlegial niche not analogous to some modern
relative.

Secondly, the adaptiveypothesedased on comparison are subject to the problem of
confounding vaables(Clutton-Brock and Harvey, 1979A similar morphology magvolve
under different selection regimasd vice versaKay and Covert, 1984Folivorous primate
molar structure possessa set of characteristitisat favorthe exploitations of plariber, while
a similar set of characteristics is present also in insectivorous primate molars. In thte case
generally distinguish between folivorous and insectivorous species we will need additional
informationas for instance about body masiice insectivorous primatese overallsmaller
compared tdolivorous.

Thirdly, the morphological expressionaparticular adaptive character may constrain
the form of others. Kay and Covert (19&fiotedsloths as one striking example of constraints
in adaptive pathways. Having greatly reduced theiedhéeeth early in their evolutionary
history, they lack most of the cutting/shearing systems observed in most herbivores. However,
they possess patrticularly enlarged stomaathii;h greatly slows food passage time combined
with a slowmetabolic ratethesecan be considered as alternative adaptive chaogesre
efficiently handlea leafy diet.Something similar is observed in colobine monkeys, which
exhibit differences in forestomatch anatomy most likely reflecting adaptations to different
dietary nicheg¢Matsuda et al., 2019)

Intepretationof extinct pecies adaptationsust take althe aboveanto account, as
well askeepingin mind that we cannot obseramy of these behawrs. Moreover, another
important issue is also fallback foods which may be critical to the survival of the studied
species, but arseldom traced in morphological charact&hss is also influenced by the fact
thatfossil remains argenerallyfragmentary and sparse, makingestigationsnoredifficult.
To concludethe interpretation of extinct species adaptive morphologies detatéiet are
possible only by means of analogy and comparisons with living animals, but still we need to be
cautious and conservative.

1.2 Primate dental form and function

Primate dentition can be characterized as a synthesis of efféetntal structures,
shaped throughout treomplicatedevolution of this orderPrimate teeth are multifunctional
tools that play an important role in food item processing and break{®&thaume et al.,
2020) Neverthelesspot all tooth lociare solely dedicated to dietary functioR®r instance,
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mostHominoidspossess size dimorphic canines with only few exceptions (e.g. hylobatids) and
this is related to sociosexual behavior (e.g. Plavcan and van Schaik, 1992; Plavcan, 2012).
Moreover female and mallangursgrindtheirteeth to produce certain sourttiat are probably
associated with intrgroup competition for reproduction and/or food resoufetsly, 1974;

Ahsan and Khan, 2006urthermorethe relationship between diet and incisize has been
emphasized bgomeresearcherAnthony & Kay, 1993; Eaglen, 1984; Goldstein et al., 1978;
Hylander, 1975Jolly 197@&; b; Kay and Hylander 1978; Kinzey 197Rosteriomdentitionor

cheeck teeth (ie premolars and molars) are considered to be the primary food processing tools
of the oral cavityyet primates also use their hands whitdybe considered as the firsep of
ingestion(Nishida, 1976; Milton, 1993Be that as it may, the relation of posterior dentition
and diet is more well undstood comparetb hands for now, with dietary investigations being
primarily focused on molars and premolg8cott et al., 2018; Thiery and Sha, 202t
references therein

One of the first effodto quantify primate molar shajperespect to dietary behaviisr
a measure ofMmolar shearing capability correlated with chewing efficiency hamed shearing
guaient(SQ; e.g., Sheine and Kay, 19K&y and Sheine, 1979n these pioneestudies they
found that insectivores, which possessed relatively lomgéar shearing crests, showed higher
chewing efficiency than frugivores witkelatively shortemmolar shearing crestsThe SQ is
determined by regressing shearioigest lengthagainst tooth lengtfthe sum of a set of linear
distances between discret®mologous, anatomical ldmarks on the occlusal surfackater,
it wasshawn that folivores also possesslatively long shearing cres@ssociatedvith a diet
with high fiber conten{Boyer et al., 2015Kay, 1981; Ungar & Kay, 1993Vinchester et al.,
2014) These studieshowedmarkeddifferences among insectivores and folivores comparing
to primates that rely on harder food resoursegh as fruits and seeds. Thidicatesthat the
same adaptive response (e.g. higher sheaapgbility through crest development) can be
useful in different diets (e.g. insectivorous and folivorous), whereas a different adaptive
response is manifested in order tcstain high biting forces related to the exploitation of
mechaically challengingfood items.Even if theseestimatesproduced reasobée results
subsequentvorks indicated their somehowriited efficiencyand disadvantagesspecially
when it comes to wa dentition(Winchester et al., 2014; Boyer et al., 2Q118) addition
studiesof dental weamaybe particularly importarih dietary investigation@ndconsequently
how primate dental form and function evolved throughout {i@mashita, 1998; King et al.,
2005; Cuozzo and Sauther, 2006; Marshall and Wrangham, 2007; Dominy et al., 2008;
Berthaume, 2016a)To address all these complicated issues, mathods needed to be
developed.

One challenging problem was how to digitally capture the whole tooth shape.
Eventually laser and microomputed tomograph scannerge-CT) were chosen as effective
ways to dgitally repregntteeth(Ungar & Williamson, 200Q)The application of geographic
information system software (Gl®nabled the representation of the whole tooth morphology
as a topographic landscape and consequently more detailed investigation of dental
morphological aspecfsJ er nv al | & Urigar B Witlianmesgn, 2Q09; @ceatti et al.,

1998) Maybe the most important advantage of dental topographic analysis, is the fact that it is
a landmarkiree approach to quantify and represent tooth shape with a single metric
(Berthaume, 2016a)Although several methodological protocols have been suggested, all
topographic studies follow the same steps: tooth digitization, processing/editing of tooth surface
and finally tooth shape quantificatiom addition to d@etary inference¢Ledogar et al., 2013;

Allen et al., 2015; Berthaume et al., 2018; Ungar et al., 2@®8)al topography has been used

to investigate evolutionary pressures, such as niche partitiqi@oglfrey et al., 2012;
Berthaume and Schroer, 2017 predict enamel surface morphology from the shape of the
enameldentine junction surfacgkinner et al., 2010; Guy et al., 2018gscribe anewfossil
plesiadapidBoyer et al., 2012)as well as to explore the relationship between tooth shape and
food breakdown(Berthaume, 2016b, 2016a; Thiery et al., 207 Today, new notGIS
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software and techniques have been used and dental topographic studies have developed several
metrics to characteaé aspects of tooth morphology such as complextyvature and

sharpness, dental relief, and tooth weavi6 Ki r er a and Ungar, 2003; Eva
2008; Evans and Jernvall, 2009; Klukkert et al., 2012b; Guy et al., 2013, 2017; Allen et al.,

2015; Pampush et al., 2016; Berthaume et al., 2019a)

Even thoughdental topographic analysisas proven to bea useful method to
chalcterize tooth morphologyit has certain lintations that should be considere@ee
Berthaume et al., 2020r a detailed reviejv One of the most importaig the sensitivity of
dental topographic metrics to data acquisition and processingofBhaumber of triangles in
3D meshes as well #ise effect of smoothing andappingmethodsmay influence topographic
estimategBerthaume et al., 2019b$ensitivity studies usualipvestigate the effect afuch
methodologial parameters; whilesome metrics remain unaffectedthers are more
significantly influencedBerthaume et al., 2012019 Eronen et al., 2017; Sgutley et al.,
2017)

Another importantconditionthat must be considered is the comparability between
topographic metrics. For instandbere aredifferent measures of sharpnesgygested, all of
them basically quantifying the same morphological asphérmgar and Williamson, 2000; Bunn
et al.,, 2011; Guy et al.,, 2017; Shan et al., 20¥¥t, the underlying differences in the
mathematic comytations for each metric do not enable direct comparisons. As a result, this
emphasizes the problem of choice of the most suitable metric for analyses. However, this also
depends on the question being asked, and on the tooth being investigated. Alvéhmake
it harderto directly compare results between dental topographic studies. Furtherembaé d
topographic metrics are usually correlated with each @ivarchester et al., 2014; Thiery et
al., 20Tra) These correlations are usualglated toparametersuch as dietary variability,
phylogenetic contextas well asthe method of data acquisitiomhis implies thatpotential
correlation between metricshould also be investigate(see Berthaume et al., 202for a
detailed discussign Lastly, the incorporation of several metrics together in studies is
suggested, asvestigations of multiple aspects of tooth shape may increase the confidence of
results, while alsproviding useful information for future investigations.

1.3 Analyzing wear on teeth

Studies of tooth wear use data from worn tooth surfaces as proxies for recording the
dietay ecology of extant and extinchammals Wear gradientgMeikle, 1977) urusual
pattens of wealKilgore, 1989) as well as the inclination of worn areasthe occlusal surface
(Butler, 19%, 1973, have been used to assess potential diets and further interpret their
paleoecologyThesearea areusually referred adentalwear facet. The development of such
facets may be a result of abrasion (i.e. tooth wear caused by interdettamen a tooth and
exogenougatrticles of food and/or grit) aattrition (i.e. when opposable teeth contact each
other) These processes can contribute to the excessive wearmbldweand incisalocclusal
surfacesYet, evidence suggesthat other toth wear mechanisms might also contributé
whole tooth wear patter(see Ch.3in Lussi & Jaeggi, 20Q6for a detailed discussipn
Moreover, dentalvear is also related to theiag process, as older individsalisually exhibit
advancedlegreeof wear However, tooth wear may sculpt occlusal morphology to maintain
and/or improvdunctional efficiency throughout lifetim@Jngar, 2015) Notwithstanding the
above, abrasion seems to play thestsignificantolein the dental wear procegs.commonly
employedmethod for quantifying wear in some mammalian cladeseisoweaanalyss.

The term mesoweavasinitially conceivedby Fortelius and Solounias (20083fithe
average diet of aindividual or a particular species from a particular location in space and
timed and it refers to the intermediate time scale at which this type of wear is faloeer
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than microwear but moreapid than evolutionary changes in overall tooth structurdich

occur at ayeological time scale. It is the macroscopic tooth wéat is visible to the naked eye

as a smooth flattened area of enamel on the occlusal surface, and is developed over the course
ofana ni ma | 6 dn herbiforeus mamenals that gcatme mostly relatively soft or tough

food objects, such as leaves of dicotyledonous plants, twigs, flowersoameifruits (i.e
browsers)attrition is the primary cause of tooth weakttrition creates sharp enamel edges
with well-developed facets. In Havorous mammals that mostly graze on the terrestrial
substrate and consume grasses and otherglmwing vegetationife. grazers), the food
consumed causes most of the tooth wear instead of teetlprébesdends to create round off
enamel edges witlmot so clearly defined wear facet®ne important advantage of this
methodology is the generally quick and easy acquisition of data, making it a suitable technique
to explore largesamples(Mihlbachler et al., 2011)However, sincanesowear was initially
developed forsomeungulates extending the method to other groups with other teeth types
and/or mastication styles required the development of different scoring techniques, thus making
it difficult to directly compare results. Nevertheless method has been extendedbtioer

groups as wellseeGreen and Croft, 2018; Ackermans, 20@0extended discussiohns

Oneimportantdental wear proxy with wide application on several mammalian groups
that has been proven to be one of the most effian characterizing dietary habitsdental
microwear anajsis (seeCalandra & Merceron, 2016)nlike mesowear, microwear analyses,
focuson the microscopic wear featurea the occlusal surface, produced by food abrasion
during masticationDental microwear data provide direct evidence of food consumption on
tooth surfacegdf care is taken with specimen preparation and sele¢@andon, 1982|Ungar
et al., 2007) Microscopic wear feature (e.g. microwear)are not a cumulative record of
chewing, in contrast withacroscopienethods €.g.mesowear)instead ita continuous record
that gets erased with subsequeeiding evers within days or even week$eaford and Oyen,
1989) Thus, it is a record of what the studied organism consumed several days prior to its
death, a characteristic usually referredhias a s t  Sfieqt (Gréine, A986; Winkler et al.,
2020). The turnover rates of microwear textures have been ratdndenost vertebrates,
ranging from daygven to weekgBaines et al., 2014offman et al., 2015Teaford & Oyen,

1989) The first microwear studiassing optical light microscopipoked for evidence on teeth

as a proxy to identify the direction of jamovement during chewin@utler, 1952; Mills, 1963,

1967) Such studies though, focused more on jaw movements and the mechanics of chewing
instead on the dict associations between foods eaten and the resulting patterns of microscopic
dentalwear. The initial work that tried to associate microscopic wear features on nonhuman
primate teetlwith diet can be credited Walker (1976). Irhis work he examined thiacisors

in a series of living Old World monkeys using light microscopy, and he suggested texture
differences between terrestrial and arboreal monkeys. Wqker6) attributed these
differences to feeding substrate, siliceous material in food eaten entetthanical demands

of food breakdown. He further noticed dietlated differences, such as that folivores had more
laterally oriented striated incisal surfaces than frugivores, possibly related to the lateral
stripping of leaves across incisors.

Laterresearch has showvihat optical light microscopy had significamstrictionsfor
dental microwear research adimited depth of field and b resolving powe(Ungar et al.,
2008) which turned out to be problematic when analyzing curved microwear surfaces.
Consequently, researcheisandoned | i ght microscopy and by
hadalreadyadopted scanning electron mascopy (SEM) as the most suitalstrumentfor
microwear analysiéRensberger, 197&yan, 1979Walker et al., 1978 The higherresolving
power, maximal resolution, working distance and depth of field at a given magnification, gave
SEM a significantadvantage over conventional light microscoplye latter methodology (i.e.
SEM)allowed researchs to view and identify smaller miawear features, having whole fields
of view focused, even on curved surfaddsnce,in order toexploitthe full potential ofSEM
for identifying dietary differencessoon after started the quantiéition of microwear patterns

t
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This earlyphaseof researh was focused on primates, and it demonstrated similar microwear
patternswithin the samespeciegGordon, 1982)and distinct microwear among spes with
contrastingdiets (Teaford and Walker, 1984However, the ability of microwear as a tool for
reconstructing gt was questioned(Covert and Kay, 1981)Soon it became clear that
standardization of SEM instrumental parameters and magnification was a heatssityih
control of toothposition and dental wearfacet types between analys€&ordon, 1984)
Eventually, he quantification of microwear features enabled statistical testing, which lead to a
more advanced understanding of the relationship between microwear aamy @evlogy
(Teaford & Walker, 1984ngar & Spencer, 1999)

During t handkat by InficBo@dx &searctiocused on how to more
accurately quantify microwear usiagvariety of approachd&rine, 1986; Maas, 1991Jngar
& Kay, 1995) and variables (e.git: striation ratios, featureehgth/breadth, orientation). By
the early 2008, it was recognized that there was inconsistemopngobservers on the
recognition and measurement of microwear features on SEM images whichd limite
interpretationgGrine et al., 2002}-urthermore, it was argued that SEM analysis was expensive
and very timécorsuming (Solounias and Semprebon, 2002Zp avoid this, it was further
suggested to return to léwagnification light microscopy (LM)which at least was
inexpensive in time and codhdeed, for arief period of timethe interest in LMreignited
while at the same time there was an increase in the diversity gbrmmate mammal analyzed
(Green & Croft, 2018nd references thergirRegardlessas with SEM methodd,M also
demonstrated problems of observer consistdlunygar et al., 2008)Even though earlier
studies suggested that inter/intra observer error was not signif®amiprebon et al., 2004)
later studies questioned tlipinion(Mihlbachler et al., 2012; Mihlbachler & Beatty, 2012)

All the aforementioned problems lead to the development of astemated thrée
dimensional techniques for analyzing surface textures. The first automated technique was
developed by Scodt al.(2005, 2006) namedental microwear texture analy§BMTA). This
method uesconfocal microscopgind computes five basic parameters that characterize surface
textures gince it is one of thenethod used in this studyit will be discussed irthe next
chapte). To this day it is the most widely used technique and it has bedinchfmpprimates
(El-Zaatari et al., 2005; Merceron et al., 2006, 2009b; Krueger et al., 2008; Scott et al., 2012;
Williams and Holmes, 2012®Villiams and Geissler, 2014; Martin et al., 2018; Ungar et al.,
2020) ungulates(Merceron et al., 2010, 2016; Scott, 201hgar et al., 2007)marsupials
(Prideaux et al., 2009proboscideang§Zhang et al., 2017 chiroptera(Purnell et al., 2013)
suids(Souron et al., 2015; Lazagabaster, 20b8ars( Don o hu e, 2013; Peign® a
2019) micromammalgHopley et al., 2006; Calandra et al., 2058) well as carnivairs
(Schubert et al., 2010; DeSantis et al., 20TBe majority of microwear studiesfigcusedon
the microwear present on the occlusal enamel surface while few analyseaskaven
occlusal molar facetand wear facets of inciso®ngar, 1994; Estebararet al., 2009;
Mart2znez et .al., 2016, 2020)

More recently a new thredgimensional automated technique was developed, termed
dental areal surface texture analy@ZASTA). This technique is based on standardized
industrial surface texture parameters{)S Therefore, these parameters can be readily
compared throughout studiemd they can be quantified byarious 3D acquisition and
processing softwasg¢Calandra et al., 20128oth DMTA and DASTA have proven to be useful
in distinguishing diet, but star DMTA has a better and more clear baselorecbmparisons
between mammalian groups. Nevertheless, both methods are very promising for the future of
this field(Calandra & Merceron, 2016ge alsd-rancisco et al., 2018Yntil today, microwear
researchers still use all #& types of microscopy (light, scanning electron, confocal
microscopy while modifications for each method are still being propgk&t, Hoffman et al.,
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2015;SEM, Green & Kalthoff, 2015Green & Resar, 201)MTA, Gill et al., 2014 Purnell
etal., 2012)

Besides extensive applicatimmammaian ecology and paleoecologyietary proxies
such as microweaanalyseshavetheir own limitations, which shouldbe taken into account
beforeinferring dietandderiving conclusions regarding paldwabitats The temporal scale of
any dietary prox must be considered when attempting to reconstrudetiging ecologyof
mammals More specifically, microweais an accumulations of wear features produced in
weeks orevels o me mont hs pdeatihis cdande useaful imaetedding seasonal
andbr temporal variations in di¢Martin et al., 2018)dietary differences among extinct and
extant population@Merceron et al2010, 2020Rivals et al., 2015pandalso investigating intra
and interspecific ecologgmongsympatric specie@Calandra and Merceron, 2018ut what
if the animal dés at a time period where resources were scarce or during fallback episodes (e.g.
McGraw et al., 2012; Lambert and Rothman, 2015), thus providing only a glimpse of the diet
of the species. Furthermore, if the sample size is also low it may not be sufficargh to
extract clear conclusions and therefore intepretations should be treated with cauti& (Kay
Covert, 1983).

A thorough review of the theoretical limits of dental microwear is provided by Teaford
(2007) briefly summarized belowRostmortem pocesses can potentially alter or even destroy
the microwear signal. Consequently, if all known specimens from a fossil species have been
altered, the feeding ecology of this animal must be determined using other dietary proxies
beside microwear. Furthernmiit has been suggested that the consumption of food resources
with mechanical properties softer than enamel may not produce sufficient microwear signal
(e.g. Lucas et al., 2013). Nevertheless, more recent experimental studies have shown that even
materids softer than enamel may abrade enamel (e.g. Xia et al., 2015; Daegling et al., 2016).
Another factor thashouldbe taken into account is thabdernhabitatanay not sharéhe same
ecologicalconditionswith habitats in the pas¥o it is impossible to knotheimprint of these
conditionsin microwear textures.

All microwearstudiesrely on microwear patterns among extant animals available
dietary informatiorto infer about paleodiet of extinct organisfi®aford & Glander, 1991)
Most of the time microwear studies relgn specimens belongj to museum collectionsn
which the absence of useful information, such as specific age, diet, geographic location, and
season of deatk commonHowever, in vivo experimenthow great potential arate one of
the most importanticections in microwear analysi$ heir applicatiorto animal populations
with all previously mentioned information availabigil improve our understanding of how
microwear textures are producess well aghe possible significant or trivial effects ather
factors as wel(Merceron et a).2016, 2017; Ackermans et al., 2020pe lack of associated
environmental parameters and climatic factors mayso potentially affect negatively
interpretations (Teaford, 2007) Moreover, many mammalsespecially primates are
opportunisticwith significant dietary variations between seasons and geographic populations.
Thus, smply mixing individuals of a single species from different regions cquivide a
skewed microwar signal(Rivals and Semprebon, 201@specially if the sample size is low.
Indeed, sbstantial sample size cée necessary to identify significant differences (Gordon
1988).However, low samle size is a common problemfirssil primate analyseso there is a
general consensusccepting this fact. Regardless interpretations should be treated
conservatively.

1.4 Primate diets

Even if generally primates argenerally considered omnivorous organisnis.g.
Harding, 1981)many researchis have dedicated their livés characterie the dietay habits
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of primate speciem orderto make inferenceon the fossil recordand consequently better
understandprimate evoluion. Usually four basic diery categories for primates are most

commonly employed in the literature by behavioristsand amats( C| ut t on Br ock & Ha
1977; Kay, 1975; Kay & Hylander, 19753blivory, frugivory, omnivoryandinsectivory

The distinction of fugivorous, folivorousand irsectivorous primateis based on the
type offood item they primaly consumedA frugivore consuneahigh percentage of fruits
(ripe or unripe) nuts, seeds and other plant produgtdolivore primarily relies on leaves
(young or maturg shoots, stemer budsthroughout the yearngectivorous primatemostly
rely oninsects as a primarfpod resourceln addition, here are also some food resources that
require certain types ainatomcal and/or physiological modifications for the acquisition,
consumpibn and digestionThat is why some researchers recograzlitional minoritary
dietary categoriegummivory, granivory, nectivory, e.dgzleagle, 2013)A common example,

a special case in extant primate dietary ecoagyheropithecus geladahich feedsalmost
exclusively on grassland products, like tough grasses, sedges and grasgJseees et al.,
2018; but see Fashing et al., 2Q1Gyass leaves are an important resource of structural
carbohydratesastree leaves; however, high in silica contélitie highconsumptiorof vegetal
resources with high silica contengneventuallyabrade teeth to a degree not observed in a diet
focused on tree leaves (Walker et al. 1978). Thus, potentiatiynoting certain dental
morphological adaptations, asiggestedn the case ofTheropithecus(lwamoto, 1979)
Omnivory is a wide dietary category and it can be rather complex to déineivorous
primaes exploit a wide array of vegetasourcedncluding invertebras but this dietary
characterizatiorusually refers to primatethat also consumearious amounts ofertebrate
flesh (Watts, 2020)In order to specify this detail, sometimes the term miesdler is used
depending on the taxon of studpd the researchée.g. Teaford et al., 1996; Cerling et al.,
2004) The dietary preferences amnivorousand mixedfeeding primates are somehow
opportunistic as thesnostlyrely on the food resources available on their surrounding habitat.
For instance, representatives of the geRas are commonly referred as frugivorés.g.,
Hladik, 1977; Tutin et al., 1991)yet their diet varies depending on habitat and season
(Yamagiwa and Basabose, 2006; Hernantigailar et al., 2007; McGrew, 2007; Hockings et
al., 2010; Matthews et al., 2019yhereas the consumption of other smaller vertebrates has
been observed as wdlMcGrew, 1983; Teelen, 2007; Surbeck et al., 2009; Watts, 2020)
Similar behaviors have been obseahia representatives of the gerapio and to a lesser
extentMandrillus (Hoshino, 1985; Rhine et al., 1986, 1989; Norton et al., 1987; Hill and
Dunbar, 2002; Newtofrisher and Okecha, 200®&otwithstanding the above, it is commonly
accepted that these dietary categories are somehow oversimfflifiegman and Chapman,
1990) as primate species placed into one dietary category mayssgoificant overlap with
other species included in other dietary categofigmvies et al., 1999; Vogel et al., 2009;
Randimbiharinirina et al., 2018meaning thatifferent dietary behaviors can coexist at
different frequencies in different taxa

Primate feeding behavior isassociated witlcertain rules that govern thdietary
ecology of primates. These rules aetated to sseaies ofbiotic and abiotic factorghat may
influence the spatial availability of food resourc@sme food resources are chosen more often
thanotheas given theirspatiotemporahbundance in a habitat, and provlentiful source of
easily consumed calories (e.g. preferred food resources). On the other hand, some food
resources are negoreferred but highly important seasonally, when preferred foods a
absent/scarce (e.g. fall back food resources). These resanedgpically abundant but are
harder to procesand less nutritioysand may require specializations to access, ingest masticate
or digest(Rosenberger, 201.3Resource utilizaon is related to body size, metabolic rates and
nutritional requirementsf individual species, as well as scale factors associated withegut si
food passage rate, home range area and thefdosbmotionand foraging Garber, 198 and
references therein Notwithstanding the above, the most important factor that affects the
availability of food resources and consequently primate diets through isineimatic
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variations.Nevertheless, maost primates manage somehow to cope with climatic fluctuations,
habitat and resource availability, avatious dietary strategi¢gmve evolvedlepending on the
specief interest Two options are thenost commonlyobserved: either expanding their home
range which in time may drive a species to move into distinct rhigbitats and/or expand

their dietary spectrurtseeGarber, 1987; Milton, 199fr more detailed discussipnThis can

be rather challenginfpr some primatesespecially in cases of species timaty haveadapted

to distinct ecological conditionge.g, specialists) compared to others (e.g., ngealists)
Nevertheless, sonmimate families magxhibit higher adaptability than otleeOneexample

of high adaptability ash ecological flexibility in noFhuman primates is the family of
Cercopithecidae.

1.5Cercopithecidae: Origin, evolution andecology

The current state of knowledge tte Cercopithecidae or Old World monke@WM),
recognizegshem as one of the most diverse group of prim@esagle, 2013and references
therein, living in an array of different habitats in Africa and Asidis is evidencedn their
extensive and often well dated fossil record from Late Miocene and onwards, especially in
Africa (Jablonski and Frost, 2010; Frost, 2Q0H)e family appeared apart of major radiation
of catarrhinesn Africa, and diverged fronother catarrhinebetween 33 25.0 Ma (Kumar
and Hedges, 1998; Steiper et al., 2004; Raaum et al., .2ll®%) originated from an extinct
group, thdamily Victoriapithecidae, which are found in fossiliferous localities in northern and
eastern Africa dated around .0912.5 Ma (Harrison, 1989; Benefit, 1994; Benefit and
McCrossin, 1997; Hill et al., 2002; Miller et alQ@9), but possibly as early as.Pb22.0 Ma
(Stevens et al., 2013; Rasmusseral., 2019) The Cercpopithecidae dbld World monkeys
includetwo subfamilies, Cercopithecinae and Colobinae. diliergenceof the subfamilies is
thought to be at least in progress byrtiiédle Miocene (18i 14.4Ma) (Delson, 1975; Raaum
et al., 2005)

Until 10.0i 9.0 Ma, all cercopithecids were restricteml Africa. In that early time of
their evolutionary history, cercopithecids are quite rare compared to other known catarrhines.
An interesting fact is, that adlarly cercopithecids belong to Colobin@=nefit and Pickford,
1986; Hlusko, 2007; Nakatsukasa et al.1@0ORossie et al.,, 2013Howevert he gr oup s
earliest evolution remairenigmatidbecause of the sparse fossil evidgiRilbbeam and Walker,
1968; Stevens et al.023; Rasmussen et al., 2018yound 80 to 7.0 Ma, cercopithecids
became much more commelementof the African fauna and thdyecame more ecologically
diverse Cercopithecids gradually replaced apes as the predominatumoan primatesf the
Old World, but it is still unclear if this replacement was causgdlimatic and associated
vegetation changedElton, 2006; Frost, 2016nd references therinThis time period also
marks the first members of tlseibfamily Cercopithecinae, being present in both North and
Easten Africa. After that timehe cercopithecids underwent major adaptive radiatioAfrica
and Eurasiaywhich canalized future evoluihary changes and affected significantly their past
and present day distribution.

1.5.1 Africa

The earliest occurrencd theCercopithecidae comes from Tugen Hills, with two fossil
teeth identified as belongirtg early colobine monkeys, datadound 15 Ma (Rossie et al.,
2013) Previously, the earliest record of colobines consistededf/fie specimeMicrocolobus
tugenensig10 Ma e.g.Benefit and Pickford1986) which is similar in size to the smallest
extant colobindrocolobusverus(Delson et al., 2000}utlackssome derived characteristics
of later and present day colobinkge most of the living colobines, it was primarily arboreal,
but it seems likely that it pferred to feed on fruits, seeds and other hard food objects, unlike
most of the living forms which usually show advanced folivorous habits. Colobines are also
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known from the roughly contemporaneous site of Nakali in K¢By&9.8 Ma) where they
apper o be represented by the sagemugNakatsukasa et al., 201@etweeratestMiocene

to Plio-Pleistocene times, there are at ldas extinct genera representing colobine monkeys
in Africa (Jablonski ad Frost, 2010; Frost, 201 Ayith a noticeablegeneral mass increase
(Delson et al., 2000)ThesePlio-Pleidocene colobine formaere more ecologically diverse
compared tahe extantepresentatives.

There are three large colobine genera known from the Pliocene of eastern Africa,
Rhinocolobus Cercopithecoides and Paracolobus (Leakey, 1982) The genus
Cercopithecoidess present in eastermentraland southern Africa with two different species
known, Cercopithecoidewvilliamsi and Cercopithecoidekimeui (Frog et al., 2003, 2015;
Pallas et al., 2019The genus included large bodied colobines ranging from ~20 kg, similar to
some extant forms such &slobus but presumably reaching up to 50 kg in some césss
Delson et al., 200@or more extendd discussion These large colobines shgwostcranial
adaptations that suggest they spend significant amétimeon the groun@Birchette, 1981;
Leakey, 1982; Pallas et al., 2018)oreover,Cercopithecoidesvilliamsi wasassociated with
more savanndke environmentsvith its wear pattern also suggesj a very abrasive digEl-
Zaatari et al., 2005; Williams and Geissler, 20Bgracolobusis mostly known from two
speciesParacolobuschemeroniand Paracolobusmutiwa while more recently raothernew
specieswas describedincreagg significantly the chronostratigraphicange of this genus
(Hlusko, 2007) This large colobine also exhibpostcranial adaptations towards terrestriality,
while it also presents varying degrees of sexual dimorphissaonrecases resembling the high
degree obserd in Nasalis larvatus or the largestPapio species(Delson et al., 2000)
Rhinocolobugdiffers from the other PligPleistocene colobine geneirm some craniofacial
characters, such am elongate face withary short retracted nasal bones, wliilexhibits
adaptationdor arboreal locomotiofiLeakey, 1982; Delson et al., 2000; Frost, 2017; Laird et
al., 2018) Another contemporaneowgenus Kuseracolobusis also present in fossiliferous
localities of eastern Africal'wo species are recognize€liseracolobus aramisivas similar to
the extant proboscis monkey in terms of simhjle Kuseracolobus hafuwas considerably
larger (Frost, 2001; Frost et al., 202@imilarly to the genuRhinocdobus Kuseracolobus
species appedo havebeen arboreal folivorous monkeysastly, the genusibypithecusis
known only fromWadi Natrumfossil site innorthern Africa beingof similar sizeto extant
African colobinegStromer, 1913; Meikle€1987; Jablonski, 2002)

Cercopitheciesappearater on the fossil record thamwlobines although today they
represent the most diverse and successful liiaghumanprimate group The sulfamily
consists of two tribg Cercopithecini and Papioninkith molecular studies suggesting a
possible divergence in the two tribes around 1118.0 Ma (Tosi et al., 2005) The tribe
Cercopithecinincludes the African guenorad is comprised by six generslenopithecus
Erythrocebus Chlorocebus CercopithecusAllochrocebus Miopithecus Guenons are very
rareon the fossil recordanduntil recently,the sparse fossil evidensaggested that &y never
left the African continentit is possible that the evolutionary history of this group occurred in
regions where few fossils have been discovered, especially the forests of centralFhfista
2017) Neverthelesdwo dentakpecimesfrom the Late Miocene of Abu Dhabi (686.5 Ma)
extended signi€antly the biogeographic distribution of this trigeeGilbert et al., 2014)

The tribe Papionini today includes tlgenusMacacg which is the onlyextant
cercopithecine found outside Africnd six more geneaefound only in AfricaLophocebus
RungwecebyslheropithecusMandrillus, Cercocebusnd Papio, with the latter genus being
presentalso in Arabia(Kopp et al., 2014) There are contrasting viewsegardingthe
phylogenetic relabnships among papionin genera according to morphebaged cladistics
and molecular evidenc@Page et al., 1999; Pugh and Gilbert, 2018)seems that the
intergeneric and interspecies raatships amondhe members othis tribe are particularly
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complex, possibly affected by hybridization everitscontrast tothe extremely raréossil
guenongPlavcan et al., 2019apioninsdominate the fossil record in Afrigdter 4.5 MaThe
oldest unambiguous papionin occurences Btacacasp. fom Menacer (formerly Marceau),
Algeria (~7.05.8 Ma; Szalay and Delson, 197Geraads, 198 Werdelin, 201}, Macaca
libyca from Wadi Natrun, Egypt and possibly As Sahabi, Lifga2-5.0 and 6.3%6.3 Ma
respectively,Szalay and Delson, 1979; Benefit, 2008; Werdelin, 2010)a Radapagi®
lothagamensi$rom Lothagam(~7.45.0 Ma;Leakey et al., 2003; Jablonski and Frostl@0
After 2.0 Ma,Parapapiogot gradually replaced from early members of the extant ¢espis,
which became the predominant monkeyge of southern Africa. Despite the extensive
distribution of extant representatives of the geRapio in Africa today, and its relative
abundance in thieleistocene afouthern Africa, it can belativelysparse in the eastern African
fossil record. Instead, the large terrestrial babld@nTheropithecuslominated the Pleistocene
fossil record of eastern Africa. Cently, there are three fossil species recognized,
Theropithecubrumpti Theropithecuslarti, andTheropithecu®swaldi while today itis only
represented by a singtpeciesTheropithecugelada found only inthe mountainous regions

of Ethiopia. Unlikets present day distribution, fossil representatives of this genus were widely
distributedin Africa during PliePleistocengDelson, 1993; Geraads and de Bonis, 2020)
Theropithecusswaldiwas one of the most abundant and widely iisted monkey species in
thePlio-Pleistocene of Africa, while available fossil evidefroen Europe records the presence
of this genus ifCueva Victoria fossil site iBpain( Gi bert et al-Cafd4@&8&bla;eter
al ., 2014, M a Moaregver, tleetpresarce of the2g@limdrgpithecudias been
suggested in Rio Nord in Italy based on a fossil cervical verteltamenzo Rook et al., 2004;
Ro ok and-Nawar,t2818)get it is now clear that the fossil vertebrae does no
correspond to a fossil primatélba et al., 2014)Additional fossil remains oT heropithecus
has been found in Rfgocene fossil sites of Israehd India as wel{Gupta and Sahni, 1981;
Delson, 1993; Belmaker, 201®)is worth mentioning that, fossil populationsidferopithecus
oswaldishow a trend towards size increase throughizeiPleistocene, to the point thtney
were the largest monkeys ever recorded and among the largest known pfieiten et al.,
2000) The underlying reasons behind the size increase, as well as for the relatively rapid
downfall of this once very successful primate genus still remain a myseeyablonski, 2005

for extended discussipn

1.5.2Eurasia

Thefirst cercopithecid outside Africa is recordedfe Late Miocengde Bonis et al.,
1990) with the fossil colobineMesopithecusbeing the sole representative across western
Europe(Alba et al., 2015ap Pakisan(Khan et al., 2020Q)ran(Ataabadi et al., 2016; Suwa et
al., 2016) Afghanistan(Heintz et al., 1981)and China(Jablonski et al., 2020 he genus
Mesopithecuss best known from its rich fossil material from the type locality of Pikermi near
Athens (Greece), attributed to several intermediate forms ordimmeesive chronospecies,
which span the whole TuroligfiKoufos, 2009a) The genus included medium to large sized
colobine monkeys, with evidence suggesting a deméstrial lifestyle(Youlatos, 2003;
Youlatos et al., 201Dut see als&scarguel, 2005with a more opportunistic dietary behavior
(Merceron et al., 20@8ky Clavel et al., 2012)Thisecological profileis in contrast withmost
of its extant African and Asianolobinerelatives, whichare usally consideed asarboreal
monkeys with anatomical and physiological adaptations towards leaf consum(@tovers,
1994; Matsuda et al., 2019)here are three speciésrmally recognizedfrom the area of
Europe,Mesopithecuglelsonj Mesopithecugpentelicus and Mesopithecusnonspessulanus
(Fig. 1.1) with the latest biochronological evidence suggesting the possénigoral
coexistence of the latter two fossil spe¢i¢sufos, 2019) In addition Mesopithecupentelicus
was found in sympatry with early Europeltacaca(Alba et al., 2014)while the smaller
speciedMesopithecusnonspessulants found in sympatry with another large fossil colobine
Dolichopithecusruscinensis and alsdvlacaca(seeEronen and Rook, 2004nd references
therein. This possibly reflects the new environmental conditions in the Early Pliocene and their
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effects on the European habitéielson, 1994)which favored in cases the presence of more
diverse primate communities. Nevertheless, the possible ecological terms of coexistence of
cercopithecids withithe same community are so far unknown.
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The genudDolichopithecusincluded largesized extinctcololine monkeysfound in
Pliocene localities in the area of Eurg@gedito & Mottura, 1987; Koufos et al., 1991} is
mostly represented by singlespeciesDolichopithecususcinensigDelson, 1994Delson et
al., 2000, 2005; Spassov@eraads, 20Qbut see Maschenko, 199While most of the known
material derives from the type localit$ e r r em tVagub®erpignan France).Studieson
availablepostcranial remains suggedtsemi or even fullyterrestrial locomotor adaptations
(Gabis, 1961; Jolly, 1967; Strasser and Delson, 1987; Delson et al., 2000; Ingicco,T2@08)
biochonological range of this genus spans from the early Ruscinthe éarly Villfranchian
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It is also hypothesizetthat Dolichopithecususcinensisierived from a marginal population of
Mesopithecusand later on became the dominant calelin Europe for #rief time(Delson,

1973, 1975)However, this hypothesis was based on an ulnar specimePf@® t s zennt | Rr i nc
Hungary, initially considered of Late Miocene age, but later shown to be earlier Pliocene which
somehow disproves this hypothesis for (eeeDelson, 1994)Neverthelessits phylogenetic

relationshipg and taxonomic affiliatioseither to Colobinor Presbytini remain unclear.The

earliest expansion of Cercopithecines @fuAfrica is dated around 8.8.5 Ma as evidenced by

two dental specimens discovered in the Baynunah FormatidgbinDhabi, United Arab
Emirates(Gilbert et al., 2014)However, there is no record of cercopithecini beyond Afro

Arabia. The first record of papionins in Eurasia is later thancthlebines, probably between

6.0/ 5.0 Ma(Fa, 1989; Maschenko and Baryshnikov, 2002; Alba et al., 2015a; Christian Roos

et al., 2019) Around thattime, all cercopithecines outside of Africa wemeost likely early

members of thegenusMacaca(Roos et al., 2019)with the European representatives of this

genus probably being adkd to the sole extant macaque of Afribdgcacasylvanus(e.g.

Delson, 1980)The oldest member of the European fossil macaqudadacasylvanusrisca,

recordedn some fossiliferous localities iroathern Europeatedfrom theRuscinian (50i 4.0

Ma), and perhaps earW¥illfaranchian(4.0i 3.0 Ma;Delson, 198Q)The type localityf Macaca
sylvanusprisca is Montpellier (France, associated with the large colobib®lichopithecus

ruscinensis as vell as the smaller more arboreal speciesviesSopithecusnonspessulanus

(Delson, 1980; Eronen and RqQa2004and references ther@inA very interesting case is a

roughly contemporaneous but morphologically distinct population knowntfre@apo Figari

fossil site in Sardinia, while latérwasrecorded also in other contemporaneous fossil sites of

the island(Gentili et al., 1998Rook & O6 Hi ggi ns , 2 00 5 ; ThiZenbemic i et al
form was describedby Az z ar ol i ( 1 9 4dsperiesnamely Magacadndjaviaafter 6

Forsyth Majorwhich discoveredhe fossil primate remains during the early’ t@ntury(see

Rook & Alba, 2012) Preliminary comparisons of dental material suggestetil3%

differences in size from the livinglacacasylvanuspopulations(Delson, 198Q)Moreover

there is a number of siyielding fossil macaque remaiirsthe Iberian Peninsul@lba et al.,

2011; Castafos et aaéandlialy (Eronerl& Rodk] 200; Redk etall, . , 201/
2001, 2013)usuallyreferrable adlacacasylvanus brentina There arealsolater occurences

of macaquesall the way to the North Sea and Englarektending significantly the
biogeographical rage of thisgenué Si nger et al ., 1982; Schreiber
et al., 2018; Schreiber, 2020pver a dozen other localities dfte Pleistocene age have

produced specimens indicating a range across Eum@aucasus and Isra@elson, 198Q)

being correlated withwarm interglacial phases, possibiiated aroundhe Last Eemian

Interglacial (175.012.0 Kya). The local conditions of these ecosystems may have been more
favorable for macaques, thus working as refugial biomes to withstand the harsher conditions

during colder glacial intervalsee kg. 2, 3iInNEl t on and Od @atrigutiom pf the 0 1 4
genusMacacain Europg.

In Asia the cercopithecid fossil recdedeven less complete than the European one. As
in Europe the oldest known ceopithecid ighecolobineMesopithecuglablonskiet al., 2020;
Ji et al., 202Q)with the oldesfossil remainsccurring in thdatest Miocene (7i19.1 Ma) of
Pakistan(Khan et al., 2020)Setting the genublesopithecusside, here are three additional
fossil colobine generaresentin Eurasia during Late Miocene to Late Pliocene; the genus
Myanmarcolobudrom the Late Miocene/Early Pliocene of Myanmar (Takai et al., 2015),
Parapresbytigsrom the Middle to Late Pliocene of Siberia and Mong(tigi et al., 2007; Takai
and Maschenko, 2009andKanagawapithecufrom the Late Pliocene of Jap@wamoto et
al., 2005; Nishimura et al., 2014till, there are much to be known regarding the phylogenetic
relationships of these Asian genera wittesopithecusand Dolichopithecus Furthermore,
during Pleistocen times the fossil recafdAsia evidence the presence of several colobines
many of which are most likely related to the extant some extant Asian genera (e.g. Takai et al.,
2014). The oldest Asian papionin in Eurasia was reported by Delson (1WB&h suggested
the presence aff. Macacasp. in China (~5.8/a), but this has been subsequently revised to
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indicate that the fossil material most likely comes from Pliocene defddiis et al., 2014)
thus the presence of the gendscacain Asia before the early Pliocene remains to be
demonstrateqRoos et al., 2019)ossil macaques haveeen reportedrom the Pleistocene
fossil record of China (Schlosser, 1924), from MianchiHenan Province (2i3.0 Ma;
Schlosser, 1924; Szalay and Delson, 1979), from Zhoukoudian localitythk vicinity of
Beijing (800 400 Ka; Young, 1934; Shen et al., 200%nd several fossil macaque remains
recovered from a series of 14 fossil sitethe Chongzuo regioin Guangxi Provinc¢2.2 Ma
and 5 Ka;Takai et al.,, 2014see Roos et al., 2019 fextended discussipnSetting the
macaques asiddgwo larger papioninsare knownfrom Eurasia Paradolichopithecusand
Procynocephaluswith uncertainty regarding their taxonomic and phylogenetic relationship
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Fig. 1.3Geographic distribution of the genBaradolichopithecusn Europe (modified after Ardité:
Mottura, 1987.

The genu$rocynocephaluw/as the first gmate fossil formally describg@aker and
Durand, 1836)alas,the information about this taxas limited mostly due to the scarcity of
availablefoss| material Procynocephalusvas widely distributed in eastern Eurasia in Late
Pli ocene and Early Pleistocene sites such as X
Province), Locality 12 of Zhoukoudian, Renzidong of Fangchang (Anhui Proviaod),
Zhongdian (Yunnan Provinc€eeTakai et al., 2014nd references thergimhetype species
Procynocephalus wimais recorded in China, whereas specimens found in India and Pakistan
are formally assigned to other speciémycynocephalus subhimalayanaisProcynocephalus
pinjorii (Verma, 1969)Paradolichopithecusvas a large cercopithecine mostly known from
Pliocene to Early Pleistonefaunasof Europeg(Delson and Nicolaes¢®lopsor, 1975a; de Vos
et al., 2002; Takai et al., 2008; Kostopb o s et al ., 20 1BispreRamddovi | et
that it exhibits postcranial adaptations more similar to the degree degpiaspecies, whereas
somecraniofacial features are more similar to macaqi&zalay and Delson, 1979Jhe
specimens found in fossiliferous localities of Euromge usually assigned to either
Paradolichopithecus arvernensisD e p ® r e dr ParadoficRopithecus geticudNecrasoy
1961).Besides the European occemces of the genus, there are two other species known:
Paradolichopithecus sushkini (Trofimov, 1977) from Kuruksay, Tadjikistan and
ParadolichopithecugiasuensigQiu, 2004) from LongdarGansu, China. Thémited fossil
material available fromthe latter twofossil Plid Pleistocene cercopithecine genera from
Europe and Asia, makes their phylogenetic and taxonomic relationships debatable
(Kostopoulos et al., 2018)
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1.6 Main research questions and objectives

The environment has always been a key fafworunderstandingevolution as it
determines selection pressures that affect the way of life of every orgdristnermore,
environment include also surrounding organisms, for which competition for resources may
occur.Hence accurate and precise reconstructions of paleoenvironments play a crucial role in
interpreting evolutionary scenarios. Digtone of the most important@ectsin the life ofan
organism while it is also associated with surroundingenvironment. As a resultletailed
understanding advolutionrequires further information regarding the relationship between diet
and environment.Thus, to understad the ewlution and present day distribution of
cercopithecids, it is necessarydecipherthese key elements of their way of life now and also
in the pastSeveral researchehave focused on the early cercopithecid fossil re¢oadson,

1973; Szalay and Delson, 1979; Benefit and McCrossin, 1997; Frost, 2001; Rossie et al., 2013)
This consequently led to a modetailedview of the evolutionary path of cercopithecids in
respecto localandbr global environmental changes, but still themmigch to be known

Perhaps the most characteristic or hallmark feature of the dentition of Old World
monkeys is their bilophodonpper and lower molar3he evolution of bilophodonty as a dental
trait and the reasons behindstill troubles paleontologists anmbople that studyooth wear
until today The molars of Cercopithecidae consist af@vn with four marginal cusps liekl
by transverse crestsvith the exception of the lower third molar {Mwvhich possesses an
additional cusp (i.e., hypoconulidyhreedental cavitiesare formed by the two ridges the
mesial and distal foveas and the central babkimocclusion, the transvsecrestson the lower
teeth fit into corresponding embrasures on the upper teeth and vicéDelszm, 1973)Hence,
shearing and crushing actions are performed every tioh@scome ito occlusionSwindler,

2002) The molargossess long shearingestswith various degree of expression depending on

the species, the tooth position and the individual, and targdhing faets relative to body size

(Kay, 1975) These obarvations suggestat bilophodontynay have been an adaptive response

to increasd consumption of leavéKay, 1978) while later Happel(1988)suggested that the
bilophodont molars may reflect ariginal adaptation tancreased reliancen seedge.g.,
Benefit, 2000) Furthermore, other primates that consume large quantities of leaves (i.e.
Propithecusand Allouatta) exhibit bilophodontconditions as well (Swindler, 2002), while
Gregory (1922) observed the parallel development of bilophodont molars in otheatieaf
mammals, like tapirs and kangaroos. Notwithstanding the above, more recently the description
of a primitive monkey from Knya that dates from ~22 Ma ago, which presumably exhibited
dental adaptations for frugivory and perhaps hard object feeding, suggests that full bilophodont
conditions in cercopithecid check teatilay have evolved latetikely in response to the
inclusionof leaves in the diet (e.g., Rasmussen et al., 2019).

It has beemypothesized that leaf consumption would have lzeeadaptive response
toselective pressur@ssociated withcarcity of food resourcesdbr interspecific competition
(Napier, 1970) In this sense, leaves are used as a fallback resource when needed, rather as a
preferred food resource. This raises further questions regarding the importance of fallback foods
in the evolution ofcercopitheciddietary ecology, thessociation of sucfallback resources
with theeffects of other selective pressuneshe evolution of Colobinae and Cercopithecinae,
such as nichgartitioning as well as their ecological diversity. To address tlgpmstions
some tried todecipher the ecological profile of He ancestral cercopithecid group
Victoriapithecidae(Harrison, 1989; Benefit and McCrossin, 1997; Benefit, 1999; Dean and
Leakey, 2004)Even though the molars of the latter group do not exhibit full bilophodont
conditions, victoriapithecid molar morphology resembles more closely the cercopithecines
instead of colobinesuggesting early adaptations towards frugivory and/or seed consumption
(Benefit, 1993) This futher supports a previous hypothesis that the evolution of colobines may
have been related to natural selective forces for seed predation, and further proposes that
folivory might have evolved independently in colobifesy.Happel, 1988; Chivers, 1994)
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Many researchers have tried to characterize the diet of fossil cercopithecids via
comparison with the modern analoguesing a wide range of proxieStudies of dntal
microwear(Eli Zaatari et al., 205; Merceron et al., 2009b, 2021; Williams and Holmes, 2011;
Scott et al., 2012; Geissler, 2013; Engle et al., 2014; Martin et al.,,28&&)pic analysis
(Pochron, 2000; Codron et al ., 2005;,202henery ef
Cerling et al., 2013; Macharia et al., 2014; Levina et al., 2@E5)tal morphologyKay, 1977;

Kay and Sheine, 1979; Kirk and Simons, 2001; Singleton, 2@0@mel thicknesd.ambert

et al., 2004; McGraw et al., 2012, 2014; Kato et al., 2014; Beaudet et al., 2016; Thiery et al.,
2017a) and dental topographic anatggLazzari et al., 2008a; Bunn et al., 2011; Klukkert et

al., 2012b; Guy et al., 2013, 2015; Winchester, 2016; Thiery et al., 2017b; 2019; Berdtaume
al., 2020) have been applied on fossil and extant cercopithecids demonstrating the usefulness
of these methods on extracting dietary informattdéowever most of the studi¢émvefocused

on the African cercopithecid fossil record, being more abundard more abundant and
diverse Even though we have a fairly detailed picture of the Africani Pligistocene
cercopithecids, this is not the case concerning the early forms of Europe.

Available information consideang the palaeoecology of Europeagrmpithecids are
very limited, based mainly on indirect evidenitom the associated fau@lly, 1967, 1972;
Strasser, 1988; Szald&y Delson, 1979) The main reasons behind this are the scarcity of the
available material and thémited technological means unttheear | y 800 s. No w,
discoveries of fossil material and newly advanced technological toolsaddnnovel
information egarding the ecological profile of these extinct forifise primary goal of this
thesisis to characterize the dietary habits and preferences of theeRdidoPleistocene
cercopithecids that inhabited tiRalearctic region, mostly focused on the wespart (i.e.
Europe) To achieve thathe present study ainbs usethe combination of two methodologies:
dental topograph analysisand dental microwear texture anas/6ODMTA).

Dental bpographicand enamel thicknesmalysis(3D relative enamel thickness and
distribution) areusedas a proxyto explore potential adaptive morphologiescercopithecid
dentitionassociated with selective pressures related toRittal microwear texture analysis
is applied to investigate thideeding behavior prior to deathhecombinedapplication of these
two distinctmethodologiefiopefully will provide a more detailed picture regardingdtegary
ecologyof Plioi Pleistocene Eurasian cercopithecitlsis will enableo addresgjuestionsuch
as,a) if, how and to what extent, the glotzadd/or locatlimatic events during Plid°leistocene
are associated with the phylogenetic radiation of cercopithecids in the Paldgrictigyhich
way did cercopithecids spond to possible selectiyressuresn Europe c) what was the
ecological context thatossiblyled to their coexistence within the same commuriagtly, d)
the very wide geographical distribution of some Eurasian taxa, such Barté’leistocene
Paradolichopithecugwhich rargedfrom Spainall the way to Ching s yet to be investigated
under a paleoecological perspectivBaking under consideratiorthe co-occurence of
cercopithecidswith hominoids in the same geographic regions (e.g. Africa and Eurasia),
making accurate intpretations of the Palearctic environments during iPlieistocene is
critically important for understanding the evolutionHismoas well.
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Chapter 2. Material and methods

2.1 Material

2.1.1 Fossil species

Thiswork is focused on the PhPBleistocendossil cercopithecids found in the western
Palearctic ite. Europe), as there was no available fossil materiah fioe eastern Palearctic.
The only available specimen for this study from the eagt@rinof thePalearctic derives from
Late PlioceneKosawafossil site in Aikawacho, Aikougun, Kanagawa Prefecture, Japan,
namely Kanagawapithecuseptopostorbitalis(lwamoto et al., 2005) The ¢-CT scan of its
upper molarsvas kindly provided by T. D. Nishimura and M. Takai from the Primate Research
Institute of the University of Kyoto, Japan (KUPRNhile the dental molds wereadeduring
my visit in the Kanagawa Prefecth Museum of Natural HistoryHowever, the advanced
dental vear of the specimemue to theold age of the individuaand possiblytaphonomic
processes, did not perngitdetailed investigation of its dental tissliowever the specimen
retained microweasignal.Neverthelesssince the fossil material for this taxon consists ofily
the holotype specimen from Nakatsu, and it was not possible to apply both methodologies used
here, it wadinally decidedto excluddt from the present work pending futureadysesit may
be useful to explore the typef wear of this fossil colobinfom Japarand compare itith
otherEurasiarfossil colobines such adolichopithecusandParapresbytisbut this isbeyond
the scope of this work. In the western Palear(itie Europe) cercopithecids are mostly
represented by four fossil generavlesopithecus Dolichopithecus Macaca and
Paradolichopithecus

All analyses aréocused on molar teethecaus¢hese teeth ammmonlyused ilrmost
of the dietary investigationseeUngar, 201%nd references ther@inThetotal fossil sample
used for dental topographand enamel thickness analyse shown inTable 22, while all
measurementare summarized ithe respective appendix of each chap#di ¢-CT scanned
fossil specimens investigated, were also used for dental microwear texture analysis.

Table 21 Fossil sample for each fossil species includediéantal topographic and enamel thickness
analysis with the respective host institutions.

Taxon ID Locality Tooth Institutions

D. ruscinensis MEVT 1 Megalo Emvolon (Greece)| Mz dex LGPUT

D. ruscinensis MHNPNI PR39 Perpignan (France) Mz sin MHNP
D. ruscinensis MHNPNI PRO1 Perpignan (France) M dex MHNP
Me. monspessulanus DKV480 Dorkovo (Bulgaria) M? sin NHMS
Me. monspessulanus UuM4043 Montpellier (France) M1 dex ISEM
Me. monspessulanus UM4043 Montpellier (France) M2 sin ISEM
Me. monspessulanus UM4043 Montpellier (France) M3 sin ISEM

P. arvernensis DFN3I 150 Dafnero (Greece) M2 sin LGPUT

P. arvernensis DFN3I 150 Dafnero (Greece) M3 sin LGPUT
M. majori Ty5203 Capo Figatri Sicily (Italy) M? dex NHMB

M. majori Ty5203 Capo Figari, Sicily (Italy) M3 dex NHMB

M. majori Ty5199 Capo Figari, Sicily (Italy) M? sin NHMB

M. majori Ty5199 Capo Figari, Sicily (Italy) M? sin NHMB

The fossil material used for dental microwear texture analysis is summarized in Table
2.1, whereas all raw data are given ingbhpplementary material of each respective chapter. A
total of 17 PliePleistocene European fossiliferous localities are includiegl. @.7), with
biochronological range of the relevant faunas spannning from MHNQ®18 (5.3'1.0 Ma)
(Table 2.). The majority of these localities have yielded either isolated or a couple of dental
remains which makes it difficult to explore dietary variations between different geographic
locations; thus, interpretations should be treated with caution. Be thatag &nd even if diet
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may vary between members of the same species in different geographic locations, the total
number of individuals for each fossil taxon included in the dental microwear sample is sufficient
to provide useful information regarding thdietary behavior.

= R

Fig. 2.1The fossiliferous localities included in this study for dental microwear texture analyéatera,

Lesvos Island (Greece®: Dafnerq Kozani (Greece)3: Dytiko, Axios Valley (Greece)d: Megalo
Emvolon, AgelochoiiCape Meglo Emvolon (Greecel: Dorkovo (Bulgaria)6: Tenevo (Bulgaria)7:

Valea GraunceanulufRomania);8: Mt | u HRoeania);9: Taraclia (Moldova);10: Capo Figari
(Sardinia); 11: Upper Valdarno (Italy)12: Vil l afr anclad Mdnipdlert (Frandge)l4d al y ) ;
S e n (Fraece);15: Perpignan (Francel6, 17: Cal GuardiolaV a | | p,&errasd ¢Spain).

Table 22. Fossil sample for each species included for dental microwear texture analysis with number of
specimenger fossiliferousdcality, age withreferences.

Taxon Locality Age? n° References
D. ruscinensis Perpignan Z N15 (4.21 3.4 Ma) 32 Dep®r8dt, 18
D. ruscinensis Megalo Emvolon 2?15 1(314.M2) 1 Koufos et al., 1991
D. ruscinensis Dorkovo MN14 (5.31 4.2 Ma) 3 Delson et al., 2005
D. ruscinensis ML | u 'Ht e MN15 (4.21 3.4 Ma) 1 Petculescu et al., 2003
D. balcanicus sp. Tenevo 2?15 1(344M3) 1 Spassov and Geraads, 2007
D. ruscinensis Taraclia Z ?15? (4.2 3.4 Ma) 1 i
Me. monspessulanug ~ Montpellier MN14 (5.31 4.2 Ma) 6 Mauche 1906
Me. monspessulanus Dytiko 2 MN13 (701 6.0 Ma) 1 | de Bonis et al., 1990; Koufos, 201
Me. monspessulanus Dorkovo MN14 (5.31 4.2 Ma) 1 Delson et al., 2005
Me. monspessulanug Mt | uHt & MN15(4.21 3.4 Ma) 1 Simionescu, 1930
Me. monspessulanus Vlllafragglaa D Ast Z ?16 (3.41 2.6 Ma) 2 Pradella and Rook, 2007
P. geticus valea MN17 (2.47 2.2Ma) | 3 Petculescu et al., 2003
Graunceanului
P. arvernensis Vatera MN17 (2.51 1.9 Ma) 2 Van der Geer and Sondaar, 200
P. arvernensis Sen ze MN17 (2.51 1.9 Ma) 1 De p ®1929t ,
P. arvernensis Dafnerd 3 MN17 (2.41 2.3 Ma) 1 Kostopoulos et al., 2018
M. majori Capo Figari MN 167 17 (3.55 1.9 Ma) | 30 Zoboli et al., 2016
M. s. prisca VilafrancadAst z 716 3.4 26 Ma) | 1 Rook et al., 2001
M. s.cf. fiorentina Upper Valdarno | MN167 17 (3.61 2.58 Ma) | 5 Rook et al., 2013
M. s.cf. fiorentina Cal Guardiola MN18 (~1.0 Ma) 2 Alba et al., 2008
M. s.cf. fiorentina Val |l par MN18 (~1.0 Ma) 1 Alba et al., 2008
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aTheagesof the localitiesaretaken from NOW (2019) excepirf Dytiko (Koufos & Vasileiadou, 2015)
Cal Guardiolaan¥ a | | p @lbaagdal?, 8008) Dafnero(Benammi et al., 2020Yalea Graunceathui
(Petculescu et al., 20p8n: number of possible individuals.

2.1.2 Extant species

This study includes a total @0 extant spe@s of cercopithecidensuring that these
species encompass a wide range of dietary habits and behastimisy shown by modern
members of this grouprhe aim was to include as many extant species as possible, with
available botle-CT scans and dental microwear texture ddtawever, this was not possible
in all casegsee Table 2.3).

The molar sample of extant cercopithecid species used for dental topographic and
enamel thickness analysesnsists of a total ofmolars(M?, n =48 M3 n=4; Mz, n=9;
Ms, n = 4) from 26 extant species from Africa arfbia, while a total of 14 extant species are
used for dental microwear texture analysiegTable 2.3). The exact number of specimens
from each speciesnalyzed using either methodology is summarized in the respectivedappe
of each chapter.

All extant specimens belong to collections from the following institutions: Royal
Museum of @ntral Africa (RMCA) Tervuren, BelgiumSeckenbrg Museum of Frankfurt
(SMF), GermanyMu s ®National d'Histoire Naturelle (MNHNRaris France Laboratoire
Pal ®o n EwlutiogPiad ® o0 ®c 9B g Is ® 0 pnre is(RALEMOPRIM),iUani ver si t ®
de Poitiers France Primate Research Institute of KgaUniversity (KUPRI) Inuyama, Japan
and American Museum of Natural HistoryNINH), New York, United StatesAuthority for
Reasearch and Conservation of Culturddritage in Addis Ababa (AARCH), Ethiopia;
Museum & Natural history of Vienna (NHMW), Austri®avarian State Claction of Zoology,
Munich (ZSM), GermanySomeadditional raw microwearada were available from previous
analysege.g.Percher et al2018)

Table 2.3Modern species used this studywith dietary references.

Taxon Methodologies$ References
Cercocebusialeritus Dental topographic, ename| Homewood, 1978; Wahungu, 1998; Wieczkowsk
9 thickness analysis 2004, 2009

Dental topographic, ename
thickness analysis

Dentaltopographicenamel
thicknessanalysis

Dental topographic, ename
thickness analysis

DMTA

Dental topographic, ename

thickness analysis

FleagleandMcGraw, 2002;Daeglingetal., 2011,
McGrawetal., 2012
Cashrer, 1972; Mitani, 1989; Daegling et al., 201
Cooke, 2012

Kavanagh, 1978; Whitten, 1983; Pruetz and Isbg
2000a; Nakagawa, 2003a; Barrett, 2005

GautierHion, 1980; Tutin et al., 1997a; Chapman
al., 2005

Cercocebus sp

Cercocebusorquatus

Chlorocebus aethiops

Cercopithecus cephu

Cercopithecus
campbelli

Dental topographic, ename
thicknessanalysis

Buzzard, 2006

Cercopithecus diana

Dental topographic, ename
thickness analysis

Buzzard, 2010; Curtin, 2005; Kar& McGraw,
2018; Oates & Whitesides, 1990; Rowe et al., 19

Cergoplthecus Dental_ topographic, ename Brugiere et al., 20D
nictitans thickness analysis

Cercoplthecus Dental_ topographic, ename Brugiere et al., 2002
pogonias thickness analysis

Erythrocebus patas

Dental topographic, ename
thickness analysis

DMTA

Hall, 1966;Isbell, 1998;Isbell & Young, 2007,
Nakagawa200G, 200, 2003

Lophocebuslbigena

Dentaltopographicenamel
thicknessanalysis

DMTA

Olupot, 1988; Poulsen et al., 2001; Chapman et
2005; McGraw et al., 2012; McGraw, 2017

Lophocebus atterimug

Dental topographic, ename
thickness analysis

Cashner, 1972; Horn, 1987; McGraw et al., 201
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Mandrillus
leucophaeus

Dental topographic, ename
thickness analysis

Lahm, 1986; Norris, 1988; Astaras et al., 2008;
2011; Owens et al., 2015; Nsi Akoue et al., 201

Mandrillus sphinx

DMTA

Hoshino, 1985; Lahm, 1986; Norris, 1988; Rowe
al., 1996; Tutin et al., 1997a; Peignot et al., 200
Percher et al., 2018

Papio anubis

Dental topographic, ename
thickness analysis

Hill and Dunbar, 2002; NewteRkisher and Okecha
2006; Akosim, etl., 2010; Johnson et al., 2012

Papio cynocephalus

Dental topographic, ename
thickness analysis

Rhine et al., 1986, 1989; Norton et al., 1987; Whi
et al., 1991; Hill et al., 200BentleyCondit, 2009

Papio hamadryas

Dental topographic, ename
thickness analysis

DMTA

Pochron, 2000; Swedell et al., 2008; Henzi et al
2011

Theropithecus gelada

Dental topographic, ename
thickness analysis

DMTA

Fashing et al., 2014; Abu, 2018; Jarvey et al., 20

Macaca sylvanus

Dental topographic, ename
thickness analysis

M®nard and Vall et 199

al., 2012; Maibeche et al., 2015

DMTA
Maruhashi, 1980; Iguchi and Izawa, 1990;
Macaca fuscata DMTA Agetsuma, 1995 Hill, 1997: Tsuiji et al., 2015
Macaca nemestrina DMTA Bernstein, 1967

Macacatonkeana

Dental topographic, ename
thickness analysis

Riley, 2008; Riley et al., 2013; Riptianingsih et al
2015

Colobus satanas

Dental topographic, ename
thickness analysis

McKey et al., 1981; Kelley, 1990; Tutin et al.,
1997a; Bruggre et al., 2002

Piliocolobus badius

Dental topographic, ename
thickness analysis

DMTA

Daegling & Mcgraw, 2001; Dasilva, 1994; Davies
al., 1999; Kbaja, 2014; Marsh, 1981; Mowry et al
1996; Shimizu, 2002

Colobus guereza

Dental topographic, ename
thickness analysis

DMTA

Fashing, 2001; Harris, 2010; Harris & Chapman
2007; Oates, 1978; Oates et al., 1977

Colobus polykomos

Dental topographic, ename
thickness analysis

Daeding & Mcgraw, 2001; Dasilva, 1994; Davies
al., 1999; McGraw et al., 2016

Nasalis larvatus

Dental topographic, ename
thickness analysis

DMTA

Bennett & Sebastian, 1988; Boonratana, 1993
Matsuda et al., 2009; 2017; Salter et al., 1985;
Yeager, 1989

Procolobus verus

Dental topographic, ename
thickness analysis

Daegling & McGraw, 2001; Davies et al., 1999;
Oates & Whitesides, 1990

Dental topographic, ename

Newton, 1992; Rowe et al., 1996; Punekar, 200

Serzrr]g;l)lgrslecus thickness analysis Dela, 2007; Sayers and Norconk, 2008; Vanderc
DMTA et al., 2012
Trachypithecus | Dental topographic, ename| . 1995 1993: Caton, 1999; Wright et al., 20¢
cristatus thickness analysis ' ' ' ' ' "

Presbytis melalophos

DMTA

Davies et al., 1988; Rodman, 1991; Rowe et al
1996

2.2METHODS
2.2.1 Dentamicroweartextureanalysis (DMTA)

The need for a new instrument for microwear analysis was first emphasiBaxy dby
and Forteliug1991)who suggestedhatconfocal microscopy, with its capability of collecting
3D surface data, might be an answer. In the upcoming years, confocal microscopy was brought
together with scalesensitive fractbanalyss (SSFA)(Ungar et al., 2003)This offered a more
practical approach to characterinicrowear surface textures, now knowrdastal microwear
texture analysi$DMTA) (Scott et al., 2005006)

SSFA was developed for a broad spectrum of industrial applicg@mnedy et al.,
1999; Pedreschi et al., 2000; Brown and Siegmann, 2001; Zhang@0&)and it is based on
the principle of fractal geometry that a surface can look diffesenifferent scales. Thus,
surface textures that appear smooth at coarse scales can be demonstrably rough at finer scales.
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SSFA can be applied to length prefilor to threiedimensional surfaces and it calculates five
basic textures parameters: aseale fractatomplexity (Asfc), exact proportion lengthcale
anisotropyof relief (epLsaj, scale of maximal complexiemag, textural fill volume(Tfv) and
hetepgeneity of complexity {Hasfg. Combined they provide a far more detailed
characterization of dental microwear surface textures than any other traditional measurement
applied in previous methods (e.g measurements of striations/scratches and pits).

A surfacemicroweart e Xt ur e i s @& hias awheetpeitext@alfeaturss 6
sharesimilar orientations (e.g many parallel striatioRig. 228 , wher eas O6compl ex6
possess microwear features such as pits and scratches of differemiveidaying each other
with no particular orientatiorHg. 2.28. Furthermore h @ mo g e mieroweatéxtures will
exhibit similar microwear features from place to place across a surface, in contrast to
t et er o gmecroweartestubes(Fig. 2.2c). The specific algorithms used to calculate all
parameters considered here are mentioned in det8ittty et al.(2006)

Fig. 2.2Example of schematic microwear surfaces showing anisotrextiere (a), complex texture (b)
and heterogenous (¢) and homogen@l)dextures taken fromScottet al 2006).

Buccal

Mesial

Lingual

5mm

Fig. 2.3lllustration of microwear facets adigitally reconstructednolar specimensf Dolichopithecus
ruscinensideft) M, MHNPni PROJ right) M,, MHNPni PR39 Brown: Phase IIGreen: Phase I).
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Technicalimplementations and surface data collection

The mastication process is divided in two I
precedes centric occlusion and the latter follows it. The wear facets in which wear features are
produced bythe shearingaction of the tooth are attributed to Phase |, while wear facets
produced tahe surface of the cusphere food is crushed are attributed to Phagkériieger et
al., 2008) Data collectio was performed on both Phase | ahdentalfacets(Maier, 1977
Fig. 2.3). All analyses were preferentially done on second upper and lower molars but first or
third molarswere also investigated mmplement the fossil sampie cases bpostmortem
alterations or very early wear stagé the second molardloreover snce the occluding facets
do not significantly differ from each othéFeaford & Walker, 1984)data from homologous
facets of upper and lower molars weh considered for this studgxperimental works have
shown no significant variations along tbhpper and lowemolar rows (Ramdarshan et al.,
2017)

Following standard protoco(g.g. Merceron et al., 201,8geth were cleanado times
(up to three in some cgseith cotton swabssingeitheraceton or highly concentrated $9%)
alcohol. Aftercleaning andirying from the alcohol/acet@ each specimen wasolded(2i 3
molds per specimenyith a silicone dental molding material (polyvinyl siloxane Coltene
Whaledent, President Regular Bod@l dental facsweres canned with OTRI DEN
confocal DCM8 Leica Microsystems surface profilometer housed at the PALEVOPREM lab
the Univesity of Poitiersusing a 100 lens(Merceron eal., 2016) The scanned surfaces were
mi rrored and automatically freed fromsany abn
extracted and saved as a digital elevation model to be used for DMTA. The resulting data were
analyzedin Toothfrax (v 1.0) and Sfrax (v 1.11.882)Surfract, www.surfract.com). Five
variables were used to characterize microwear surface textures: complexity (Asfc; no unit),
scale of maximum complexity (Smcn Om] ) , heterogeneity (Hasfc
units), anisotropy gL sar at 1.8 & m; no unit) andOtextur al
e M)

Ared scale fractal complexity (Asfc)

Complexityis a measure of changes in surface roughness at different scales. Changes
in relative area with scale can then be used to characterize the complexity of the surface
roughnessAsfcis the slope of the steepest part of the curve, fit toiddgglot overthe range
of scales at which those measurements are nfkage?.4. The steeper the gle is, the more
complex surfaceComplexity has been shown that is a gowatric to distinguistprimates that
eat hardr, morebrittle foods from those that consuteeigherfoods(Ragni et al., 2017Scott
et al., 2012)For each scan examined here, the relative areas were calculated for scales ranging
from 7200 mmto 0.02 mn? using Toothfrax software. In order to calculate complexitying
the scanning procedutiee surface is separateddriour adjoining scans, of which the median
Asfcésare used to calculate the single value for this paranTéterscale range over whigtsfc
is calculated (steepest part of the rel. areaseale curve) may also be informative and is
summarized here by the Scale of maximum compl€Sing (Scott et al., 2006)
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Fig. 2.4Area scale analysis. A virtual tiling algorithm using triangles of different sizes can be used to
measure surface roughness (comparke and c). Complexity is represented by the steepest part of a
curve fitted to the plot of relative area over scdle(fhodifiedfrom Scottet al, 2006).

Exact proportion lengtiscale anisotropy of relief (epLsar)

Anisotropyis a measure of directionality, orientation of the surface relief. Relative
lengths of depth profiles are different from orientation when the surface roughness is
anisotropic Fig. 25). Relative lengths with specific orientation can be defined as vedioes
vectors calculated are dtibtervak for a total of 36 measures, and normalized using the exact
proportion method to determine a mean vector length. Normalized relative lengtis \ezato
be displayed graphicallyn a rosette diagrant{g. 25b) The length of the mean vector is a
measure of anisotropy callegkact proportion Lengttscale anisotropy of religfor epLsar
(Merceron et al.,, 2009)It was calculated for each scan using Toothfi®urfract,
www.surfract.com) at a 1.8m scale of observation. A surface which is dominated with
scratches, linear striations following the same direction would present high vadyd sar
(Ungar et al., 2008)

b 90°

0%, ' . . . 180°
006 004 002 0 002 004 006

Fig. 2.5Threé dimensional rendering of striated surface (a) anddheesponding rosette plot of relative
lengths taken at 36 different orientations ¢lkénfrom Scottet al.2006).

Heterogeneity of complexifidasfc)

While complexity and anisotropy provide us with useful characterization of the surface
texture, theivariation across the surface mag also important-or instance, two scaasross
a surface, focusing on different parts of the surface, can yield different valdesdor epLsar
(Fig. 22c, d. Heterogeneity of i@d scale fractal complexityHasfg can be calculated by
splitting individual scanned areas into smalgibdivisions with equal number of rows and

columns (4 cell s, 9Q2lcald) lsig Todfhex saftwarelSsottetd.5 ¢ e |

2006)

S
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Textural fill volumgTfv)

This measure examines the summed volumes of square cuboids that fill the surface at
a given scale. The total volume filled is a function of two components: a) the shape of the
surface, and b) the texture of the surface. A planar surface would have dessi#l volume
than a concave or convex surface even if the two textures are id¢Btcd et al., 2006)
Essentially, textural fill volume is computed as the difference in summed volumes of very fine
cuboids and larger ones € and 10em on a side)Kig. 2.95. This procedure removes the
structure of the overall surface and enables the characterization only of the microwear features.
A surface dominated with more features in the-sgdle range would present high values of
Tfv (Ungar et al., 2008)

a

~SERRERRE

Fig. 2.6Drawing comparing surfaces with)(lower and ) higher structurafill volumes. Finer scale
prisms €) yield structural and textural fill volumes. Textural fill volumes by sudiing () from (c).
(taken from Scotet al.2006).

2.2.2 Dental topographic and enamel thickness analyses

Throughout the years, severaninvasive techniques have been depeld in order to
capture the thréelimensional form of object&Cnudde and Boone, 2013; Sutton et al., 2016;
Berthaume et al., 2020ylicrotomographic systems+CT) have proven to b& powerful and
efficient tool to retrievedetailed aspects afental morphologyisolate and extract specific
dental components (e.gcclusal enamel surface arshameldentine junction surface
henceforth referred as OES and EDJ respeciivilyray microtomographyasbeen used
thoroughlyin dental topographiand enamel thicknessialyses of extant and extirprimates
(Kono, 2004; Tafforeau et al., 2006; Lazzari et al., 200Bleye the standard protocol for
topographical quantification @uy et al. (2013, 2015)s followed, which will be explained in
detal next.

Data acquisition and surface processing

Only unworn or minimally worn molars were selected ensuring thatagseelements
were altered by wear following previous standard approdelg&ing et al., 2005; Olejniczak
et al., 200&mong othens All fossil molars were previously scanned using EasyTom XL duo
e-CT (Plateforme PLATINAJC2MP, University of PoitiersFrance) with voxel size ranging
from 9.0 to 40.0 em. Most of theextantmolar specimengierescanned using tHatter micro-



39

tomographt systemand with the same scanning resolut{@mapters 3, 5 and 8owever a
number ofextantspecimensvere downloaded from MiphoSurceorg digital repositoryto
expand the comparative sample of upper and lower moltesse specimens were scanned
usingGE phoenix v tome xs24tbusedn the American Museum of Naturdistory (AMNH),
with voxel size ranging from 50to 120.0 em (Chapter 4).

Fig. 2.6Virtual volume reconstruction desopithecusnonspessulanud® (DKV480) using automatic
segmentation toolwith E Avizo v. 7.0.

Lingual

Fig. 2.7 The effect of decimatioprocess proposed by Guy et al., (2013) in the molar morphology,
example on fossil M of Macaca sylvanus cf. dientina (Val1088), A) virtual enamel volume
reconstruction before decimation procedure (~2.940k polyg®)safter decimation procedure and
corrections (~110k polygons).

In order to isolate the enamel cap, the virtual volumes were reconstructed and processed
from microtomographic images using automatic segmentation tools with manual corrections
using Avizov. 7.0 commercial softwar€Visualization Sciences Group, 20Ejg. 2.§. Each
enamel cap was isolated from the other dental parts (e.g. dentine and pulp canals) using

aut omati c segmentation tools and then was smoot

3, 3D volume).Then thke volume of the enamel was converted to a polygonal surface (3D

triangular mesh),usi ng 6generate surfacebo modul e wi

(smoothing extent = 3).

t h



40

& x
&)

Fig. 2.8 Molar orientation protocol schematic representatafter Guy et al., (2015) on Me.
monspessulanugl® (DKV480), (A) isolation of occlusal dentine basiiB) reference plane created by
Best Fit (least square) procedu@®, un-oriented EDJ with reference plan®) EDJ surfaces areire
aligned to 3Dvirtual space with plane parallel to (xy) and {Pa) axisparallel to x and pointing toward
X positive withthe lowermost point of thecclusal basin is set to z =Dhe OES and EDSubsampled
surfaces correspond to the regions above a plane parallel to the (xy) referen¢egideead in redjand
passing resmively by the lowermost point aghe EDJ E) and OESK).

The next step was to segregate @ES and EDJ into different components using
Geomagic studio 2013 software. To do that, the selection of triangles composing the cervix of
the tooth was firsbutlined, expanded two times, and then the selected material was deleted. If
parts of the dentine were exposed in the occlusal surface, they were outlined using the same
way as the cervix, the selected material deleted and the resulting open holelidledaid if
there was no further connection between the OES and EDJ surfaces, they were separated into
two components, which can be done either manually or with automatic to@eownfagic
studio 2013 software. Once the two components were cleaned fremtipbartifacts of the
scanning procedure, the pointed fetures of each surface were reduced by 50%, and then,to
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minimize the computational load for analytical purposes, each surface (i.e. OES and EDJ) was
set to an equivalent amount of ofi 58k polygondy are-tessellation othe original polyhedral
surface. More clearly, the initial surface (i.e. the virtual volume after the segmentation process
with Avizo) was constituted by a certain large amount of polygbigs 2.74), which needs to

be reduced topproximately 5550k polygongLazzari & Guy, 2014)This was achieved by
changing the dimensions of the triangles that constitute each surface; a decrease in triangle
dimensions increases the amount of polygons, while an increase triangle dimetikiedsice

the total amount of polygons. This process did not significantly alter tooth morphélizgy (

2.7 B).

In order to standardize the surfaces, each OESfiadheeded to be oriented in 3D
virtual space using a common reference plane and laxtbe first step, the occlusal dentine
basin was isolated={g. 2.8A). Then a geometrically constructed reference plane was created
by the best fit plane procedure applied ondbelusal basin of EDJ surface, which represents
the virtual space xy axi§ig. 2.88. Then the reference plane was copied on EDJ surfége (
2.80 and the xaxis was alighed with an axis formed by connecting the dentine horn tips of
paracone and protoconeg and Pr respectivellfig. 8D), to have the occlusal surface parallel
to the viewer planeGuy et al. 2013Benazzi et al. 2009) astly, the lowermost point of each
molar cervixwasset to (x, y, 0) so that the crown heighimeasured on a-gositive scale.
Then each OES and EDJ surface for every specimen underwerganguling procedur@suy
et al., 2013Thiery et al., 2017; Ulhaas et al., 200®%) retain only the regions abovelkane
parallel to xy reference plane passing through the lowermost point of the occlusal basin for both
EDJ and OES surfacd§ig. 2.8E, B. This subsampling procedure has been suggested in
previous workgAllen et al., 2015)asit reduces the influence of natirectly functional tooth
elements of the enamel cap which actually do not participate actively in food comminution
(Thiery et al., 2017)

Variable computations were mostly performed on these subsampled surfaces (i.e.
Chapter 3, 5 and 6). However, some computations were perforfmed on the whole molar crown
(i.e. Chapter 4), as samomparisons included data previously published in gxatiirewhere
computations were performed on the whole molar cr@@g Beaudet et al., 2016)

Enamel thtkness and tooth crown strength

In this study, the relationship of enamel thickness aliet is investigated in a broad
sample of cercopithecoids taking available dietary information from the literature. Three
measures that characterize enamel thickness and tooth crown strength are used: the
Avol umetrico appr oac h enamnel thibkaessADRETe, ) follawing g 3 D
Kono(2004) t he @ ge o meDREW llowiny Guy etal¢2013,(2015)and the
newly devised 2D measure absolute crown stremg@8] by Schwartz et al(2020)

First the threedimensional average enamel thickness (3DAfETS computed which
corresponds tthe ratio between the volume of the enamel cap and the edamtéte junction
surface. The thredimensional relative enamel thickness corresponds to the ratiedretive
threedimensional average enamel thickness and the cubic root of the volume of the coronal
dentine (e.g. the total volume of dentine included in the molar crown). Both average and relative
enamel thickness have been measured using analyticabt@omagic studio 2013 software,
according to the following formulas:

rT=pF1 ™ Anf AR T

r el
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The 3DREToIs calculated as the minimum Euclidean distance between the centroid
of each triangle of the OES and the centroid of the triangle closest t¢Gtp&t al., 2013,
2015) The 3DAETeo corresponds to the average distance among the triangles that constitute
the surface:

AA BT tAE0OAT AskD* Ay BT 0$! %4 CAI

The ACS is measured on the 2D mesial cusps and corresponds to the square root of the
product of 2D AET (i.e. the area of the enamel cap divided by the length of the eleriet
junction surface) and corahdentine radius, which is the-bérvical diameter (BCD) divided
by two (i.e BCD/2; Fig. 2.10) or:

| BCD
ACS = |(AET x ( ))
\ll 2

Both 3DRETe, and ACS have been calculated usingagkage in R v. 3.6Team,
2013)namel y oO0Dool kit d ( Thmpertant to edte thatlithe workof pr es s . ) .
Schwartz et al., (2020ACS was measged on the whole tooth crown, whereasethis metric
is measured on bsampled surfacé-{g. 2.10. Some differencesan be expected in cases, yet
this notion needs further investigation.

The functional significance of enameds first discussely Molnar and Gant{1977)
who investigated enamel thickness among humansagedithey proposed that thick enamel
in humans together with low cusp morphology, was an adaptdiora crushinggrinding
function Kay (1981)measured enamel thickness onidenange of primate taxa andticed
that enamel tends to be thicker among frugivorous taxa, whereas folivarkautend to have
thinner enamelEven if the adaptive function of thick molar enamel is still being discussed
(Molnar and Gantt, 1977; Kay, 1981; Lambert et al., 2004; King é1G05; Lucas et al., 2008;
Vogel et al., 2008; Rabenold and Pearson, 2011; Constantino et al., 2012; Kato et al., 2014)
enamel is relatively thicker in primates that consume draimbd resourcegKay, 1981;
Dumamt, 1995; Shellis et al., 1998; Martin et al., 2003; Lambert et al., 2806d)it is expected
to increase tooth resistance to high stfessas et al., 2008As a result, most of the research
has been focused on the adaptive function of thick enamel in the context of hard object feeding
rather tharexploringother hypothesegseePampush et al., 2013)

Martin (1983)devised a scale r e e me t rrelatve enanmkethickneS§RET)
as a means to compare enamel thickness between taxa with different tooth size. This metric was
adgted by several researchers in thésequentyears to describe enamel thickness and
investigate toth functional, taxonomic aretological scenarigdlacho, 1994; Dumont, 1995;
Shellis et al., 1998and references theréjncreating a good background for comparative
purposesHowever these early studigseasured RET usirgstologicalsections of molaren
molar cuspge.g.Macho, 1994; Schwartz al., 1998, which restricted samples available and
made it inviable to compute threémensional aspects of the enamglstly, relative enamel
thickness measured on 2D ignores tilgographicvariation of enaral thickness throughout
the enamel cap whidan be important in functierelated scenariqe.g.Pampush et al., 2013)
Nevertheless, even after the introduction of thideeensional approaches several more recent
works continued to explore 2D RET because of the overall large comparative gidatplet
al., 2014; Smith et al., 2019)
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The introduction of computetomography aa nondestructive method of measuring
enamel thickness opened new pathways of investiggBohwartz, 1997)Kono (2004)
devised a method to estimate 3D average enamel thic{@@9SET), which is the quotient of
the enamel cap volume over the 3D area of dentine surface, iwhigdely used until today
often referred as ftelgeThietyved &l.u2hE/t)Additoodally,athep r o a ¢ h
distribution of enamel thickness along the molar cravmsmeasuredKono and Suwa, 2008;
Zanolli et al., 2010; Guy et aR013; Thiery et al., 2017a,¢hiery et al. 2019; Fortuny et al.,
2021) Thi s 6 g e o neqg Thierg d al. a2p1F alesaon BD polygonal meshes of
the OES and EDJ, measured as the distance of each OES triangle with its respective EDJ
triangle, and it can be used to depict the 3Diapdtstribution of enamel along the molar
crown. |t has been suggested that the O6vol umet
of enamel and can be used to assat®e and speed of enamel secretion, whereas the geometric
approach better characizes resistance to loading, as it measures local thickness and better
suits biomechanical modg[Ehiery et al., 2017¢)

More recently, a nevinear measure of enamel thickness has been dena®aly
absolute crown strength (ACS; Schwartz et al.,, 2020¥his metric measures the average
thickness of the enamel on a tooth modelled as a hemisphere assuming uniform distribution (for
further details regarding computations see SOM Sghaveaal., 2020). In the work of Schwartz
et al. (2020), they quantify the resistance of a tooth (e.g. tooth strength) againstnetizi
and margin fracturee(g. Prr and Rur respetively; see Lawn and Lee, 2008nd they found
thatthere is ahighercorrelation between AC8nd these estimates of tooth strength (exg. P
and Rue), which further suggests that it might be a more accurate predictor of tooth strength
compared to other traditional metriesd.relative enamel thickness). This might be tedato
the fact that RET is directionally proportional to enamel thickness but it does not consider the
overall tooth size, unlike ACS. These investigation suggest that it may be useful to explore ACS
along with RET, as they might reveal some hidden aspetthe feeding biology (e.g.
Schwarrtz et al., 2020). Nevertheless, this requires further investigation in abroad spectrum of
primate families.

Relief estimates

Dental relief corresponds to the variation of elevation across a tooth crown surface
(Thiery et al., 2019)Topographic estimates dentalrelief arecommonly employed metrics
and have been used extensively in the literature to charadiegiaeerall reliefof the molar
crown of both extant and extinetganismg Ungar and Wil liamson, 2000;
2003; Merceron et al., 2006; Boyer, 2008; Bogeal., 2010, 2012; Guy et al., 2013; Prufrock
etal., 2016; Ungar et al., 201 Beveral metrics have been proposed throughout the, yeaile
the names and definitions can vary from one author to an(gbeiThiery et al., 2019or
extended discussiprHere two estimates of relief are used, inclinaterQuy et al. 2018 and
the reliefindex (LRFI; sensu Boyer, 2008pmputed on subsampled occlusal surfaces (e.qg.
Ulhaas et al., 2004; Guy etal.,206pt h cal cul at(eheryetali202)) 6 Dool ki t 6

Inclination () is aestimate of relief that quantifies in more detail ¥heation of relief
across a t,anddarhb@ definediabd azerage change in elevation across a given
surface(Guy et al., 2013)Slopewas initially estimated with geographic information system
(GIS) software and it was commonly used in early anal@@escotti et al., 1998; Ungar and
Williamson, 2000; Merceron et al., 2005lope ismeasuredas he t angent of t he
between awface and the horizontalplanedand i s expressed between 0 at
slope of triangles that are not facing the occlusal surface, for example because the enamel forms
f ol ds, does Tmconlfronteth'(scamyetchl.,(ZDDSAZDlSproposed inclinationgf,
which corresponds tthe angle betweethe vector normal to the triangle in the direction
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and the horizontaty plane and it iscodedoda 8 0 A, from 180A for hori zon
for vertical polygongGuy et al., 2013, 2015)

In primate molars, the average slope seems to carry a signal relateditdhdebeen
shown that the values of average slope of molars are higher in folivorous than in frugivorous
primatef M6 Ki rera and Ungar , Z2lai9psopablBrelatestottiacd Ungar ,
that tough ibrous materiglsuch as grasses and leaasg, broken down more efficiently by
teethwith adaptive morphologies towards shearing (e.g. long and well pronounced shearing
crests Kay and Hiimae, 1974; Kay, 19Y. Furthermoredifferences in the overall dental relief
and slope values have been observed among different populatiomofcattta (Yamashita
et al., 2016) These differences have been interpreted as differences in the frequency of
consumption of mechanically challenging food resources, in that particular case the fruit
Tamarinusindica trees(Yamashita et al., 2012 herefore, variations in slope values may be
informative of hard food consumption.

In order to providea more global estimate of relidflngar and Williamsor{2000)
proposed relief indexcomputed as the quotient of thacrown 3D area divided hthe two-
dimensional projection of the aren the horizontal plane. However, the distribution of this
relief index is exponential, making it difficult to méphiery et al., 2019)To avoid this issue,
an alternative calculath was proposed by Boyer (2008) thatresponds to the natural log of
the ratio of the squarerootstoh e sur f ace area of the enamel cr o\
projection into an occlusal plafeRFI). Reliefindices have proven to be suitable estimates of
dietary behaviorsPrimates whose diets are primarily focused on insects and leaves tend to
possess tooth crowns with higher slopes laR#& values than primates that tend to consume
primarily fruits( M6 Kd anddungar, 2003; Ulhaas et al., 2004; Boyer, 2008; Bunn and Ungar,
2009; Bunn et al., 2011; Klukkert et al., 2012&foreover, primates that consume large
amounts ofmechanically challenging food resour¢es. seeds, bark etc.), are characterized by
lower slopes andRFI valueqLedogar et al., 2013; Winchester et al., 2014)

Curvature estimates

The variation and the magnitude of curvature (alternatively sharpness) of the occlusal
dental features can be crucial in understanding dental functions, and may be decisive in
interpreting dietary adaptations through primate evolutiptstory (Guy et al., 2017)In
general, plant and animbhsed structural fibers require large amounts of energy to cut and
usually primates with diets high in fiber content tend to have sharper(Beth et al., 2011;
Winchester et al., 2014 omparative work on great apes and insectivorous primates support
this interpretation (Kay and Sheine, 1979; Berthaume and Schroer, 20IRus,
curvature/sharpness is an important morphological aspect associated withatiefztations.

In order to quantify this aspect of dental morphology, two metnese computed on
subsampled occlusal surfaces (e.g. Ulhaas et al., 2004; Guy et al, R@id)let normal
energy(DNE; seeBunn et al., 20113nd arearelative curvatur¢ ARC; Guy et al., 2017)Both
curvature metricswerektac ul at ed wWThierpet &.[2024) Rkvi 36@ream, 2013)

Dirichlet normal energyDNE) of the normal map of a tooth surfageantifies tooth
sharpnesendependent of position, orientation, scale and landmarks. DNE actually measures
the deviation of a surface from being plansing the méhematical concept of Dirichlet energy
(seePinkall and Polthier, 199 further detailsEs sent i al |y it measures ho
surface bends aifterent points in the surface, witleas that bend more being overall sharper
(Berthaume et al., 202(lence, teeth with higher DNE valupsssess curvier or more variable
surfacesWithin primates, teeth with curvy surfacesd crests and crenulatiorakin general
sharper(Bunn et al., 2011)and primates with relatively taller, shaqusps and crenulations
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tend to have higher DNE compared to those withtikelly shorterand bluntcuspgGuy et al.,

2015; Berthaume and Schroer, 2017; Berthaume et al., .20@8)problenregarding DNE is

that every study utilizing DNE has used slightly different protocol to produce and analyze 3D
meshes, which raises concerns about the compigrahil repeatability of resul{®ampush et

al., 2016) Different computational algorithms have beemposed(Pampush et al., 2016;
Winchester, 20165han et al., 2019Which have different protocols for excluding triangles at

the edge of the surface. Still, excluding a variable number of triangles can be questionable, as
DNE is sensitive to triangle count as well as different cropping and smgoth@hods
(Spradley et al., 2017; Berthaume et al., 2019b)

Mean curvatwe is the mean value of two papal airvatures,the minimun and
maximum normal curvaturd&lette and Rosenfeld, 2004; Rugis and Klette, 2006¢se two
quantities measure the deviation of tooth surface from flatnesan Murvaturé(i) vary from
negative values in strictly concave regions to positive values in strictly cq@uexet al.,
2013) By this way, ({) also provides a quantitativessessment of the convexity/concavity
profile (slightly concave or smooth convex regions like basins and cusps ha(#) lealues
whereas highly concave or sharp convex regions like grooves, dentine horn apex and crests,
show high values of()). Additionally, flat regions where positive and negative principal
curvaturai c anc e | 0, peesent(i) valueshequal or close to zef@uy et al., 2013)
Arearelative curvatureARC) is a normalized version of the mean curvatie(Guy et al.,
2013, 2017)It actually corresponds to theean curvature(i) normalized by the size of the
tooth using a theoretical linear mod&his metric offers the opportunity to interpret dental
pattens in terms of functions potentialiglated to different types of diéGuy et al., 2017)

Dental complexity

Another important aspect of tooth morphology is dental complexihjch may be
considered as the number of locations@mott hdés surface wheandis f ood
correlated with the number dintal elementf.e crenulations, cusps, crests) the occlusal
surfacgBerthaume et al. 2020 this study, dental complexity is assessed using OPCR (Evans
and Janis, 200 computed on subsampled occlusal surfaces (e.g. Ulhaas et al., 2004; Guy et
al., 2015), and calculated usiagD o o (Thiery et@l., 2021)n R v. 3.6(Team, 2013)

In general, it has been shown thacheekieeth of herbivores have higher complexity
thanthose ofcarnivores(Evans et al., 2007)ndeed,somecorrelations between complexity
and diet seem to exist at higher taxonomic levels. However, in primates so far complexity is a
relatively mor indicator of diet, showing large overlamongspecies(Guy et al., 2013;
Winchester et al., 2014; Berthaume et al., 2018; Ungar et al.,.Zed@her investigation is
needed to understand the associatietweendental compexity and diet inthe primate
dentition.

The first metric used for investigatirdental complexity is orientation patch count
(OPQ, beingintroducedby Evans et al2007), with later works suggesting equivalent metrics
that mostly differon thecomputation algorithm (orientation e.g., Guy et al., 2018% metric
guantifies the orientation of each polygon on the digital tooth surface and counts the number of
ipatcheso pr es é.eapredaeterminedntntber of adjateat paygons thih
same orientation)In this casethe spectrum of podsie orientations is divided in eight
increments of 48 The patches formed by a certain number of tfes)gisually three or five,
belonging to the same orientation are countée.total numberfgpatches depends on the tooth
structure and scanning resoluti@vans et al., 2007; Guy et al., 2015)

c

a |
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A similar metric and delivative of occlusal patch coun$ orientation patch count
rotated OPCR) intraducedby Evans and anis (2014). This metric wagdevised in order to
minimize the effects of manual orientation of the tooth surface in the occlusal plane. It uses the
same principles as OPBut OPCR is measured for eigtiffferent orientatbns, all offset by
45/8 = 5.628 . OQHACR is then obtained bykiag the average of these eigrientations
(Thiery, 2016)Resuts on this metric seem not to be significantly different from those obtained
with OPC (Evans and Jernvall, 20Q9however, OPCR is preferred by several authors
(Monteiro, 2013; Winchester et al., 2014; Pampush et al., 2B&gpardless, as IDNE, these
metrics are sensitive to triggle countthus also to different croppingmoothing protocolgand
resolution making it difficult to compare results amodgferent studies(Berthaune et al.,
2019b)
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Chapter 3. Deciphering the dietary ecology of
Dolichopithecusruscinensis

3.1 Introduction
3.1.1 Colobinae evolution and galecology

The subfamily Colobinae includes highly folivorous monkeys with their anatomy and
physiology adapted fahe consumption of high amounts of leafy matefizdvies, 1994nd
references thereinThey possess a multhambered stomach with an enlarged forestomach
adapted to microbial food fermentation, and also robust jaws along with bilophodont molars
that enable them to process tough and fibrous material as (€&hresrs, 1994; Ravosa, 1996;
Lambert, 1998; Matsuda et al., 201®oreover, most of the extant species exhibit locomotor
behaviors associated with an arboreal lifestyle, ex8eptnopitecusentelluswhich spends
significant amounts of time on terrestrial substré&sg/ers and Norconk, 2008)

The first evidene of the Colobinae dates back to the middle Miocene of KEB/&
10.0 Ma; Rossie et al., 2013yvhile during the late Miocene colobines dispersed into Eurasia
with Mesopithecuswhose earliest occurrence most likely dates¢odarly Turoliar(8.7 8.2
Ma) faunasof northern GreecgKoufos, 2009a, 2019Puring the Pliocene, the European fossil
record shows the presence of two colobine genklesopithecusand Dolichopithecus
coexisting temporally and occurgnsympatrically in Early Pliocene fossil sites of France
(Montpell er, Perpignan), Bul g a(Eronen afdDRwaokk ov o) ,
2004; Delson et al., 2005 rom the Middle to Late Pleistocene onwards, colobines disappeared
from Europe, whereas some extinct Asian species may have led to the living representatives in
Asia (Andrews et al., 1996; Jablonski, 1998; Frost et al., 20il5)e the phylogenetic
relationslips of Mesopithecusand Dolichopithecuswith modern Asian Colobinae remain
unclear, the numerous extant representatives of this group combined with fossil evidence from
Africa and Eurasia support the evolutionary success of this family.

Unlike most extantAfrican and Asian colobines, which exhibit physiological and
morphological adaptations to folivory and arborealiBavies, 1994; Rowe et al., 1996)
evidence suggests that it was not the same in th€lptey, 1982)African Plio-Pleistocene
colobines were represented by laast five genera (e.gCercopithecoidesLibypithecus
RhinocolobusParacolobus Kuseracolobug which were considerably more diverse in terms
of ecological adaptation{&rost, 20¥). Furthermore, there are mwasting opinions concerning
the type of locomotor adaptations of early colobineiff some authors stating that modern
colobine arboreal adaptations are a recent develogiediews, 1982; Benefit, 199 Leakey
et al., 2003)while others suggest that early colobines in Africa were mainly arboreal and that
the semiterrestrial locomotion in some late Miocene and HPlieistocene colobine taxXa.g.
Cercopithecoidesvilliamsi, Cercopithecoidekimeuj Cercopithecoidebruneti Paracolobus
mutiwa, Paracolobuschemeron, is a secondary derived stdtdlusko, 2006; Gilbert et al.,
2010; Nakatsukasa et al., 2010)

The controversiesurrounding the evolution of locomotor adaptations in colobines lead
to the question of the role of dietary specialization of early colobine taxa in thaf-aftica
dispersal. Were early colobines that first migrated into Eurasia-stereurytopic? There is
evidence concerning the earliest Eurasia colobihesopithecugpentelicus which would
exclude specialization for folivoryMerceron et al., 2009b, 2009a; Thiery et al., 2017a)
Instead, available evidence suggests seed consumption and more opportunistic feeding habits,
consistent with senterrestrial locomotiorfY oulatos, 2003; Youlatos and Koufos, 2010; Ji et
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al., 2020) Available dietary information for the rest of the Eurasian fossil cercopithecid taxa is
however very limitedorecluding broader conclusioridolichopithecuss a suitable taxon to
address this question, especially as it shows a wide geographic distributidsoeswogcurred
sometimes withMesopithecusExploring the dietary ecology of early colobine taxa, such
Dolichopithecus ruscinensis is of high interest for understanding the evolution and
diversification of Colobinae.

3.1.2Dolichopithecudossil record and palaeoecology

Dolichopithecuss alargebodied extinct colobine genyPelson et al., 2000), that
inhabited Europe between Pliocene and Pleistqdsziag recorded at several sites in France,
Greece, Ukraine and Spgink ouf os et al ., 1991; Eronen and Ro
In Europe, tie taxon is mostly represented by a single spda@ihopithecusruscinensis
without apparent diffences in morphology across geography and(ktaschenko, 1991;
Delson et al., 2005)f'wo additional species have baggscribedDolichopithecusbalcanicus
sp.andDolichopithecusypsilophusyet the limited materiadf these two taxdoes not allow
to conclusively support their distinct species stdteemiaskiy, 1958; Maschenko, 2005;
Spassov and Geraads, 200Most of the fossil European specimens éblichopithecus
ruscinensisbelong to the type locality ofSerrat d'en VaquerPerpignan(France). The
biochronological range of this fossil speciearspfrom 5.3 to 1.0 Ma while it is also considered
to be closely related tdanagawapithecuteptopostorbitalisfrom thelate Pliocene of Japan
(Delson, 1994; Iwamoto et al., 2005; Nishimura et al., 20&8) well asParapresbytis
eohanumanfrom the late Pliocene of Udunga and Shamar in Transbaikal area, Siberia
(Kalmykov, 1992; Jablonski, 20023till, the phylogenetic relationships between the Western
Eurasian species @olichopithecusthese Asian fossil taxa, or the extant taxa remain under
discussion(Delson, 1994; Egi et al., 20Q7)

Available paleoecological inferences f@olichopithecusruscinensisamostly derives
from analyses of postcranial morphologyD e p ®r et , 1890; Gabi s, 1961;
Szalay and Delson, 1979; Ingicco, 2008he earliest view suggested sétarrestrial
locomotor adaptationsore similar to those of macaqueD e p ® r eJolly, 196B) Other
studies considered even fully terrestrial adaptations, simitaoge ofiving savannah baboons
(Gabis, 1960, 1961)Be that as it may, the degree of terrestrial adaptations ieen
Dolichopithecuguscinensisvas consideretigher than in any living colobing@xcept maybe
Semnopithecuentellug, being more similar tdlandrillus sphinxandMacacasylvanus The
environment inhabited bipolichopithecusruscinensishas been briefly discussed by some
researchergTobien, 1970; Delson, 1994but a detailed investigation is still pendiriche
appearancef Dolichopithecuguscinensign Europepostdateshe refilling of the desiccated
Mediterranean Basin, which is considered to have probably led to the development of
widespread woodland and humid forests acsosshern Européelson, 1994; Popescu, 2002;
KovarEder et al .-More@oGiak, 2010] 2003is study aims to investigate the
dietary ecolog of the last fossil European colobiri#glichopithecususcinensi$y combining
information from different dental proxies.

3.2Material
3.2.1 Dentatopographic and enamel thickness analyses

Dental topographic and enamel thickness analgseappliedna M from a palate of
a juvenik individual (MHNPii PRO1; Fig. 3.A1i A4) found inSerratd'enVaquerPerpignan
(France). The analyzed molar fully erupted (Fig.3.1B1i B5), retains minimal wear, and
shows basal flaring on the lingual part, a typical feature on cercopithecid cheefDistin,
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1973; Swindler, 2002)The molar possesses wdkfinedmesicdistalshearing crests and both
distaland mesiaimargins. The distaloveais wider than the mesial, bomesial and distal

lingual clefts are well pronounced and the central basin (trigon) is deep. This fossil specimen
collected by Albert Donnezan along with other mammalian fossil remains is dated around 3.4

to 2.8 Ma,and itwas found in concreted mafBhilippeand Bourgat, 1985The fossil primate

material was later described iye p ®1L88%) The specimen is stored in the Museum
doHi stoire Naturelle Perpignan, F ? beelongiey. OQur
to 20 extant cercopithecid spesi(Table 3.}, because thavailable M material of modern

species showed advanced wear which prohibited morphological comparisons.

5cm

Fig. 3.1 Virtual reconstruction dolichopithecususcinensigMHNPni PR0O1) palate specimen in (A1)
occlusal, (A2)lateral right, (A3) lateral left, (A4) facial; right M1 virtual reconstruction before (B) and
after (C) processing in (B1, C1) occlusal, (B2, C2) mesial, (B3, C3) distal, (B4, C4) lingual, (B5, C5)
buccal. A total of eight variables were measured on eaddially reconstructedubsampled
molarsurfacg(Fig. 3.2 B).Calculations for Dirichlet normal energy (DNE), relief index (LRFI),
aredrelative curvature (ARC), orientation patch count rotated (OPCR), absolute crown
strength (ACS), 3D relative geometrgmamel thickness (3DREg), and inclinationwere
performed usi ndThiérpea a.| 2021k Bv. H68RcCoraTgam, 2013)The

3D relative volumetric enamel thickness (3DR&)Twas calculated usinGeomagic studio
2013 (3D Systems Inc., 2013). Also, the gjection(OES 2D)and the 3D area of the outer
enamel surfacerere quantified as measures of tooth size. The valussroktrics are given in
Table S1Appendix 3.7
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Dietary categorization

All extantspecies used ithe comparative sample fdental topographic analysiis
this chaptemere assigned to one of three general dietary categories: foliaotgg-feeding
and fruit/seed consumption. This division is based on dietary information from previously
published studies on wild populationse¢ Table 2.3. Even though these categories are
relatively broadt is expectedo encompass the basic differences and/or siitidarin dental
morphology between primates with contrasting diets (e.g. folivorous vs fruittsgeds), but
also intermediate morphologies as a result of an overall more mixed diehifezd.feeders
For instance, folivorous species are usually etqubto posseshkigher crowned teeth with
sharper features and thinner enammedrall comparedwith fruit/seed eaterswhich usually
exhibit lower overall reliefless sharpurfaces, and thicker enamel. However, it must be noted
that most cercopithecid spies do not fit neatly into these categarigost of the extant
colobines are considered primarily folivorous, but some species eat also fruits when available,
while others fall back on seeds when other preferred food resources are(Rbosentt al.,
1996) These fallback behaviors are hypothesittedxert strong selective pressure on dental
morphology and can be expected to entail particular dental morphological adapf@tipns
Lambert et al., 200Marshall and Wrangham, 2007; Lambert, 2009; Wright and Willis, 2012)

Hence 6 f ol idefimed her® in@duses species that primarilylyren foliage
throughout the year (leaf and flower consumption > 50% of their annual diet), evenasin
cases the consumption of fruits, seeds, and @iaetresources are also expected, such as in
African and Asian colobine§able3.) . O Fr ui t / s e e d 8cercopithecidsntimat i o n
primarily exploit fruits and seeds throughout the year (fruit$ seeds > 50% of their annual
diet), such asophocebuslbigena Cercocebugorquatus andCercopithecugliana even if
they also occasionally consume leaves and animal nibdtieemi, 1989; Ham, 1994; Poulsen
et al., 2001; Curtin, 2004; Buzzard, 2006; McGraw et al.220Mixed-feedingd i nsal u d e
total of six species (e.gPapio anubis Papio hamadryas Mandrillus leucophaeus
Cercopithecusampbellj Chlorocebusaethiops Erythrocebuspatag that tend to show more
opportunistic dietary behaviors and usually consume a wider array of food resowaesus
amountsthroughout the yeasuch as leaves, fruits, seeds, tree exudates (gum), ginasss,
roots and tubers, bark, while some alsasume animal mattéfable 2.3. Hence in terms of
dietary composition thiglietary categorycan be consideredomewhat heterogeneous. For
instancecerc@ithecid representativdike Papio, are considered dietary generalists including
a wide array of @nt parts, from leaves to fruits, stems seedlings, roots, bark, seeds, as well as
underground storage organs avettebrate flesHWhiten et al., 1991; Byrne et al., 1993;
NewtonFisher and Okecha, 2008jandrillus seems to follow the same dietary patteuhthe
importance of seeds in its diet has been empha@imeshino, 1985; Astaras et al., 2008; Owens
et al., 2015; Perah et al., 2017)On the other hand, species suciCascopithecusampbellj
may primarily feed on fruits, but include significant portions of animal médtgr invertebrates
and arthropodsylepending on seasonal variatiuzzard, 2006) Similarly, Erythrocebus
patasdiet consists of fruits, seeds, animal matter (mostly arthropbdshlso includes gum
from Acacia trees, whereas similar dietary preferences have been sugge§ibibfocebus
aethiopsdepending on habitat and food resource availabjltgppel, 1988; Isbell, 1998a;
Barrett, 2005) In addition, differences in dietary choices betwé&apthrocebuspatasand
Chlorocebusaethiopsmight be #so influenced by the more terrestrial behavior of the former
comparedwith the latter(Rowell, 1966; Isbell, 1998b; Nakagawa, 2000a, 2003b; Pruetz and
Isbell, 2000; Barrett, 2005Hence, the latter categogncompasses a wide range of dietary
preferences and dietary behaviors.

Table 3.1 Extant cercopithecid sample used for dental topographic analysis along wdliletary
assignments

Subfamily Taxa n ID number Institution 2 Diet
N . 831 006 MT 276, 90 042 MY RMCA .
Papionini Lophocebus albigena | 4 .. o ' Fruit/seed eater|
P g 301, 90'044 M1 301, Cb4 | PALEVOPRIM

nc
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Lophocebus aterrimus | 1 14113 RMCA Fruit/seed eate
Cercocebus torquatus | 1 81i 071 M1 44 RMCA Fruit/seed eate
Mandrillus leucophaeus| 2 1893 269, 2002 105 PALEVOPRIM | Mixed feeder
Papio anubis 3 MRACI 89' 044 .M101’ 2, PALEVOPRIM Mixed feeder
MRACI 90042 M226
Papio hamadryas 1 MRACT 971 020 M004 RMCA Mixed feeder
Cercopithecus diana | 2 Ccl, Cc2 PALEVOPRIM | Fruit/seed eate
Cercopithecus nictitans| 1 15650 RMCA Fruit/seed eate
) . |_Cercopithecupogonias | 2 15595, 18273 RMCA Fruit/seed eater
Cercopithecini Cercopithecus campbell| 2 36280, 80028 M1 24 RMCA Mixed feeder
Chlorocebus aethiops | 2 1972302, 1972328 MNHN Mixed feeder
Erythrocebus patas | 1 8629 RMCA Mixed feeder
Colobus guereza 2 1216, 3800 RMCA Folivore
38158, 81071 M174, 10602, .
Colobus polykomos | 5 10548, 10307 RMCA Folivore
Colobinae Colobus satanas 1 _ 3351% _ RMCA Folivore
(African) Piliocolobus badius | 3| 83042 M77, 91 060 M57, RMCA Folivore
911 0601 M76
Procolobus verus 3 86l 0021 M.I. 34’..86 .902' M RMCA Folivore
48, 84 0021 M1 50
) Nasalislarvatus 1 5042 SMF Folivore
C((’)“J()Tt;":)ie Semnopithecus entellug 1 1964 1615 MNHN Folivore
Trachypithecus cristatug 1 1085 SMF Folivore

Phase I (f3)

Fig. 3.2 Dolichopithecusruscinensis(MHNPni PR0O1) palate (A), thesubsampled occlusal enamel
surface and enamel dentine junction surface of the rigiwith thelocation of dental wear facets (B)
and their respective 3D surface representation (C, D).

3.21 Dentalmicrowear texture analysis

The fossil materialnvestgated by the means dental microwear texture analysis
consists of a total of 30 specimendaflichopithecugTable 3.2;Table 2 Appendix 3.7. All
fossil samples belong t®olichopithecusruscinensis except the specimen from Tenevo
(Bulgaria), which was assigned Bmwlichopithecudalcanicus(Spassov and Geraads, 2007)

Here DMTA is discusst at the genus level only as the sample composition does not allow

investigation among fossil species@dlichopithecusor fossil sitesThe fossil material was
collectedfrom the fossiliferous loalities of Serrat d'en \dmuerPerpignan (Francey = 23),

Dorkovo (Bulgaria,n = 3), Tenevo (Bulgarian = 1) and Vorog (Bulgariap = 1), Megalo
Emvolon (Greecen = 1)
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Lyon (France), Natural History Museum of Sofia (Bulgaria), Museum of Geelogy
PaleontologyPaleoanthropology of Aristotle Universitpf Thessaloniki Greece) and
Department of Geology of Alexandru loan Cuza Wnsity of lasi (Romania)Both Phase |
and Il facetsareinvestigatedFig. 2C, D), as they bear complementary sigfilerceron et
al., 2021) Data for these fossil specimens are compared with eight cercopisipecigésTable
3.2), includingfive colobines Colobusguerezan = 22; Piliocolobusbadius n = 12; Nasalis
larvatus n = 7; Semnopithecuentellus n = 8; Presbytismelalophosn = 13) and three
cercopithecinesLophocebusalbigeng n = 15; Erythrocebuspatas n = 13; Chlorocebus
aethiopsn = 37).

3.3 Statistical analysis
3.3.1Dental topographic and enamel thickness analysis

Topographical estimates, enamel thickness and crown strength metrics are often
correlated, while the presence and the strength of such correlations could be affected by
parameters such as dietary variability and the degree of the phylogenetic relatedness
(Berthaume et al., 2020). Closely related species are assumed to have similar traits because of
their shared ancestry and thus produce more similar residuals from the least squares regression
line (Symonds and Blomberg, 2018ymonds and Blomberg, 2014). Hence, the relationships
between all enamel thickness, tooth strength, and topographic variables were assessed using
phylogenetic generalized least squares (PGLS) regression analysis, in which the potential effect
of phylogenyon the distribution of data is considered (Thiery, et al., 2017; Winchester et al.,

2014) . The effect of phylogeny is measured usi
&) which is a measure of phyl ogenepteseastingsi gnal v
no phylogenetic structuring, 1 representing a perfect fit between data and a Brownian motion

model of change in values through evolution). A phylogeny for the 20 cercopithecids species

included in this study was generated using a consereri$li00 iterations) downloaded from

the 10k Trees Project website v(Arnold et al., 201Q) We included the 2[projection of

occlusal enamedurface (OES 2D) in our PGLS regression analysis to investigate the effect of

size on the distribution of data. To perform t
Core Team, 2013).

In order to identify morphological differences between the wegdalietary categories
the variables (i.e. 3SDRETvol, 3DRETgeo, ACS, LRFI, inclination, OPCR, DNE, and ARC)
were compared between the dietary categories in SPSS v. 22.0 (Corp, 2013) using the Kruskal
Wallis test with ManAWhitney U pairwise tests with Bonfeni adjustment, with a
significance level set to 0.05. Furthermore, a set of linear discriminant analyses (LDA) was
performed using several variable combinations, to determine which combination/s provides the
most successful classification of individuaighe proposed dietary categories. In each variable
combination, we only incorporated variables that were not correlated in the PGLS, including
jack-knife resampling method. Lastly, in each variable combination, we included the 3D
occlusal enamel surfad®ES 3D), as it has been shown to improve the success rate of
classification (Allen et al., 2015). Computations and visualizations were performed using PAST
v. 3.22(Hammer et al., 2001).

3.3.2Dentalmicroweartextureanalysis

Before the analysis, akkxture variables were bapox transformed to avoid normality
assumption violations in parametric tests (Conover and Iman, 1981). To identify microwear
texture differences related to diet in both dental facet typeswayoanalyses of variance
(ANOVASs) were performed on modern species &ualichopithecudo target which variables
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significantly vary depending on species, dental facets, and interactions. Then, pairwise

comparisons between species including both 1ty
Honest Significant Differences (HSD) and thelesssoer vat i ve test Fi sher os
Di fferences (LSD) following Scott et al ., (20

significant are interpreted as grounds to reject the null hypothesis, whereas comparisons where

Fi sher 6s L SD niyars interpreted as igrgumds toina eeject the null hypothesis

(Cook and Farewell, 1996). More clearly, the wu
allows us to partition comparisons into significant, not significant, and suggestive of
significan@ (Scott et al., 2012). To enhance the robustness of the model, every analysis
included bootstrap resampling (n = 1000) and computations were performed using SPSSv. 22.0

(Corp, 2013). Lastly, to observe the variations of dental microwear textures aemtssacet

types, we compared the values of complexity (Asfc) and anisotropy (epLsar) between facet type

from one species to another.

3.4Results
3.4.1. Dental topographic and enamel thickness analyses

The PGLS analysis reveals significant correlatioatsvieen variable pairs with some
containing significant phylogenetic sigrfdlable S3Appendix 36). The 3D relative volumetric
and geometric enamel thickness (i.e. 3DRETvol and 3DRETgeo0) are significaméiated [
< 0.09, consistent with previousesults (Thiery et al., 2017c). Furthermore, both 3DRETvol
and 3DRETgeo are strongly and positively correlated with inclination and inversely correlated
with the LRFI with a null L aeah vith énclifaon (e < 0 ) . LRF
0.05, ARC and DNE p < 0.09. ARC is significantly positively correlated with LRFI,
inclination, and DNE, but negatively correlated with 3DRETvol, 3DRETgeo. ACS is
significantly correlated with DNE, OPCR, 3DRETVvol, the latter correlation suggesting a strong
phylogeretic relationshipand DNE is also significantly correlated with OPCR. In addition,
size has a significant influence on some variables in our sample as the largest spdagsqi.e.
anubis Papio hamadryasMandrillus leucophaeusare separated from thest of the sample
(see specimens labeled 1 and 2 in the blue box in Figs§4 \ppendix 3.§. The projected
two-dimensional area of the occlusal enamel surface (OES 2D) is significantly correlated with
3DRETvol, and ACS with a strong phylogenetigignal (Figs. 9, S Appendix 3.§. Lastly,
OPCR and DNE are also influenced by size as shown by the significant correlations with OES
2D (Figs. S3, $4), however with a null lambd& &ble S3 Appendix 3)6

The KruskalWallis test detected significanp < 0.095 differences among dietary
categories in 3DRETvol and 3DRETgeo, LRFI, inclination, and ARC (TaB)e The species
classified as folivores have significantly lower values of 3DRETvol, 3DRETgeo, and
inclination (Table 3.4;Fig. 33A, B; Fig. 3.5B), and sgnificantly higher values of LRFI and
ARC (Table 3.4;Fig. 3.5A, 3.6B) compared to species classified as fruit/seed consumers. The
mixed feederspossess significantly lower 3DRETvol, 3DRETgéBig. 3.3A, B) and
significantly higher ARC compared to fruésdeaters Table 3.4;Fig. 3.6B, whereas they
differ from folivorous cercopithecids in having significantly higher 3DRET@able 3.4Fig.
3.3B) and lower LRFI and ARCTable 3.4;Fig. 3.5A, 3.B).

Table 3.2 KruskaWallis on enamel thickness, tooth wno strength and dental topographic variables
between the dietary categories propdsed
Kruskal 1 Wallis

Variable$ df° 53 pi value

3DRETol 2 21.887 <0.05

3DRE Tyeo 2 | 24879 | <0.06
LRFI 2 16.606 <0.05




54

DNE 2 4.372 0112
OPCR 2 4.629 0.098
ACS 2 4,978 0.082
Inclination 2 17.634 <0.05
ARC 2 26.377 <0.06

@3DRETvwo = 3D volumetric relative enamel thickness; 3DR&T= 3D geometric relative enamel
thickness ACS = absolute crown strengthRFI = relief index; ARC = ardaelative curvature; DNE =
Dirichlet normal energy; OPCR = orientation pdtobunt rotated; OES 3D = 3D occlusal enamel
surface; OERD = 2D occlusal enamel surfgéd f = de gr e e?s Chi $quafer e e d o m;

Table 3.3 KruskaWallis pairwise comparisons of enamel thickness, toothvi strength and dental
topographic variables between the dietary categories proposed with Bonferroni adfustment

Dietary category Fruit/seedeaters Folivores Mixed-feeders
L
Fruit/seedeaters A 3DRETge 1),
Inclination( ), LRFI(+), ARC(+)
ARC(+)

3DRET(+),
3DRETged 1),

Inclination(+), LRFI{),

ARC(i)

3DRETged+), LRFI(i),

Folivores ARC()

3DRETvoi(+),
Mixed-feeders 3DRETged+),
ARC(i)

a(1) and (+) indicate values that are either lower or higiespectively, for species in column compared
to the one in the row.

While seed specialists such bhsalbigena L. aterrimusand Cercocebudorquatus
possess the highest values of 3DRETvol and 3DRETEgo §.7A, B, the highest values of
ACS in our samie are shown bfapio(P. hamadryashenP. anubi$ followed byMandrillus,
which all possess moderate values of 3SDRETvol and 3SDRETigd(7 A, B. The folivorous
cercopithecids exhibit the lowest values of ACS (FigA3.The LRFIvalueof MHNPn-PRO1
places the fossiinolar closer tofolivorous species (Fig. 4A), such @e. satanasPi. badius
andPr. verus while it also falls within the range 8. leucophaeuandChlorocebus aethiops
(Fig. 3.9A). The inclinationvalue of MHNPn-PRO1places it within the range of folivorous
speciessuch agCo. satanasPi. badius andPr. verus(Fig. 3.9B). The DNE value of MHNPnN
PRO1 places it closer . badius P. anubisandMandrillus (Fig. 3.10A). The ARC value of
MHNPR-PROL1 places the fossil molar within the rangPiobadius N. larvatus andPr. verus.
In terms of OPCR, MHNR®RO1 is placed closer to folivorous representatives su€oas
polykoma, Co. guerezaPr. verus and Pi badius, however, it also falls within the range of
Cercopithecus pogonig§&ig. 38B).
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the comparative sample
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Fig. 3.10 Boxplot comparisons of A) Dirichlet normal energy B) aredative curvaturgbetween

modern species arfdolichopithecus ruscinensig?; MHNPrs PRO1 exhibits similar DNE and ARC
valueswith thefolivorouscercopithecids in the comparative samgkt DNE shows high overlapnong

species and it isignificantlyinfluenced by size.
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The results of the linear discriminant analyses are preseantéithble 3.4. The
combination of ACS, ARC, and OES 3D presents the highest rate of classification.-ARC (
0.098) explains the most variance along axis 1, followed by ACS (0.078) and OES 3D
(0.053,although all with low effects. However, OES 3D (42.185) contributes the most to the
second axis, followed by ACS (0.346) then ARC (0.015) with the latter two having a much
lower effect. This implies that the second axis is heavily influencdddiii size, most likely
related to species sizéndeed, the largest representatives in our sample Ragip and
Mandrillus) are separated from the rest of the cercopithecids (see specimens labeled 1 and 2 in
the blue box inFig. 3.11). The fossil M(MHNPn-PROJ is placed out of the range of the
dietary categories, in a space between mixed feeding and folivoroupittexcinls (Fig. 3.11).

Table 3.4 Combination of topographic enamel thickness and tooth crown strength variables and
probabilities of successfalassification for LDAs using the proposed dietary categories as factor; best
set of variables and their success rate indicated irf.bold

Variables (%) Variance explained (%) Correctly classified
Axis 1 Axis 2 Normal Resampling
RETyo DNE OES 3D 74.44 24.44 72.5 67.5
RET. OPCR OES 3D 74.70 25.22 70 65
RETgeo ACS OES 3D 8.87 19.04 70 62.5
RETgeo OPCR OES 3D 81.77 18.09 77.5 62.5
LRFI ACS OES 3D 63.55 35.32 67.5 60
LRFI OPCR OES 3D 63.57 35.79 67.5 62.5
DNE < OES 3D 62.35 37.51 70 60
< OPCR OES3D 61.42 37.72 67.5 62.5
< ACS OES 3D 62.35 34.84 72.5 65
ARC OPCR OES 3D 8.88 18.6 77.5 70
ARC ACS OES 3D 8.29 18.79 77.5 72,5

@ 3DRETw = 3D volumetric relative enamel thickness; 3DREFE 3D geometric relative enamel
thickness ACS = absoluterown strengthLRFI = relief index; ARC = areselative curvature; DNE =
Dirichlet normal energy; OPCR = orientation patdunt rotated; OES 3D = 3D occlusal enamel surface.
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Fig. 3.11Linear discriminant analysis (LDA) with the best rate of classification for inferring diet on
the proposed categories with absolute crown strength (ACS)relegize curvature (ARC) and the
threedimensional area of occlusal surface (OES 3D) includdgjchopithecusruscinensis M
(MHNPnNi PRO1, red dot); enamel distribution maps retaining original sige érearelative
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visualization based on the lowe&bphocebuslbigeng and the highest value in our sampig;(
Blue = Mixed-feeders(1: Papio, 2: Mandrillus leucophaeus 3: Cercopithecuscampbellj 4:

Chlorocebusaethiops 5: Erythrocebugpatag, Orange = Fruit/seed eaters(Lophocebuslbigena

2: Cercocebugtorquatus 3: Lophocebusaterrimus 4: Cercopithecusdiana, 5: Cercopithecus
pogonias 6: Cercopithecusnictitang Green = Folivores (1:Colobus polykomos 2: Colobus
guereza 3: Procolobusverus 4: Piliocolobus badius 5: Colobus satanas 6: Trachypithecus
cristatus 7: Semnopithecusntellus 8: Nasalislarvatus.

3.4.2. Dentalmicroweartextureanalysis

The twoway ANOVAs showed significant variations in complexity (Asfc; p.€5),
anisotropy (epLsar; g 0.05) and scale of maximal complexity (Smc; 0.85) between species
and in complexity (Asfc; p €©.05) between facets as well. There are no interaction effects
betweerfactors (Table &). The pairwise comparisons indicate the differences between species
and facet types (Table 3.7). Concerning Phase Il facets, the African colGobillobsisguereza
and Piliocolobus badius have lower values of complexitthan Lophocebusalbigena
Chlorocebusaethiops andErythrocebuspatas while the African colobines also différom
the latter two in having highemnisotropy values (Fig.12. Presbytismelalophodgiffers from
Erythrocebugatashaving lower values of complexity and higher anisotropy (Table 3.7).

Table 35 Results of tweway analyses of variance (ANOVA) between the extant species and
Dolichopithecusn both Phase | and Il facets with species and facet as factors

Twoi way ANOVA

Factors Variable df SS MS F pi value
Species Asfc 8.00 4.3 0.48 10.83 <0.05
Smc 8.00 59.9% 7.4% 46.79D <0.05

epLsar 8.00 1291 0.161 3.205 <0.05

Tfv 8.00 111 0.139 1.833 0.0

Hasfe 8.00 0.1 0.017 0.99 0.437

Hasfas 8.00 0.221 0.028 1.634 0.114

Hasfa: 8.00 0.197 0.025 1.216 0.289

Facet Asfc 1.00 1.771 1.771 35.03 <0.05

Smc 1.00 0.249 0.249 1553 0.214

epLsar 1.00 0.107 0.107 2.133 0.145

Tfv 1.00 0.059 0.069 0.783 0.377

Hasfe 1.00 0.015 0.009 0.881 0.349

Hasfas 1.00 0.006 0.006 0.7 0.568

Hasfa: 1.00 0.004 0.004 0.201 0.664

Interaction Asfc 8.00 0.116 0.04 0.286 0.970

Smc 8.00 1.781 0.223 1.390 0.200

epLsar 8.00 0.428 0.064 1.063 0.389

Tfv 8.00 0.574 0.072 0.%47 0.478

Hasfe 8.00 0.071 0.009 0.523 0.839

Hasfas 8.00 0.051 0.006 0.374 0.14

Hasfe: 8.00 0.090 0.006 0.306 0.963

2SS = sum of squares; df = degrees of freedom; MS = mean squaFetdst- Asfc = areacale fractal
complexity; epLsar = exagiroportion lengtkscale anisotropy of relief, Smc = scale of maximal
complexity, Hasfgss s1= heterogeneity of arescale fractal complexity on 9, 36 and 81 cell.

The dental microwear texture sampléafichopthecuddiffers fromColobusguereza
Piliocolobusbadius and Presbytismelalophos(Fig. 3.19, having lower anisotropy values,
while it differs from all modern species companedhaving higher values of scale of maximal
complexity (Table &, 3.7). Concerning Phase | face@plobusguereza andPiliocolobus
badiusdiffer from Lophocebuslbigena Chlorocebusaethiops andErythrocebugatasin
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Table 36 Microwear texture variables descriptive statistics on Phase | and Il dental wear fdoelistodpithecusand modern sample

Taxa n Phase | n Phase lI
Dolichopithecus Asfc ?p;;?r (%mrﬁ | ) (gf\r%) Hasfo Hasfee | Hasfe: Asfc %pl‘gg?r (%mnf | (gf\rfﬁ) Hasfe Hasfes | Hasfe:
Mean | 25 1.36 3.32 68.04 35528.40 0.351 0.473 0.616 27 1.777 2.638 74.516 37661.75 0.305 0.418
sd 0.859 1.735 54.637 11478.50 0.347 0.401 0.618 0.855 1.247 62.127 14167.91 0.175 0.166
sem 0.172 0.347 10.927 2295.70 0.069 0.080 0.124 0.164 0.240 11.956 2726.61 0.034 0.032
Nasalis larvatus Mean | 7 1.505 3.531 0.346 25575.18 0.351 0.526 0.758 7 2.260 2.744 0.277 36665.23 0.308 0.450
sd 1.551 1.797 0.196 10141.31 0.221 0.300 0.598 1.972 1.479 0.144 15936.64 0.178 0.220
sem 0.586 0.679 0.074 3833.05 0.083 0.113 0.226 0.745 0.559 0.054 6023.48 0.067 0.083
Semnopithecus entelly Mean | 8 0.934 5.319 1.266 36114.45 0.390 0.580 0.743 8 1.497 4131 22.733 34105.96 0.530 0.621
sd 0.711 2.392 2.175 8126.46 0.195 0.254 0.374 0.679 2.076 38.339 12535.85 0.442 0.292
sem 0.251 0.846 0.769 2873.13 0.069 0.090 0.132 0.240 0.734 13.555 4432.09 0.156 0.103
Presbytis melalophos| Mean | 17 1.149 3.974 0.604 25434.82 0.280 0.406 0.538 19 1.632 4411 21.362 35671.93 0.354 0.517
sd 0.670 1.248 0.465 19868.65 0.151 0.198 0.253 0.832 2.048 86.470 16422.18 0.225 0.337
sem 0.163 0.303 0.113 4818.85 0.037 0.048 0.061 0.202 0.497 20.972 3982.96 0.055 0.082
Colobus guereza Mean | 21 0.749 4.053 31.277 29588.78 0.268 0.391 0.506 25 1.128 4.495 0.370 30196.70 0.298 0.415
sd 0.369 2.387 138.871 10703.93 0.164 0.174 0.213 0.467 1.755 0.154 9873.72 0.148 0.134
sem 0.081 0.521 30.304 2335.79 0.036 0.038 0.047 0.093 0.351 0.031 1974.74 0.030 0.027
Piliocolobus badius Mean | 12 0.706 3.639 0.674 34306.51 0.374 0.512 0.597 17 1.191 4.690 60.011 37329.29 0.349 0.479
sd 0.614 2.207 1.630 13649.04 0.321 0.362 0.380 0.825 2.540 170.449 17626.00 0.192 0.216
sem 0.177 0.637 0.470 3940.13 0.093 0.105 0.110 0.200 0.616 41.340 4274.93 0.047 0.052
Erythrocebus patas | Mean | 13 1.619 3.703 29.923 41234.20 0.307 0.484 0.580 16 3.116 2.565 0.397 41359.01 0.370 0.511
sd 0.885 2.510 102.391 7138.79 0.136 0.261 0.263 1.466 1.237 0.228 9775.96 0.172 0.213
sem 0.245 0.696 28.398 1979.94 0.038 0.072 0.073 0.366 0.309 0.057 2443.99 0.043 0.053
Chlorocebus aethiops| Mean | 37 1.710 3.682 0.266 34543.57 0.374 0.510 0.674 37 2.586 2.975 10.359 35382.82 0.320 0.477
sd 1.525 1.891 0.159 9862.58 0.443 0.499 0.611 1.764 1.615 60.013 14750.39 0.328 0.455
sem 0.251 0.311 0.026 1621.44 0.073 0.082 0.100 0.290 0.265 9.866 2424.94 0.054 0.075
Lophocebus albigena| Mean | 15 1.895 3.229 3.558 36235.56 0.319 0.507 0.659 15 2.608 3.011 25.450 45004.68 0.400 0.586
sd 1.046 1.366 8.045 13290.69 0.124 0.175 0.255 1.246 1.763 92.205 10906.67 0.184 0.194
sem 0.270 0.353 2.077 3431.64 0.032 0.045 0.066 0.322 0.455 23.807 2816.09 0.047 0.050

#sd= standard deviatiorsem= std. error of the meadsfc = Areascalefractal complexityepLsar= exact proportion legth-scale anisotropy of reliefasfa: = Heterogeneity
of areascalefractal complexityon 81 cell§fv=Text ur al fi | | v ol umé(sea Scotet hl.e2006 fordetails)of 2 em; in Om
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Table 3.7Pairwise comparisons @olichopithecus nd ext ant <cercopithecids with both Phase | and |1 facet
above and below the black diagonal, respectively
Species Dolichopithecus Colobus Piliocolobus Semnopithecus Nasalis Presbytis Lophocebus Chlorocebus Erythrocebus
p P guereza badius entellus larvatus melalophos albigena aethiops patas
Facet I Il Il 1] Il | Il | Il | 1l | 1l
DO|ICTJ(;pIt|"IEC egﬁ:{gﬂ Smcf) egﬁ;‘jgﬂ Smcf) Smcf) Smcf) Smcf) Smcf) egﬁ:{gﬂ Smcf) Smcf) Smcf) Smcf) Smcf) Smcf) Smcf)
Colobus Asfo(+) Asfe(+) Asfe(+) Asfe(+)
guereza e'S)rers(;(:-_()) Sme(+) Asfc(+) Asfc(+) epLsar() Asfc(+) epLsa (i) Asfc(+)
i Asfc(+)
P “l? ;gil 3 S us e'S)rLT;c;;r_()) éf;cc(g)) Asfe(+) | Asfe(+) eﬁfsca(‘:()) Asfe(+) e’;’if;(‘:_()) Asfo(+)
Semnopithecu N
S emes(ia(r'()) Smc(+) Smcf)
entellus
Nasalis
larvatus Smc(+) Smc(+) epLsar(+) Smc(+)
rr'?cargslggﬂzs e,S)Eg:-()) Smc(+) Smcf) Asfc(i) epLsar() e/;\)SLfsca(\:'())
Lophocebus Asfc(i) Asfe(i) Asfc(i) Asfc(i) Asfc(i) ) ) Asfc(i) .
a|bigena Smc(+) Smc(+) epLsar(+) Smc(+) epLsar(+) Smc(+) Asfe(f) Asfe(f) epLsar(+) Asfe(r) Smef)
Chlorocebus | asfe() Sme(s) Asiet) | psiery | A0 | agte gf;‘é(('j) Smets)
aethiops Smc(+) epLsa(+) epLsar(+) epLsar(+)
Erythrocebus |  Asfc() Asfe(i) ! Asfe(i) . Asfe(f) Asfc(i) Asfe(f)
patas Smc(+) Smc(+) epLsar(+) Asfe(r) epLsar(+) Asfe(f) eﬁﬂ (;(:21) epLsar(+) Asfe(+) eﬁg‘;&l)

(i) and (+) indicate values that are either lower or higher, respectively, for species in colapared to the one in the row.
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having lower canplexity (Asfc) values (Fig. 3.32Dolichopithecushas higher values of scale
of maximal complexity (Smc) than all extant taxa compared here (Table 3.7).

The comparisons of complexity (Asfc) between species and dental facet types show
that all extant taxa anBolichopithecushave higher values on Phadefdcets Fig. S5A
Appendix 3.7, in support of previous works that incorporated both facet ffoegger et al.,
2008) This is not the same regarding anisotropy (epLsar). All taxa have higher values of
anisotropy in Phase | facets exceépblobusguereza Piliocolobus badius and Presbytis
melalophogFig. SB Appendix 3.7, which reflects that the slicing movementingportant
during the two masticatory phases liegif-eating monkeygWalker and Murray, 2011)
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Fig. 3.12 Bivariate plots (reans with 95% conf. interval) of complexity (Asfc) and anisotropy (epLsar)
on Phase | and Il (gen circles = African colobinegreen diamonds = Asian colobines; squares =
Cercopithecinestriangles = Papionins Dolichopithecug(red dot) is placed in an intermediate space
between highly folivorous species and more durophagous cercopithecids.
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When looking at the two dental facet typd3olichopithecusdiffers from both
specialized folivores and hard object feeders. This resutbmnsistent on both facet types,
although Phase Il seems to better discrimimbé¢ary differencegFig. 312), in support of
previous worksKrueger et al., 2008 he analysis revealed differences in complexity between
facet types (Table 3.5). As probably expected, the higher values are observed in Phase Il facets
(Fig. S Appendix 3.7. Be that ast may, in our case here the majority of the fossil sample
involved in dental microwear texture analysis derives fromdbality of Serrat d'en Vaquer
Perpignan (France). Earlier studies have shown that diet can vary betweenajfrthgpsame
species in different habitats at one time, thus not being representative of the species as a whole
(Chapman et al., 2002; Ganas &t, 2004; Vandercone et al., 2012)he variations of
complexity (Asfc) and anisotropy (epLsar) between fossiliferous localities can be informative
on this subjec(Fig. 313).
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Fig. 3.13 Variations of complexity (Asfc) and anisotropy (epLsar) within the fossil sample of
Dolichopithecushetween fossiliferous localities included here on Phase | and Il dental wear
facets. Individuals from some localities fall near the extreme limiitshe sample from
Perpignan, suggesting that diet camywbetween geography and time.
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Regarding Phase Il facets, for both complexity (Asfc) and anisotropy (epLsar) all
individuals from the rest of the fossiliferous localities (e.g Dorkovo, Megalo Emy®knevo,
Malusteni, and Vorog), fall within the range of the confidence interval of the fossil sample from
Serratd'en VaquerPerpignan The same applies to Phase | facets, although in this case
complexity (Asfc) values oftwo individuals, one from Dodvo and one from Megalo
Emvolon, marginally fall out of the range of the lower limit of the confidence intervleof
Perpignands sampl e. Hence, these individual s
in their diet before death. Nonethelesschsulifferences could be explained by regional,
geochronological, or even seasonal factors. Hopefully, additional fossil findings of
Dolichopithecusn other Pliocene fossil sites of Europe will endilkeireinvestigation.

3.5Discussion
3.5.1. What carteeth break down

The analyse reported here reveatlifferences between the dietary groups of
cercopithecids, supporting the efficiency of dental topographic analyses to investigate aspects
of dental morphology associated witiet

The fruit/seed eaters are separated from folivores, whereasixieel feedersare
intermediaely placed between the latter two categories. This could be suggestive of omnivores
lacking specialized features related to consumption of certain food resauniiles folivores
or fruit/seed eaters. However, it could also mean that omnivores posseks falatures
necessary to process a wide range of food items. The wider distribution of values of each
variable used here for the omnivore group more likely sstggihe lattefFig. 3.3, 3.4 3.5,

3.6). Yet,themixed feedingcategory here includes also latgediedrepresentatives, such the

Papio species, and larger primates may be able to process a wider range of food items,
regardless of the dental tools they possess. The involvement of other factors, such as muscle
recruitment and anatomy, bite force, relative dental size and food item sitde darger
primates to expand their dietary repertoire when needed.

The overall results of the dental topographic analysis suggesh&dtHNPni PRO1
fossil molardisplays a morphology that cagificiently processtough fibrous material like
leaves, asbserved in modern colobines, but it could also exploit a wide range of food resources
if needed. The high relief of MHNPRRO1 fossil M suggests that it would be able to process
and consume large quantities of young or mature leaves and other toughdootes. This
is evidenced by the comparisons (@if 35w relief
also by the high areaelative curvature (ARC) which places the fossil molar closer to folivorous
cercopithecidgFig, 3.6B).

The value of 3Delative enamel thickness (both 3DRE&&nd 3DRETe,) for the fossil
M1 suggests similarities with both folivorous and omnivorous cercopithecids (Fgwaile
the comparisons of absolute crown strength (ACS) separate the MIRRB# fossil M from
folivorous cercopithecids (Fig-@A, 3.8A). Previous comparisons of relative enamel thickness
and absolute crown strength between extant hominoids were not in total agreement with each
other(e.g.Schwartz et al., 2020}or instance, the relatively thin enamelGurilla compared
to Pongowas traditionally viewed as evidence of adaptations towards a diet composed mostly
of tough foliage for the former and haabject feeding for the teer (Martin, 1985) However,
Gorilla exhibited higher ACS thafongq suggesting an ability to exploit mechanically
challenging food resources and/or to withstand higher bite force, even though such resources
are representingnly a low portion of its diet(Tutin et al.,, 1997b; Rogers et al., 2004;
Constantio et al., 2012; Scott et al., 2018)n the other hand, a group of western gorillas in
Loango National Park (Gabon) were found to seasonally exploit se€dslafedulisfruit (van
Casteren et al., 2019 mechanically challenging resource that requires high tooth strength to
process. HoweveRongomay also exploit seeds, and its occlusal melaface exhibits many
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crenulationénrinkling, which could be adaptations to hard object feeding (e.g. stabilizing the
food items) and/or additional tools to process tough and fibrous &sodnces. YetGorilla

also displag crenulatedivrinkled cusps which could be adaptations towards the increased
consumption of foliageThat being said, ACS is affected by allomdi®ghwartz et al., 2020)

as evidenced also by its high correlation with 2D OES suffaable S4, Fig. S2Appendix

3.7). In the analysis heréACS suggests differences of MHNAHRRO1 fossil molar with extant
folivorous cercopithecids, which can be suggestive of consumption of mechanically
challenging food resources, at least seasan@ltythe other hand, @ould also just rééct a
difference in size, aBolichopithecuguscinensids possibly the largest colobine in this study

(22 kg average and 14 kg average for males and females respectively based on postcrania; 28
kg average and 17 kaveragefor malesandfemales respeately based on dentitioftaken

from Delson et al., (2000) followed by Semnopithecuentellus(20kg average and 15 kg
average for males and females respectively) [Masalislarvatus (19kg average and 9.5kg
average for males and females respectively)yBmdss data were taken from Delson et al.
2000). These observations further support previous notions that size can be an important factor
in feeding biologyKay, 1975; Gingerich, 1977; Wood, 189 7Gingerich et al., 1982possibly

by contributing to absolute crown strength.

The results presented heneconsistent with previous suggestions that the use of both
3D relative enamel thickness (3DRETand 3DRETe) and absolute crown strength (ACS)
can potentially be used together profitably to understand the evolution of toot{Scimiartz
et al., 2020) Nonetheless, this requires more investigation in other primate families as well.
The comparisos of metrics of curvature/sharpness (i.e ARC and DNE) are somewhat
ambiguous (Fig3.6, 3.10. While DNE seems not to be able to distinguish clearhong
dietary groups, ARC does so. has beersuggested that more folivorous taxa should have
higher vales of curvature than frugivoroustaxdJnhgar and M6 Kirera, 2003;
While thisis observed in both curvature estimates, DNE cannot clearly distinguish folivores
from omnivores (Fig3.6A). In this sense, ARC seems to be more efficient at discriminating
diet as it distinguishes all three dietary categories F&B). One basic difference between
DNE and ARC is that the latter metric differentiates between convexities and concavities (i.e.,
positive and negative curvatures), which might be important when investigating
curvature/sharpness in respect to diet, at ieas#rcopithecids. Hence, ARC seems to be quite
promising and requires more investigation in future dental topographic analyses. Results of
complexity (OPCR) are mordifficult to interpret as they indicate a high overlap between
dietary categories. TheRZLR value of MHNPHPRO1 fossil molar falls within the range of all
dietary categories, but more closely to folivorous species 38, Fig. 3.8B).

The linear discriminant analyses seem to satisfiigteeparate the dietary categories
although some ovkap exists The MHNPni PRO1 fossil M is placed out of the range of all
categories, beinglearly separated from fruit/seeghters and placed between folivores and
omnivores, but relatively closer to the latigfig. 3.11). Yet, size highly influences the
distribution of our comparative sample. This nsaggest a molar morphology different from
any modern colobine species investigated hanel may be indicativeof distinct/different
dietary niche Alternatively, it could suggest that the model here isaoobplete andhat it
needs further investigation withe addiion of otherextant cercopithecids, additional fossil
molars ofDolichopithecusruscinensis and if possible other fossil colobine species as well.
Regardless, a previous study has shown\lesopithecupentelicusvas also classified outside
of the range of extant cercopithecidswhich it was compareig. IV and Fig.lll in Thiery
et al., 2017a, b respectively), suggesting that extinct colobine monkeys might have distinct
dental topogragh features, possibly related to an ecological niche not foammbng
cercopithecids todayNevertheless, it could also mean tBatichopithecususcinensignight
not yet have acquired the adaptations or full specializations seen in extant colobine species

Notwithstanding all the above observations, there are few caveats to be aware of. First,
the present studipcuses orupper molars, while it has been shown that lower molars can be
informative about diet in other primate groy@oyer, 2008) Therefore, tassess the dental
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adaptations obolichopithecudn respect to diet, lower molars, should also be investigated in
the futue if possiblePosterior dentition asigdanteriorteeth(e.g.incisorg, and possibly hands,

are important during food processigidylander, 1975; Kupczik and Chattah, 20IMpreover,

the masticatory movemerasid chewing behavi@long with bite forceseem to be significant
during food comminution, as bite force may vary during chewing cycles, which depends also
on the mechanicalesistance of the food item and so may affect how food is processed
(Daegling and Mcgraw, 2001; Berthaume, 2016a; Dunham and Lambert, 2016)

Second, the chewing meches/feeding action involved in processing specific
mechanically challenging food resources seem to be important afThielty et al., 2017b)
For instance, some fallback resources, especially the staple ones, can play a major role in tooth
adaptation(Marshall ail Wrangham, 2007; Constantino and Wright, 2009; Lambert, 2009)
Therefore, it is possible® detect dental morphologies that are not adaptive responses to the
main feeding preferences, which further emphasizes the importance of food mechanical
properties as a factor of investigation. However, most studies on colobines do not report food
mechanical propertie@Vright et al., 2008; Susan Coir€opllier et al., 2016)assuming that
there is no difference between presamd past.

Third, the fossil sample consistsarfM* whereas the modern sample consists &.M
Nevertheless, in most cases cercopithecid first and second molars are not distinguishable from
each other when the same species is considered, as the dolysaoflifference between them
is in terms of size with no major differences in occlusal shape. Thisesniilat even if
differences may occur between tooth positions in some variables considered here, it is more
likely to influence variables already affedtby size. Even if that were the case, it is assumed
that differences would be expected to be minor as size vari®@iewious research Bunn
and Ungar (2009as shown that different tooth types should not be directly compared, at least
in cercopithecoidsas the values of some topographic metrics may vary betweand?. In
the latter study, variably worn Mand M were considered and ivas shown that wear can
significantly affect the values of son@pographicestimatesut notothers It is also shown
that variation in topography between taxa or between wear stages are not the satseafor M
they are for Ms. However, when the low wear stage is considered the values betwaead M
M?2 show no significant variation, at least in the invgstiéd colobine taxéBunn and Ungar,
2009) In our case, only unworn to minimally worn upper molar specimens com&dered,
thus removing the potential effect of wear on the analyzed variablggegisuslyexplained,
some differences between'nd M can be expected in estimates already influenced by size
(e.g., DNE, OPCR, ACS, 3DREJ, Fig. S14 Appendix 3.7, yet these differences are
probably subtle, and not significant at the (taxonomical) scale of our study. This is further
supported by preliminary comparisons between first and second lower molars of
Dolichopithecususcinensisrom Serratd'enVaquerPepignan which suggests no significant
variation when no and/or minimal wear is consider&lA( Plastiras personal data).
Notwithstanding the above, these observations do not affect our interpretations, as all the
affected metrics will probably have slighthigher values in the Mas shown by the positive
correlations with tooth size, except 3DRE,Twhich shows a negative correlation (Table S4
Appendix 3.7. Still, even if the values of 3DREJ are expected to be slightly lower on the
respective M of Dolichopithecususcinensisit will fall between the range of both folivorous
and omnivorous categories helevertheless, previous resealahe shown that the relative
enamel thicknessay vary even within the same tooth lo¢Macho, 1994; Shellis et al., 1998;
Schwartz, 2000; Kono, 2004; Smith et al., 2005, 2012; Olejniczak et al.,.2de8ge,
interpretations of relative enamel thickness should be treated with caution.

35.2. What did teeth break down

Early works in dental microwear texture analysis have shown that primates having
different feeding habits differ also in several texture parameters on Phase Il crushing facets
(Scott et al., 2005, 2006ndeed, species involved in folivory have lower complexity (Asfc)
and higher anisotropy (epLsahain primates foraging on fruits and seeds. Furthermore, the
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occurrence of outliers with high complexity among a population betrays a higher frequency of
hard food resourcédlerceronet al., 2009; Scott et al., 2013lternaively, some studies have
challenged this view in arguing that food material properties are not hard enough to abrade
enamel surfac@_ucas et al., 2013; Ackermans et al., 2020; van Casteren et al., Z828¢
authors instead suggest the ingestion of exoge
tooth wear(Madden, 2014)Other authors fed the debate by confirming (using in vitro testing)
that food objectsalthough softer than enamel, generate diffie wear traceéXia et al., 2018)
Although exogenous patrticles impact #reamel surface depending on their nature, density,
and shapéSchulzKornas et al., 2020xontrolledfood testing has shown that there is no need

to invoke dust to generate differences in tooth wear. When dust is considered, it does not
overwhel m the biotic signal, at | east consi der
known dust deposit similar tine Harmattan windblown in Western Afri¢ilerceron et al.,

2016; Sanson et al., 201'Besides, whe focusing on the present datasets, several pieces of
evidencesupportthat dental microwear reflects dietary habits rather than morphology or
amount of exogenous particles. For instance, among colobine monkeys, the most distinct
microwear texture differeres are not between arboreal and siemestrial species, such as
Colobus guerezaand Semnopithecugntellus but betweenColobus guerezaand Nasalis
larvatus the latter including a significantly higher amount of seeds and fruitstledormer

(Kool, 1993; Bennett, 1994; Yeager and Kool, 1994)e saméendencycan be seen among
cercopithecines, witth.ophocebusalbigeng which feeds mostly on fruits and seeds having
similar dental microwear textures on both dental wear facets types, whereas tterisstrial

and overall more omnivorou€hlorocebusaethiops showing higher microwear texture
variation between dental wetacet typeqFig. 3.12) When considering the int@opulation

scale with a large dataset of wild trapgddndrillus sphinx it has been shown that dental
microwear texture on both shearing and crushing molar facets reflect variations in diet between
seasas, age classes, agex(Percher et al., 2017There is no doubt that the processes behind
dental microwear formation @rcomplex and need further wotk be fully understood;
however, most datasets issued from wild popaoitetias well as in vitrand in vivo experiments
support the relation between texture and proportion of hard items in the dietary habits.

3.5.3. Thedietaryecology ofDolichopithecus

Our results suggest thddolichopithecusruscinensisfossil M* (MNHPri PRO1)
displays morphologyvhich suggests a masticatory capabittiat enableshe processingf
abrasive food items, toudibrous material which usually require longer time to process and
efficiently breakdown(i.e., ARC, o, LRFI , OP& Rnd 3DRER. 3DRET
Furthermore, its molar morphology suggest that it could withstasidtance to high stresses
related to ingestion of more mechanically challenging food resources (ACS, 3bRET
3DRETgeo). Moreover the dental microwear texturesblichopithecusndividuals from sites
in France, Bulgaria, Greece, and Romania and notably complexity (Asfc) and anisotropy
(epLsar), also indicates tHablichopithecudccupied an intermediate ecospace between highly
specialized folivorous colobines and dphagous cercopithecines.

The intermediate pattern in both molar topography and dental microwear texture
suggests thabDolichopithecusruscinensiscould potentiay enlarge its dietary niche by
incorporating other food resourcether tharthe preferred mes when needed. Comirig these
data with available evidence from postcranial morphalagyich indicates sersierrestrial
locomobr adaptationgrobust and long bones, short phalanges, and several aspects of the elbow
joint; [seeDelson 1973 for furthedetails), suggestthatthis extinctspeciesvas able t@xploit
both arboreal and terrestrial substratesvell agransit fromonemicro-habitat to another. This
may have influenced its ranging patterns and its biogeographic distribution. While leaf
consumption was presumably an integral parDofichopithecusdietary repertoire between
seasons, other food resources may have complemented its diet from a wide array of foods
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available in the arboreal and terrestrial substrates of each hahitgpicture seems not to be
anovelty in colobine ecology (Benefit, 2000; Reitz and Benefit, 2001; Jablonski et al., 2020).

Earlier Eurasian and African fossil colobirée. Mesopithecuspentelicus and
Cercopithecoidesvilliamsi respectively) representativeare also depicted as monkeys with
mixed arboreaterrestrial locomotor behavidiYoulatos and Koufos, 2010; Youlatos et al.,
2012; Frost et al., 201%nd opportunistic dietary habi(Codron et al., 2005; Fourie et al.,
2008; Merceron et al., 2009b; Williams and Geissler, 20&#ich futher suggests that early
colobine ecology was more diverse in terms of locomotor and dietary behavior than most extant
African and Asian representativékeakey, 1982; EFaatari et al., 2005; Hlusko, 2006;
Merceron et al., 2009b; Nakatsukasa et al., 2010; Youlatos et al., 2012; Geissler, 2013; Engle
et al., 2014; Frost et al., 2015; Pallas et al., 2019; Ji et al.,.2Zl02B), early colobine taxa were
probably able to inhabit various miehabitats in both Africa and Eurasia, by exploiting a wide
array of food resources and/or by targeting food resources that are not primarily preferred by
other sympatric primate specieschuas leaves. Leaves, young andfmature are usually
abundant in most habitats with tree cover and most of the time throughout the year. Hence, it is
plausible that folivory may haveepresented an adaptiaelvantage to withstand selective
ecological presures, such as scarcity of preferred resources, large or small scale environmental
changesndalso interspecific competition.

Interspecific and resource competition between colobines and cercopithecines has been
reported, particularly during some periods throughout the year when preferred food resources
are abundar{tyeager, 1989; Singh et al., 2011; Sterck and Steenbeek, 2012; Ruslin et al., 2019)
In order to coexist and reduce/avaiderspecificcompetition, symatric primates must find
ways to partition theniche they occupyMacKinnon and MacKinnon, 1980; Garber, 1987;
Ungar,1995; Grueter et al., 2018staras et al., 2011; Hadi et al., 201Rgrhaps interspecific
competition and the terms of coexistence with other sympatric prinfaseden, 2007)
influenced the colobine evolahary history more than previously thought. Colobines might
have coexisted with the latest hominoids for a short period of time in eastern Espagsov
et al ., 201 2; ,aBéughtere is ho emdurrence @ Blidcéne hominoids and
cercopithecids in Eurasia, except Shuitanffbiaina)and Maragheh (Iran) fossil siteshere
Mesopithecuswere likely sympatric withLufengpithecusand Sivapithecusrespectively
(Ataabadi et al., 2016; Suwa et al., 2016; Jablonski et al., 2BR2@ardless, colobines have co
existed with cercopithecines (i.e¢he genusMacacg in Europe. The earliest European
occurrence of botiMacaca and Mesopithecuss in the latest Miocene site of Moncucco
Torinese(Alba et al., 2014)but they are more commonly associated in several Pliocene
localities of EuropéEronen and Rook, 2004)

Usually, the underlying causes of the HHleistocene phylogenetic radiation of
cercopithecids, their biogeographical expansion, and ecological diversity, are attributed to
global climatic variations that took place latest Miocendearly Pliocene to Pleistocene
(Cerling et al., 1993, 1998;rWa, 1993; Frost, 2002; Jablonski, 2002; Bobe and Behrensmeyer,
2004) However, the cumulative effects of resource variations impacted by global climate
changes but amplified oerhpered by local and/or regional geomorphological context and
interspecifc competition when several species exploit the same héBitah, 2007; Macho,
2016) need to be considered more thoroughly.
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Fig. Sl Bivariate plot of2D occlusal enamel surface (OES 2D) 8D relative volumetric enamel
thickness(3DRETvo) between dietary categories includiftiHNPni PRO1fossil M1, Blue = Mixed
feedergq1: Papig 2: Mandrillus; 3: Cercopithecugampbellj 4: Chlorocebusaethiops 5: Erythrocebus
patag, Orange = Fruit/seed eaters (Lophocebuslbigeng 2: Cercocebugorquatus 3: Lophocebus
aterrimus 4: Cercopithecuddiana, 5: Cercopithecugpogonias 6: Cercopithecusnictitang Green =

Folivores (1:Colobuspolykomos2: Colobusguereza 3: Procolobusverus
Colobussatanas 6: Trachypithecusristatus 7: Semnopithecusntellus 8:

4: Piliocolobusbadius 5:
Nasalislarvatus ACS is

heavily influenced by size. MHNPRRO1 is situated closer to omnivores and fruit/seed eaters,

suggesting higher tooth strength than most extant colobines.
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Fig. S2 Bivariate plot of2D occlusal enamel surface (OES 2D) on absolute crown strength (ACS)
between dietary categories includidgHNPni PRO1 fossil M, Blue = Omnivores (1:Papio, 2:
Mandrillus, 3: Cercopithecusampbellj 4: Chlorocebusaethiops 5: Erythrocebuspatag, Orange =
Fruit/seed eaters (Iophocebusalbigeng 2: Cercocebustorquatus 3: Lophocebusaterrimus 4:
Cercopithecuddiana, 5: Cercopithecugpogonias 6: Cercopithecusiictitans Green = Folivores (1:
Colobus polykomos 2: Colobusguereza 3: Procolobusverus 4: Piliocolobus badius 5: Colobus
satanas 6: Trachypithecusristatus 7: Semnopithecusntellus 8: Nasalislarvatus ACS is heavily
influenced by size. MHNRPROL1 is situated closer to omnivores and fruit/seed eatergsgtirgghigher
tooth strength than most extant colobines.
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Fig. S3Bivariate plot of 2D occlusal enamel surface (OES 2D) on orientation patch count rotated (OPCR)
between dietary categories including MHNPRO1 fossil MY, Blue = Omnivores (1:Papio, 2:
Mandrillus, 3: Cercopithecusampbellj 4: Chlorocebusaethiops 5: Erythrocebuspatag, Orange =
Fruit/seed eaters (I ophocebusalbigeng 2: Cercocebustorquatus 3: Lophocebusaterrimus 4:
Cercopithecudliana, 5: Cercopithecugpogonias 6: Cercopithecusiictitans Green = Folivores (1:
Colobus polykomos 2: Colobusguereza 3: Procolobusverus 4: Piliocolobus badius 5: Colobus
satanas6: Trachypithecusristatus 7: Semnopithecusntellus 8: Nasalislarvatus OPCR exhibits high
overlap letween dietary categories suggesting low efficiency in discriminating diet in our sample.
MHNPni PRO1 exhibits similar values with folivores and fruit/seed eaters but is situated within
omnivores based on his size.
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Fig. S4 Bivariate plot of 2Docclusal enamel surface (OES 2D) on Dirichlet normal energy JDNE
between dietary categories including MHNPRO1 fossil MY, Blue = Omnivores (1:Papio, 2:
Mandrillus, 3: Cercopithecusampbellj 4: Chlorocebusaethiops 5: Erythrocebuspatag, Orange =
Fruit/seed eaters (1Lophocebusalbigeng 2: Cercocebustorquatus 3: Lophocebusaterrimus 4:
Cercopithecuddiana, 5: Cercopithecugpogonias 6: Cercopithecusiictitans Green = Folivores (1:
Colobus polykomos 2: Colobusguereza 3: Procolobusverus 4: Piliocolobus badius 5: Colobus
satanas6: Trachypithecugristatus 7: Semnopithecusntellus 8: Nasalislarvatus DNE exhibits high
overlap between dietary categories and it separates the largest omnivorous cercopRlapoidand
Mandrillus) from the rest of our sampl&HNPnN PRO1 is exhibits similar values with folivores but it
placed within omnivores based on its size.
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Table S1IEnamel thickness, crown strength and dental topographic vafiadleslata for modersampleof upper second molaedDolichopithecusupper first molat:

Species ID Institution 3DRETvol 3DRETgeo ACS LRFI & ARC DNE OPCR OES3D OES 2D
Cercocebus torquatus| 811 07i M1 44 RMCA 0.295 0.308 1.466 0.291 123.232 1.417 460.573 141.875 88.059 49.206
Cercopithecus diana Ccl PALEVOPRIM 0.229 0.227 1.177 0.294 123.306 1.484 271.495 91.125 49.801 27.672
Cercopithecus diana Cc2 PALEVOPRIM 0.295 0.296 1.298 0.297 122.427 1.454 275.994 87.875 48.705 26.884
Colobus guereza 1216 RMCA 0.192 0.167 1.375 0.349 119.584 1.873 511.233 145.875 95.35 47.476
Colobus guereza 3800 RMCA 0.208 0.195 1.368 | 0.321 120.654 1.804 368.015 12.75 76.618 4.332
Colobus polykomos 10307 RMCA 0.265 0.244 1.287 | 0.264 126.014 | 1.637 340.975 123.375 57.542 33.908
Colobus polykomos 10548 RMCA 0.206 0.194 1.291 | 0.319 121.873 | 1.819 421.911 128.125 74.443 39.346
Colobus polykomos 10602 RMCA 0.157 0.150 1.248 | 0.342 119.803 | 1.673 441.497 12.375 80.684 4.709
Colobus polykomos | 8107 M174 RMCA 0.189 0.178 1.352 | 0.329 120.004 1.706 388.484 101.875 79.992 41.396
Colobus polykomos 38158 RMCA 0.189 0.178 1.189 | 0.323 121.263 | 1.875 496.536 135.625 63.084 33.096
Lophocebus albigena | 83006 M276 RMCA 0.327 0.318 1.404 0.23 127.332 1.525 359.662 104.125 49.526 31.274
Lophocebus albigena 900343(1M'|' RMCA 0.338 0.318 1.633 0.27 124.923 1.552 461.065 114.625 71.77 41.831
Lophocebus albigena 900;021MT RMCA 0.333 0.314 1.634 0.26 125.815 1.553 393.931 107.375 70.98 42.236
Lophocebus albigena Ch4 PALEVOPRIM 0.321 0.328 1.701 0.21 130.679 1.264 233.94 102.25 76.931 50.561
Lophocebus aterrimus 14113 RMCA 0.362 0.343 1.403 0.259 125.357 1.628 451.067 134.5 53.429 31.798
Nasalis larvatus 5042 SMF 0.165 0.174 1.453 0.378 117.571 1.885 557.442 162.75 105.409 49.522
Procolobus verus 861 002 M48 RMCA 0.133 0.149 0.918 | 0.382 117.408 | 1.942 539.493 148.75 50.566 23.536
Procolobus verus 861 002 M34 RMCA 0.151 0.125 0.897 0.41 115.602 1.801 414.207 109.25 52.508 23.115
Procolobus verus 861 002 M50 RMCA 0.200 0.148 0.941 | 0.313 121.642 | 1.736 295.388 88.75 44.555 23.815
Semnopithecus entelluy 1964 1615 MNHN 0.230 0.202 1.317 0.317 121.695 1.685 351.854 113.125 67.651 35.906
Chlorocebus aethiops 1972 302 MNHN 0.262 0.233 1.047 0.334 121.473 1.602 370.557 113.25 41.298 21.155
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Chlorocebus aethiops | 1972328 MNHN 0.284 0.241 114 | 0353 | 119.975 | 1606 | 474058 | 1145 | 51036 | 25.186
Colobus satanas 33512 RMCA 0.206 0.186 1246 | 0351 | 118648 | 1.798 | 377.846 | 90375 | 71253 | 35.309
Erythrocebus patas 8629 RMCA 0.203 0.191 1.368 | 0315 | 121152 | 1.703 | 381.657 | 107.625 | 77.38 | 41.189
Papio anubis 80i fg"l'\""' RMCA 0.223 0.214 2659 | 0322 | 12052 | 1568 | 439389 | 132.875 | 247.963 | 130.242
Papio anubis c2 PALEVOPRIM 0.219 0.217 2372 | 0278 | 123007 | 1847 | 543301 | 19875 | 196231 | 11251
Papio anubis NV RMCA 0.199 0.215 2285 | 0201 | 13165 | 1.567 | 376.859 | 165.25 | 152.096 | 101.673
Papio hamadryas T RMCA 0.226 0.241 2704 | 028 | 123688 | 1.614 | 489.983 | 158.625 | 211.835 | 121.057
Trachypithecus cristatus 1085 SMF 0.191 0.199 1.259 0.328 120.159 1.741 408.08 118.875 66.377 34.462
Cercopithecus campbel| 8 022‘?' MT RMCA 0.167 0.179 1218 | 0338 | 119841 | 1.703 | 343609 | 91.125 | 67.647 34.43
Cercopithecus campbell 36280 RMCA 0.279 0.267 1214 | 0294 | 124186 | 146 | 319583 | 9575 | 47334 | 26315
Cercopithecus nictitans| 15650 RMCA 0.232 0.231 1076 | 0267 | 125737 | 1451 | 321576 | 9325 | 3933 | 23.062
Cercopithecus pogoniag 15595 RMCA 0.224 0.207 1.284 0.323 121.687 1.612 477.263 132.375 63.344 33.187
Cercopithecus pogoniaj 18273 RMCA 0.314 0.304 1289 | 0233 | 128787 | 1401 | 295574 | 1085 | 45548 | 28.607
Piliocolobus badius | 91i 060 M57 RMCA 0.184 0.171 1228 | 0403 | 116.188 | 1.857 | 510.659 | 141625 | 76.394 | 34.096
Piliocolobus badius | 91i 0601 M76 RMCA 0.180 0.166 1309 | 0389 | 116396 | 2.079 | 606.586 | 14875 | 91462 | 41.971
Piliocolobus badius | 83042 M77 RMCA 0.215 0.200 1322 | 0351 | 118836 | 1.813 | 456.921 | 124.125 | 73.75 | 36.564
Mandrillus leucophaeus 2002 105 RMCA 0.219 0.212 2204 | 0352 | 118.038 | 1.692 | 669.965 | 1690 | 196586 | 97.255
Mandrillus leucophaeus 1893 269 RMCA 0.185 0.241 2055 | 0278 | 123.855 | 1599 | 526.326 | 160875 | 116.258 | 66.709
Dor'lifsrl‘i’r?e“r']‘:i‘s’us M'F\,':gf" MHNPnN 0.244 0.212 1.796 | 0.343 | 118547 | 1.859 | 514.918 130.5 128.975 | 64.931

a3DRETw = 3D volumetric relative enamel thickness; 3DR&F 3D geometric relative enamel thickness; ACS = absolute crown strength; LRFI = relief index; ARC =
ared relative curvature; DNE = Dirichlet normal energy; OPCR = orientation petemt rotated; OES 3D = 3D occlusal enamel surface; ZIES 2D occlusal pamel
surface.
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Table SZRaw microwear datéor Dolichopithecusand modern specigs

Filename Species Institution Locality Asfc e()p()ll_(s)%r Tiv HAsfco HAsfcss | HAsfcs1 Smc
DORKOVOi DKV483i UM3i dex f4 D. ruscinensis NHMS Dorkovo 1.97 4.40 30697.4 0.11 0.23 0.31 25.11
DORKOVGi DKV483i UM3i dex f9 D. ruscinensis NHMS Dorkovo 1.48 0.30 27009.8 0.14 0.14 0.21 58.43
DORKOVOi DKV781 Im3i dex f5 D. ruscinensis NHMS Dorkovo 85.00 3.90 28886.8 0.49 0.60 0.68 15.50
DORKOVOi DKV781 Im3i dex f9 D. ruscinensis NHMS Dorkovo 3.20 2.80 51084.1 0.40 0.85 0.98 48.25
DORKOVOi DKV82i Im1i sini 5 D. ruscinensis NHMS Tenevo 0.20 3.80 26378.9 0.06 0.18 0.27 136.18
TENEVOI FM1739 Im2i dex f6 D. balcanicus sp.] NHMS Tenevo 0.31 3.20 41782.6 0.16 0.20 0.30 6.01
TENEVOi FM1739 Im2i dex f9 D. balcanicus sp.| NHMS Tenevo 0.38 2.20 57537.7 0.16 0.22 0.32 144.63
Dolichai Vorog1968 M2si gi fobis.sur D. ruscinensis T Vorog 1.36 1.80 53271.7 0.20 0.36 0.42 0.53
LGPUTI MEV1iIm2i sini f5 D. ruscinensis LGPUT Megalo Emvolo 0.61 5.90 2430.3 0.37 0.45 0.50 57.65
LGPUTI MEV1iIm2i sini f11 D. ruscinensis LGPUT Megalo Emvolo | 0.76 2.80 0 0.29 0.36 0.48 179.50
Malushteni 723 SM1i Im1s f11 D. ruscinensis UAIC ME T uHt ¢ 2.89 2.20 49882.9 0.21 0.34 0.51 0.42
Malushternii 723 SM1i Im1s f6 D. ruscinensis UAIC ML | u'Ht ¢ 2.15 1.70 27499.8 0.44 0.58 0.75 0.42
PERPIGNAN FSL40992 Im1idex f11 D. ruscinensis UCBL-1 Perpignan 1.42 4.40 21452.1 0.34 0.61 0.67 1.77
PERPIGNAN FSL40992 Im1i dex f6 D. ruscinensis UCBL-1 Perpignan 2.72 3.10 21055.5 0.32 0.51 0.62 9.72
PERPIGNAN FSL41045 Im2i sini f5 D. ruscinensis UCBL-1 Perpignan 2.05 3.10 4960.0 0.79 0.89 0.98 141.58
PERPIGNAN FSL41045% Im2i sini f9 D. ruscinensis UCBL-1 Perpignan 1.37 5.00 38004.3 0.40 0.50 0.63 142.50
PERPIGNAN FSL41288Im2i sini f6 D. ruscinensis UCBL-1 Perpignan 0.44 7.50 23537.6 1.70 2.17 3.46 89.31
PERPIGNAN FSL41288Im2i sini f9 D. ruscinensis UCBL-1 Perpignan 1.14 3.00 56432.2 0.27 0.40 0.49 39.03
PERPIGNAN FSL49993 UM2i sini f4 D. ruscinensis UCBL-1 Perpignan 0.66 0.90 34642.6 0.17 0.28 0.34 71.13
PERPIGNAN FSL49993 UM2i sini f9 D. ruscinensis UCBL-1 Perpignan 1.49 1.80 49484.8 0.25 0.37 0.41 53.53
PERPIGNAN FSL49994 UM3i sini f4 D. ruscinensis UCBL-1 Perpignan 2.56 2.20 15724.3 0.10 0.23 0.39 73.16
PERPIGNAN FSL49994 UM3i sini f9 D. ruscinensis UCBL-1 Perpignan 2.63 2.70 46246.9 0.30 0.38 0.49 33.88
PERPIGNAN FSL49998 Im3i sini f6 D. ruscinensis UCBL-1 Perpignan 2.56 1.80 48299.6 0.36 0.48 0.59 15.03
PERPIGNAN FSL49998 Im3i sini f9 D. ruscinensis UCBL-1 Perpignan 3.44 1.00 43279.8 1.00 0.83 1.20 63.74
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PERPIGNAN Ppl Im2i dex f5 D. ruscinensis MNHL Perpignan 0.84 4.20 37159.1 0.19 0.29 0.38 55.87
PERPIGNAN PpT Im2i dex f9 D. ruscinensis MNHL Perpignan 1.98 2.80 25581.2 0.59 0.65 0.86 175.92
PERPIGNAN Pp10 Im3i dex f6 D. ruscinensis MNHL Perpignan 1.40 2.60 47675.9 0.20 0.27 0.00 88.29
PERPIGNAN Pp11 Im2i dex f6 D. ruscinensis MNHL Perpignan 1.02 1.10 47333.9 0.14 0.25 0.38 142.88
PERPIGNAN Pp11 Im2i dex f9 D. ruscinensis MNHL Perpignan 3.67 2.60 18972.7 0.43 0.50 0.63 146.29
PERPIGNAN Pp13 UMSi sini f3 D. ruscinensis MNHL Perpignan 1.35 3.30 23556.0 0.35 0.48 0.63 166.55
PERPIGNAN Pp13 UM3i sini f9 D. ruscinensis MNHL Perpignan 1.21 3.10 54552.1 0.26 0.45 0.63 164.98
PERPIGNAN Pp28 Im3i sini f6 D. ruscinensis MNHL Perpignan 0.91 1.50 24406.4 0.32 0.33 0.35 10.24
PERPIGNAN Pp28 Im3i sini f9 D. ruscinensis MNHL Perpignan 2.38 0.90 39959.6 0.45 0.54 0.58 44.14
PERPIGNAN Pp29 Im3i sini f5 D. ruscinensis MNHL Perpignan 0.99 0.60 49989.9 0.28 0.40 0.51 123.13
PERPIGNAN Pp29 Im3i sini f9 D. ruscinensis MNHL Perpignan 1.53 4.30 31201.4 0.15 0.23 0.37 67.48
PERPIGNAN Pp3 Im3i sini f5 D. ruscinensis MNHL Perpignan 1.45 2.90 24621.9 0.32 0.39 0.58 155.82
PERPIGNAN Pp4 UM2i sini f3 D. ruscinensis MNHL Perpignan 0.84 1.90 44694.4 0.12 0.20 0.26 10.00
PERPIGNAN Pp4 UM2i sini f9 D. ruscinensis MNHL Perpignan 0.79 1.70 30787.5 0.20 0.28 0.42 121.47
PERPIGNAN Pp5 Im1i sini f5 D. ruscinensis MNHL Perpignan 2.98 3.70 38184.7 0.28 0.47 0.72 147.48
PERPIGNAN Pp5 Im1i sini f9 D. ruscinensis MNHL Perpignan 1.03 5.20 8207.3 0.33 0.51 0.89 16.59
PERPIGNAN PR34 UM2i dex f3 D. ruscinensis MNHP Perpignan 0.46 4.10 44407.1 0.10 0.26 0.32 25.25
PERPIGNAN PR34 UM2i dex f9 D. ruscinensis MNHP Perpignan 0.30 3.60 20464.9 0.27 0.32 0.38 109.72
PERPIGNAN PR36 UM3i sini f4 D. ruscinensis MNHP Perpignan 0.87 6.60 31863.8 0.23 0.40 0.44 56.27
PERPIGNAN PR36 UM3i sini f9 D. ruscinensis MNHP Perpignan 1.27 4.30 35829.2 0.20 0.29 0.39 175.51
PERPIGNAN PR39 Im2i sini f6 D. ruscinensis MNHP Perpignan 0.93 3.20 39516.2 0.15 0.28 0.33 33.37
PERPIGNAN PR39 Im2i sini f9 D. ruscinensis MNHP Perpignan 1.89 1.10 41208.8 0.21 0.42 0.54 122.92
Dolichai C4i nn1i M2i cfbis D. ruscinensis MNHP Perpignan 1.43 3.00 45745.0 0.15 0.27 0.44 0.30
Dolichai MNHNT 843Vi M2ii f12 D. ruscinensis MNHN Perpignan 1.87 3.50 40841.9 0.47 0.52 0.94 0.21
Dolichai PerpignanPR38 Im2i f11 D. ruscinensis MNHP Perpignan 221 2.90 45139.9 0.25 0.38 0.43 0.13
Dolichai Pp31biskbM2si cfbis D. ruscinensis MNHL Perpignan 2.27 1.40 46270.6 0.13 0.24 0.31 0.53
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Dolichoi C3i Pp11 M2i f9 D. ruscinensis MNHL Perpignan 2.63 1.00 38417.9 0.19 0.33 0.43 0.53

Dolichaoi C3i Pp11 M2i sf D. ruscinensis MNHL Perpignan 3.03 5.90 62394.7 1.01 1.03 1.07 0.13

a Asfc = Areascale fractal complexity; epLsar = exact proportion lerggtile anisotropy aklief, Smc = scale of maximal complexity, Hagfgs:= heterogeneity of area
scale fractal amplexity on 9, 36 and 81 cell.




Table S Phylogenetic generalized least squares (PGldBjelatiors betweerdental topographic, enamel thickness and tooth crown strgagébles pairs of variables that

are significantly correlated aie bold, U= 0.052
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Variables Lambda pi value Slope Std.er. ti value AIC logL BIC Multiple R 2 Adjusted R?
RETged Inclination 0 <0.05 7.490 1.371 5.46 519.00 11.99 517.909 0.623 0.602
RETwil Inclination 0 <0.05 6.829 1.399 4.878 519.093 11.546 517.101 0.569 0.545
LRFIi Inclination 0.391 <0.05 55.271 0.268 519.64 592.688 48.344 5 90.697 0.955 0.952
ARCI Inclination 0.499 <0.05 52.568 0.647 5 3.967 5 58.445 31.222 5 56.453 0.466 0.436

OES2Di ACS 1 <0.05 1.981 0.167 11.856 515.104 9.552 513.113 0.886 0.880
OES2Di OPCR 0 <0.05 1.945 0.375 5.185 14.152 55.076 16.143 0.599 0.576
OES2Di DNE 0.083 <0.05 1.772 0.463 3.825 20.093 58.046 22.084 0.448 0.417
OES2Di RETvl 1 <0.05 51.408 0.473 52.977 20.399 58.199 22.391 0.330 0.292
RETged LRFI 0 <0.05 51.388 0.244 35.67 520.856 12.428 518.865 0.641 0.621
RETwoll LRFI 0 <0.05 51.228 0.261 54.701 518.264 11.132 516.273 0.551 0.526
RETvoil RETgeo 0.95 <0.05 1.036 0.09 11.416 549.848 26.924 5 47.857 0.878 0.871
DNEi OPCR 0.127 <0.05 0.846 0.101 8.334 538.742 21.371 336.70 0.794 0.782
OPCRACS 0.102 <0.05 0.525 0.135 3.879 517.084 10.542 5 15.092 0.455 0.421
ARCi RFI 0.611 <0.05 0.490 0.122 3.989 3 58.800 31.400 5 56.809 0.469 0.439
RETvoli ACS 1 <0.05 50.401 0.178 52.248 512.415 8.207 510.423 0.219 0.175
DNEi ACS 0.493 <0.05 0.366 0.163 2.237 513.135 8.567 511.144 0.217 0.174
ARCIi RETgeo 0.161 <0.05 50.281 0.062 54.501 557.963 30.981 555.971 0.529 0.503
LRFIi DNE 1 <0.05 0.239 0.093 2.551 539.511 21.755 537.5D 0.265 0.224
ARCi RETol 0.376 <0.05 50.221 0.072 5 3.046 553.555 28.777 551.563 0.340 0.303
ARCi DNE 0.796 <0.05 0.216 0.077 2.794 352.946 28.473 550.955 0.302 0.263
OES2Di RETgeo 0.992 0.068 51.126 0.58 51.94 24.478 510.239 26.469 0.172 0.127
OES2Di Inclination 0.948 0.356 55.346 5.653 50.945 27.358 511.679 29.39 0.047 -0.005
DNEi Inclination 0.706 0.063 54.173 2.112 51.975 512.401 8.200 510.410 0.178 0.132
OPCR Inclination 0.663 0.455 51.833 2.402 50.763 57.064 5.532 55.072 0.031 -0.022
OES2Di ARC 0.938 0.525 0.905 1.399 0.646 27.934 511.967 29.925 0.022 -0.031
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OES2Di LRFI 0.961 0.493 0.779 1.115 0.698 27.723 511.816 29.715 0.026 -0.027
ACSI Inclination 0.963 0.789 30.734 2.704 30.271 51.798 2.899 0.193 0.004 -0.051
RETvwll DNE 0.685 0.18 5 0.321 0.23 5 1.395 59.351 6.675 8 7.359 0.097 0.047
RETwil OPCR 0.719 0.241 5 0.268 0.221 51.211 5 8.909 6.454 3 6.917 0.075 0.023
RETged ACS 0.980 0.221 80.222 0.175 51.264 513.388 8.694 3 11.396 0.081 0.030
RETged DNE 0.899 0.447 50.163 0.21 30.776 512.193 8.096 510.201 0.032 -0.021
ARCi OPCR 0.766 0.076 0.1 0.08 1.877 349.40 26.735 3 47.478 - -
RETged OPCR 0.925 0.545 50.121 0.197 3 0.615 512.053 8.026 310.061 0.020 -0.033
LRFITOPCR 0.934 0.369 0.100 0.109 0.919 5 35.538 19.769 8 33.547 0.044 -0.008
ARCi ACS 0.676 0.569 0.042 0.073 0.579 8 46.503 25.251 3 44.512 0.018 -0.036
LRFITACS 0.916 0.977 0.003 0.102 0.029 5 34.644 19.322 3 32.652 0.0000476 -0.055

aPagel 6 s L ansasuleaof phylogeneticasign&lope = an estimate that relates the two variables being regressed, values above 1.0 indicate that assumptions of
Brownian motion are incorrect; std.er = standard error; AIC = Akaike informationienifdrogL = Log likelihood; BIC = Bayesian information criterid®? =
Determination coefficient (highevalues of Rindicate stronger correlation, i.e. less dispersion of values)
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Chapter 4. Investigating the niche partitioning among
European Pliocene colobines

4.1 Introduction

Mesopithecuss the earliest of at least four genera of cercopithecoids in Europe (e.g.
MesopithecugDolichopithecusParadolichopithecusMacacg ranging from théate Miocene
until earlies Pleistocene timg@ndrews et al., 1996Mesopithecuss a widely distributed and
welli studied medium sized colobine monkey genus that inhabited Eurasia, with its oldest
occurrence traced back to early Turolian of Gré&aeifos, 2009, 2016)An older occurrence
is documented (based on an isolated premolar) in the Vallesian locality of Wissberg (Germany),
but its origin has been questiongéindrews et al., 1996)it is best known from the large
collection of Pikermi fossil assemblage (Athens, Greece), but has also been recognized in many
Late Miocene and Pliocene sites throughout Europe and southwester(Mkseet al., 2015;
de Boniset al., 1990; Heintz et al., 1981; Jablonski et al., 2020; Khan et al., 2020; Koufos et
al., 2003)

The genusMesopithecusncludes at least four speciebtesopithecuspentelicus
Mesopithecusnonspessulanudlesopithecusivalensis andMesopithecus elsoni (Koufos,
2019) However, there is a disagreement regarding the taxonomic status of the latter fossil
specieqe.g.Andrews et al., 1996; Delson, 1994; Rook, 1999; Szalay & Delson, 1979; Zapfe,
1991) with some supporting the specific distinction for this somewhat larger specges
Koufos et al., 2003)while others provisionally distinguish it as a subspeciesNigopithecus
penteicus delsonj Alba et al., 2015), at least until a thorough revision of the genus is
undertakenkurthermore, various intermediate forh@/e been recogniz€¢8zalay and Delson,
1979; Ardito and Mottura, 1987; Gentili et al., 1998; Koufos, 288 references thergjn
while often considered as successilieoncspecies of a single phyletic linea(#elson et al.,
2005; Koufos, 2009a)Based on palaeobiogeographical criteridoser relationship of
Mesopithecusvith the Asian colobines kabeen suggestd®elson, 1973; Szalay and Delson,
1979) whereasdtercladisticsanalyses imply howeveclose relationships with the Asian odd
nosed monkeys, especialBygathrix (Jablonski, 19982009. Nevertheless, there is still
uncertainty regarding the phylogenetic position of the géfesopithecusas the most recent
available evidence is consistent witesopitlecusbeing a stem colobine (Frost et al., 2015;
Alba et al., 2015b).

The genudMesopithecusppeared during a period of warm and dry climate conditions
in the Mediterranean area. Its presumed Btamestrial labits promoted theirdispersionin
Eurasiaand facilitated its survival in the more open and/or mixed habitats of that (Brialdy
and Delson, 1979; Youlatos et al., 20Mgsopithecusmonspessulanus the youngest species
of this genus in Europe first discoveréd the Lower Pliocene (MN 14, 53.2 Ma)
fossiliferous locality of Montpelllier (France), and later recognized in some other localities of
Europe(see Fig. IX in Koufos, 2019)This species was originally assigned to the genus
Semnopithecu®.g.Semnopithecusmionspessulaniisbut now it is widely accepted that shows
sufficient similarity with Mesopitheas pentelicusto be considered congeneligzalay and
Delson, 1979) Unlike Mesopithecugentelicus the overall fossil material for thisoverall
smallerspeciess very limited(Delson, 1973; Delson et al., 2005; Koufos, 2019; Pradella &
Rook, 2007; Rook, 1999)ts earliest kawn occurrence is recorded in the fossiliferous locality
of Dytiko (Axios Valley, northwestern Macedonia, Greeda)ed around latest Mioce(e. G
6.0 Ma), along with other intermediate forms betwedesopithecuspentelicus and
Mesopithecusnonspessulanugle Bonis et al., 1990; Koufos, 2009@his observation along
with most recent pieces of evidengéufos, 2019) strengthen the hypothestgatthese two
speciedriefly coexistede.g. Delson et al., 2005)he last known occumee ofMesopithecus
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monspessulanus Europecomes fromthe Early Villafranchian (MN 17), based on an isolated
M2 crown from Red Crag site in England. Nevertheless, the possibilignopling bia®f the
specimen with the Red Crag fossil assemblage cdrenajectedDelson 1973) Thus for the

time beingit is saferto assume thahe latest occurrencef this speciess documented in the
early Villafranchian faua | assembl ag eAstoFornadd (RDBm nartawestean d 6
Italy (Gentili et al., 1998; Rook, 1999)

The limited ecological information fokMesopithecusnonspessulanuderives from
analysis of postcranial morphology, ahds been briefly discussed by someeagshers
(Ciochon, 1993; Delson, 1994; Szalay & Delson, 1979; see also Youlatos & Koufos, 2010)
These interpretations depict a srefled gracile cercopithecid, thisome postcranial features
indicating less terrestrial locomotor habits than its predecdgssiopithecuspentelicus
presumably associated with a more arboreal njBleson, 1994)In addition,Mesopithecus
monspessulanus sometimedound associated with other cercopithecid remains, belonging
either to the genudlacacaand/orDolichopithecusthus not excluding the possibility of living
in the same place and time as they surely overlapped in geographic distribution and
chronostratigrghic ranggsee Tabld in Eronen & Rook, 2004)n order to coexist and/or to
avoid competition, pmate species can undergo behavioral but also anatomical changes
(Macho, 2016)Competition for space and resources can influence the behavior and ecology of
organisms in a wide range of ecological communitiésndercone, 2011)Still, the broader
effect/role of interspecific compeitin in primate communities is relatively unclear. In any
case little is known about Ewsianfossil primate paleoecologiput seeEronen and Rook,
2004; Sukselainen et al., 2015; DeMiguel et al., 2@2t)the role of intespecifimompetition
as it is difficult to evaluate even in extant primaommunities, not to mention the fossil record.
This is mostly due to the scarcity of fossil matealnmonlydistributed in several institutions
throughout Europthatmakes it difficult b study.

To extendour understanding of Eurasian fossil primate paleoecoldny present
chapteraims toa) explore the dietary ecology d#lesopithecusmonspessulanysand b)
investigatethe potential effects of niche partitioning with its contemporarg sometimes
sympatric European fossil colobi&lichopithecusruscinensis by quantifying its enamel
thickness analogies andrdal microwear texture patterriBvo approaches have been followed
for enamel thickness investigatiors), upper molar comparisons focusing on a fossil M
(DKV480) assignedto Mesopithecus monspessulanfiem the fossil site of Dorkovo
(Bulgaria),includingalsoavailable data for mode taxa found in the literature) lower molar
comparisondetween moder and fossil taxaising available fossil lower molar materizfi
Mesopithecus monspessulararsd Dolichopithecus ruscinensidollowed by a qualitative
assessment of emeel distribution on lower molar&.g. M. and M) between the two fossil
taxa. Lastlydertal microwear texture analysis used as a proxy to make inferences about the
feeding behavior dilesopithecus monspessulamunsDolichopithecus ruscinensis

4.2 Material
4.2.1. Enamel thickness

The fossil upper molar material Mesopithecusnonspessulanusonsists ofan M3
(DKV480) from the locality of Dorkovo in BulgariéDelson et al., 2005nd it is housed in
Natural History Museum of Sofia (Tabfel). The modern comparative material consists of
eight cercopithecid genera from published data found intdrature(see Table Il in Beaudet
et al., 2016)and specimens archived MorphoSurce.orgdigital drepositorysee Tablet.2
and Table S1 Appendix 4.7or details). The fossil lower molar material fistesopithecus
monspessulanunsists of an Mand M from a mandibular specimen (UM 4048re given
asUM 4001 in Delson, 197%3rom the fossil site of Montpellie€CelleneuvgFrance, and it is
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housed in the Institute of Sciencetd ® v o ldauMontpeliier (EEM). The fossil specimen is
in good condition, and lielongs to demale juvenile individual witlan eruptedviz on the left
side the right M, both ramias well aghe inci®rs and canines are missifigelson, 1973)

The fossil lower mtar materialof Dolichopithecusonsists of an isolatdd, foundin
the fossilife o u s | ocal ity querPerpigram (Frarice)andbaeM fro ahe
mandibular specimen found in Megalo Emvolon (Greece). The specimens are hothsed in
Mu s e um cONdturelle Bearpignan (France) and Museum of GeeRajgontology
Paleoanthropology of Aristotle University of Thessaloniki (Greece) respectiMatymodern
comparative material consists @total of 13 molars (nine Mand four M) from six extant
cercopithecid generaand are housed in the Laboratory Paleontology Evolution
Pal eoecosystems Paleoprimatol ogy, University o
National d'Histoire Naturelle, Paris (France) and the American Museum of Natural History,
NewYork (United Statesf Americg (Table4,24.3). All fossil and extanmaterialusedn this
chaptelis summarized in Table S1 Appendix 4.7.

Table4.1 Description and linear measurements of the fossil material.

Taxon Locality ID Tooth Wear Linear measurements
grade?
AW (mm) | L (mm) AW/L
Me. monspessulanus | Dorkovo DKV480 | M3sin 1B 7.271 7.583 0.958
Me. monspessulanus | Montpellier | UM4043 | Mzsin 1B 5.607 7.143 0.784
UM4043 | Mssin 0 5.692 8.887 0.640
D. ruscinensis Perpignan Mgggg' Mz sin 4B 7.796 11.005 0.708
. . Megalo - M3
D. ruscinensis Emvolon MEVI 1 dex 1B 8.128 11.612 0.699

aWear grades following the scoring system of Delson (1973).

Table4.2 Three dimensionadverage and relative enamel thicknessMesopithecusnonspessulanus
(DKV480) andmodern sample of R

Fossil taxa Specimen 3DAETvo (mm) | 3DRETvol Source
Me. monspessulanug DKV480 mean 0.7 16.52 This study
range T T
Extant taxa?
Papio(n=4) mean 1.1 18.2 Beaudet et al. 201§
range 1.011.2 17.318.8
Lophocebugn = 3) mean 0.69 18.7 Beaudet et al. 201§
range 0.68 0.7 18.319.3
Mandrillus (n = 1) mean 0.8 13.4 Beaudet et al. 201§
range T T
Macaca(n = 2) mean 0.75 15.8 Beaudet et al. 201§
range 0.710.8 151 16.7
Chlorocebugn=4) mean 0.5 14.3 Beaudet et al. 201§
range 0.410.6 11.59 16
Colobus(n = 2) mean 0.65 16 Beaudet et al. 201§
range 0.6/ 0.7 143 17.7
Cercocebugn = 3) mean 0.8 17.4 Beaudet et al. 201§
range 0.710.9 15.9'19.1
Nasalis(n = 2) ﬁmmnmggﬁg mean 0.65 15.88 MorphoSurce.org
range 0.611 0.69 13.917.8
Cercocebugn = 1) AMNH:M:70063 mean 1.05 20.62 MorphoSurce.org

a/alues for allextant taxaexceptthe oneslownloadedrom MorphoSurce.org are taken fronTable
Il in Beaudet et al2016)
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Table4.3 3D average and relative enamel thickness for fossil and extant sample of loweftolars

Fossil taxa ID Tooth | Wear grade® | 3DAETvo(mm) 3DRETvol
MA mibhs@Bssulanus UM4043 M2 1B 0.60 14.54
: P UM4043 M3 0 0.64 15.66
D. ruscinensis MHNPi PR39 M2 4B 0.64 10.99
’ MEVT 1 M3 0 0.94 17.28
Extant taxa
Lophocebugn = 2) AMNH:M:52613 M2 1B 0.80r 0.81 22351 21.94
AMNHM:52607 |\, 1B 0.88i 0.89 24.672301
_ N - M2 0 1.05 21.09
Cercocebugn=1) AMNH:M:70063 Ma 0 111 0.30
. _ 2002 105 "
Mandrillus (n = 2) 1893 269 M2 2B 0.8910.91 12.26 15.03
_ 1972 302 ) .
Chlorocebugn = 2) 1972 328 M2 2B 0.450.52 15321 15.89
Colobus(n=1) 1969 388 M2 0 0.56 12.86
. _ - M2 3B 0.39 13.47
Semnopithecugr=1) | AMNH:M:90328 M3 0 0.40 1433

a83DAETw = 3D volumetric average enamel thickne8®RET,o = 3D volunetric relative enamel
thickness®Wear grades following the scoring system of Delson (1973).

4.2.1. Dentamicroweartextureanalysis

The fossil material used for dental microwear texture analysis consists of a total of 10
specimens foMMesopithecusnonspessulanuand 2 of Dolichopithecus All fossil dental
material for theDolichopithecugseeprevious chapter for material and fossil sites or Table S2
Appendix 3.7, 4.7). The fossil material oMesopithecusnonspessulanuaas found in the
fossiliferous localities of Montpellier (Franae=6 ) , Vi | | af r ang2),dorkoGoA s t i
(Bulgaria,n = 1), Dytiko-2 (Greecen = 1). The hosting institutions of the fossil material are
given in Table4.4. The modern comparative material usedthe analysis here consists of the
same species and inviduals usedthe previous chdpr (see section 3.2.1 and Table S2
Appendix 3.7)

Table 44 Dental microwear fossil sample and the respective fossilifeomadifies and host institutiofis

Taxon Locality Epoch n2 References Institutions
. . Eronen and .
Me. monspessulanug Montpellier E. Pliocene 6 Rook, 2004 ISEM, UCBLI 1
. . Pradella and
Me. monspessulanug Vi | | afr a L. Pliocene 2 Rook, 2007 NHMB
Me. monspessulanug Dorkovo E. Pliocene 1 Delsé%rz)gt al., NHMS
de Bonis et al.,
Me. monspessulanug Dytiko latestMiocene | 1 1990; Koufos, LGPUT
2009b, 2009a
De p ® B8t .
D. ruscinensis Va iee;l. I;err ?r:an E. Pliocene 16 Eronen and MqNI\F;l’NUSELI
q P9 Rook, 2004 ’
D. ruscinensis Dorkovo E. Pliocene 3 Delsé%régt al., NHMS
D. ruscinensis Megalo Emvolon E. Pliocene 1 Kou;c;sgtlet al, LGPUT
. . , . Eronen and
D. ruscinensis Mt | u'Ht ¢ E.Pliocene 1 Rook, 2004 UAIC
D. ruscinensis Taraclia L. Pliocene 1 T ASM
. . Spassov and
D. balcanicus Tenevo E. Pliocene 1 Geraads, 2007 NHMS

an = number of individuals.

(1t
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4.3 Data acquisition and statistical analysis
4.3.1.Enamel thickness

In this chapter e-CT scan specimens with various scan resolutions mehededto
expand the comparative modern sangbl®®, M, and Ms, as most of the available comparative
sample consisted of Msee section 2.2). The fossil molars from Brkovo (DKV480),Serrat
d 6 e mueAParpignan MIHNPni PR39) and Megalo Emvolon (MEV1), along with the
lower molars fromMandrillus, Chlorocebusand Colobus werescanned using EasyTom XL
duoe-CT (Plateforme PLATINA, PALEVOPRIM) in the University of PoitigffSrance) with
voxel size rangindpetweer9.2 to 40.1 em. The fossil spemen from Montpellier (UM 4043)
is housed in the University of Montpellier and vggsanned using the sameCT system as the
rest of the fossil specimengith a resolution of 264 em. The ¢-CT scan file was kindly
provided bythel nst i t ut des Sci enc e s(ISEMyforlthe gunpaséswft i on de
thisdissertationTechnical details concerning each specimen taken from the litenarenot
available(but see Tablé in Beaudet et al., 2016The modern specimens downloaded from
MorphoSurce.orgdigital repositorywere scanned usingsing GE phenix v tome xs240
housedn the American Museum of Natural History (AMNHyith voxel size rangingetween
52.2t0 117.9em (see Table SAppendix 4.7 for details

Three variables were measured in each molar specimen fovehal crown portion:
volume of the enamel cap (EVOL, Mnvolume of the coronal dentine that includes the
coronal aspect of the pulp chamber (VCDP, 3nrand the surface of the enaiidntine
junction (EDJS, mr). Then, two indices of enamel thickness were computed: 3D gerera
enamel thickness (3DAEJ, mm) calculated as the ratio between the enamel volume and
enameldentine junction surface area (EVOL/EDJS), and 3D relative enamel thickness
(3DRET,0)) obtained through the ratio of 3D average enamel thickness and theantlitthe
volume of coronal dentine multiplied by one hundred (3DAK{VCDP)¥?)*100), allowing
direct and scaldree comparisonéKono, 2004; Olejniczak et al., 200Breviousy published
studies have shown that intra/iritebserver tests for measurement accuracy run by more than
one observer using a similar analytical protocol revealed ditfeseless than 5¢Bondioli et
al., 2010; Zanolli et al., 2014Furthermore, the 3D enamel distribution across fosssl &hd
Mss of Mesopithecus monsgsulanusand Dolichopithecus ruscinensiwas illustrated for
gualitative assessment. This was achieved by computing the distances between the occlusal and
the enaméldentine junction surfaces using available tqol&8 Di st ance movMdul ed) on
7.0. In order to qualitatively characterize the overall differences in enamel distribution, all fossil
molar specimens retained their actual sizith a scale ranging from zero to maximal values of
enamel given independently for each specimen. The values of e@itiemeasuredor each
specimeranalyzedare summarized in Tab&l Appendix 4.7

4.32. Dentalmicroweartextureanalysis

The dental microwear texture analysis in this chapter includes the same sample of
modern species given on the previous chajterChapter 3). However, here onhdividuals
were chosemwith both dental facet types available (i.e. Phase | and Il), whereas the fossil
sample of Dolichopithecusruscinensisand Mesopithecusmonspessulanuslso includes
individuals with a single dental facet type available texpand the fossikample size.
Nevertheless, theariationin the mean values of the microwear textpaegametes analyzed
heremay be considered nesignificant (see Table 3.2 and Table 4Al) dental facets were
scannedwi t h 6 TRI DENTO6 Lei ca Mi cl obgectiwtheused in DCM8  wi
PALEVOPRIM, University of Poitiers (Francefour variables are used here to characterize
microwear surface texturéScott et al., 2006 omplexity @Asfc; no unit), heterogeneityasfc
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with 81 cells; no unit), anisotropgglLsarat 1. 8 & m; no unitJyfvahnd
the scale ®%»f 2 em; in Om

Prior to the analysisll texture variables were baox transformed to avoid normality
assumption violations in parametric te@®nover and Iman, 1981)o explore variations of
microwearvariables two KruskalWallis tests were performed, one for each dental wear facet
type, with speciesas factor followed by pairwise comparisonith Bonferroni adjustment.
Computations were carried out usiBgSS v22 (IBM Corp, 2013pndR v. 3.6 (Team, 2013)

4 AResults
4 4.1. Enamel thickness

Estimates of the whole crown enamel tissue proportions for the upper third and lower
molar comparisons among fossil and extant taxa are shown in Z.ad@d Tablet.3 while
values of all variables measured are given in Tablagindix 4.7 The value o8D average
(volumetric) enamel thickness (SDAR places DKV480 closer to colobinés.g. Nasalis
andColobug, but also near tMacacaand the lower extreme @fercocebusange(Fig. 4.1A).

The scaldree 3D relative (volumetric) enamel thickndS®RET,.) value places DKV480
within the range of/alues ofNasalis ColobusandMacaca being alsmearto the lower and
higher extreme of valuder CercocebusandChlorocebusespectively (Fig4.1B).

Concerning lower molars, 3DAEJd of Mzs shows that bothMesopithecus
monspessulanuand Dolichopithecus ruscinensiwmolar specimens (UM043 andVIHNPni
PR39 respectively) have similar values (Fi2A), although Dolichopithecusruscinensis
appearsto display slightly higher values Both fossil taxa have higher values than
Semnopithecy€olobus Chlorocebusnd lower thatophocebusCercocebuandMandrillus
(Fig. 4.2A). TheMss of all fossil and extantaxa have higheBDAET.. than thé respective
Mzs (Fig. 4.2A). The comparisons &DRET,, reveal thathe M, of UM 4043 exhibits slightly
highervaluethan the extant extant colobine taieag. Semnopithecuand Colobug, whereas
MHNPHi PR39 exhibits the lowest value in our samgleig. 4.2B). The comparisons of
3DRET of the available Ms among fossil and extaritaxa show asimilar patternwith
3DAET.0, with the exception ofCercocebusMsz which shows lower3DRET. than its
respective M

The enamel distribution maps of fossil lower molarMetopithecus monspessulanus
andDolichopithecs ruscinensisre shown in Fig4.3. The comparisons indicate that in both
molar types the two fossil taxa exhibit differences in their enamel distribptidterns
MesopithecusonspessulandsssilM2 (UM 4043) exhibits more unevenly distributed enamel
with the thickest parts (red values) being located on the bsicieadf the molar, on mesial and
distal shelves and along the transeeand longitudinal shearing crests, whereas it exhibits
intermediate vales of (yellow to green values) enamel acribss mesial, trigon and distal
foveas.The enamel distribution pattern Bolichopithecus ruscinensi®ssil M? (MHNPrii
PR39)indicatesmore evenly distributed enamel with the thickest parts being on the molar
cusps, more specifically on the hypoconid and entoconid, and along the transverse and
longitudinal shearing crests which are very well defined. Moreover, it exhibits thin values of
enamel acrosghe mesial and distal fovedgreen to blue values). Concergitower third
molars Mesopithecusmonspessulanufossil molar (UM 4043) exhibits overall the same
pattern as seen in its respective, Met in this case thick values are distributed on the
hypoconulid. Likewise, the fossil #f DolichopithecususcinensigMEVi 1) follows similar
pattern of enamel distribution as seen in the fossi{NMHNPi PR39), yet in this case thick
values aralistributed on the hypoconulid.

text L
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A) UM4043

0.8
0

B) MEV-1 PR39

0

5mm

0
Fig. 4.3 Enamel distribution maps in occlusal view of Ehd M; of | ) Mesopithecusnonspessulanus
specimen from Montpellieanddj Dolichopithecususcinensisspecimens from Megalo Emvolon and
PerpignanTopographic thickness variatiemrendered by a color scale ranging from thinneridate
to thicker red and for convenience purposes all molars were oriented the same way. Because of variation

in enamel thickness values between fossil species, a specific color scale is attribatgddpeeimen
(values in mm).

4.4.2. Dentalmicroweartextureanalysis

The KruskalWallis testdetectedsignificant differences in texture variables between
species in both dental facet types (Tah!®). There are marked differences in microwear
textures between colobines and cercopithecines in both dental facet types indicating their
overalldifferences in dietary preferencg@sable4.6,4.7).

ConcenringPhase 1l dental facets, significant differeaare revealed in the values of
complexity (Asfc)and anisotropy (epLsar), whereas in Phase | by complexity (Asfc) and
textural fill volume (Tfy. In Phase Il dental facetdesopithecus monspessulapassess lower
values of complexity (Asfc) thaNasalislarvatus Chlorocebus aethiop&rythrocebus patas
Lophocebus albigenaand lower values of textural fill volume tha®iliocolobus badius
Erythrocebus patasnd Lophocebus albigengTable 4.6, 4.7) In Phase | dental facets,
Mesopithecus monspessularsiows lower values of complexity (Asfc) th&hlorocebus
aethiops Erythrocebus pataandLophocebus albigendaving also significantly lower values
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of textural fill volume than the latter two (Tabfe6, 4.7). There are naicrowear texture
differencesevealed betweellesopithecus monspessulamumgl DolichopithecugTable 47).

Table 4.5<ruskalWalis test performed on dental microwear texture variables between fossil and extant
taxa; significant differences are shown in 5old

Phase Il Phase |
Variable df & p df & p
Asfc 9 39.038 <0.06 9 33.489 <0.05
epLsar 9 2910 <0.05 9 18.795 0.290
Hasfaea 9 13.293 0.149 9 11.237 0.259
Tiv 9 19.930 <0.06 9 18.436 <0.05

adf : degr e e & Ch dquafed; E: Esthtistin;p valele: significance value.

Ankotropy (eplsar)
3
3
J

Ankotropy (eplsar)
o
[

[==]

Phase Il

Complexity (Asfc)

Phase |

Iy
“HF”
I8

1 2

Complexity (Asfc)

(]

L

A

Fig. 4.4 Bivariate plots (means with 95% conf. interval) using complexity (Asfc) and anisotropy (epLsar)
between modern and fossil sample on Phase Il and | dental wear Baogets: Cercopithecias(circle:
Lophocebusalbigeng triangle: Erythrocebus patgsdiamond: Chlorocebus aethiopsLight Green:
African colobines(circle: Colobus guerezadiamond: Piliocolobus badius Green: Asian colobines
(circle: Presbytis melalopho$riangle:Nasalis larvatusdiamond:Semngithecus entellys
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Table4.6 Microwear texture variables descriptive statistics on Phase I, Il fachtesafpithecus monspessulanus, Dolichopithecusmodern sample

Taxa facet nP epLsar(x1C) Hasfcg; Tiv (O )
Extinct Mean sd sem C. Mean sd sem C.l Mean sd sem C.l Mean sd sem C.l
m"gﬁiggg’;ﬁg’nsus Ph. II 10 1331 | 1.297 | 0410 | 0.803 | 3.880 | 2.080 | 0657 | 1.289 | 0639 | 0208 | 0065 | 0.128 | 27956 | 20929.53 | 6618.5 | 12972.3
Ph. | 9 0.853 | 0.829 | 0276 | 0541 | 4780 | 1.690 | 0563 | 1104 | 0626 | 0327 | 0109 | 0213 | 25969 | 12679.9 | 4226.63| 8284.2
Dolichopithecus Ph. II 22 1683 | 0968 | 0206 | 0404 | 2670 | 1.300 | 0277 | 0543 | 0569 | 0234 | 0049 | 0097 | 35341 | 12854.35 | 2740.56| 5371.49
Ph. | 22 1284 | 0859 | 0183 | 0358 | 3264 | 1.796 | 0383 | 0750 | 0613 | 0662 | 0141 | 0276 | 34251 | 10396.15 | 2216.47| 4344.27
Modern
Colobus guereza Ph. II 20 1.146 | 0484 | 0108 | 0212 | 4410 | 1.870 | 0418 | 0819 | 0560 | 0147 | 0032 | 0064 | 30720 | 9841.72 | 2200.68| 4313.32
Ph. | 20 0.750 | 0.387 | 0086 | 0169 | 4.080 | 2500 | 0559 | 1.095 | 0511 | 0222 | 0049 | 0097 | 29841 | 11190.15 | 2502.19| 4904.30
Piliocolobus badius | Ph. II 12 1275 | 0937 | 0270 | 0530 | 4950 | 2.960 | 0854 | 1.674 | 0573 | 0255 | 0073 | 0.144 | 43220 | 15797.27 | 4560.28| 8938.15
Ph. | 12 0705 | 0641 | 0185 | 0362 | 3.639 | 2305 | 0665 | 1.304 | 0597 | 0396 | 0114 | 0224 | 34307 | 14255.96 | 4115.34| 8066.07
Presbytis melalophos | Ph. II 15 1744 | 0901 | 0232 | 0455 | 4400 | 2370 | 0611 | 1.199 | 0648 | 0420 | 0108 | 0212 | 39369 | 14201.62 | 3620.37| 7095.92
Ph. 1 15 1.148 | 0690 | 0178 | 0349 | 4000 | 1.286 | 0332 | 0650 | 0539 | 0270 | 0069 | 0.135 | 28826 | 19354.96 | 4997.43| 9794.96
Semnopithecus entelluj  Ph. II 7 1502 | 0.783 | 0295 | 0580 | 4.080 | 2390 | 0903 | 1.770 | 0763 | 0341 | 0129 | 0.252 | 38018 | 8162.31 | 3085.07| 6046.73
Ph. | 7 1.007 | 0790 | 0298 | 0585 | 5650 | 2560 | 0967 | 1.896 | 0.788 | 0.409 | 0.154 | 0.303 | 36431 | 9333.68 | 3527.80| 6914.49
Nasalis larvatus Ph. II 6 2416 | 2289 | 0934 | 1.831 | 3.080 | 1.470 | 0600 | 1.176 | 0602 | 0258 | 0105 | 0207 | 42776 | 6472.08 | 2642.22| 5178.75
Ph. | 6 1436 | 1.824 | 0744 | 1.400 | 3920 | 1.780 | 0726 | 1.424 | 0538 | 0315 | 0128 | 0.252 | 25200 | 11949.91 | 4878.53| 9561.91
Chlorocebus aethiops | Ph. II 36 2607 | 1.808 | 0301 | 0590 | 2937 | 1.600 | 0267 | 0522 | 0651 | 0734 | 0122 | 0239 | 36366 | 13901.2 | 2316.87| 4541.06
Ph. 1 36 1721 | 1566 | 0261 | 0511 | 3720 | 1.920 | 0320 | 0627 | 0672 | 0627 | 0104 | 0.204 | 34858 | 9954.06 | 1659.01| 3251.66
Erythrocebus patas | Ph. Ii 13 3081 | 1518 | 0421 | 0825 | 2630 | 1.390 | 0385 | 0755 | 0594 | 0224 | 0062 | 0121 | 42422 | 9649.83 | 2676.38| 5245.71
Ph. | 13 1619 | 0920 | 0255 | 0500 | 3703 | 2613 | 0724 | 1.420 | 0579 | 0273 | 0075 | 0.148 | 41234 | 7430.29 | 2060.79| 4039.15
Lophocebus albigena |  Ph. II 13 2682 | 1367 | 0379 | 0743 | 3.050 | 1.960 | 0543 | 1.065 | 0.764 | 0262 | 0072 | 0142 | 45872 | 11958.8 | 3316.77| 6500.88
PhI 13 2010 | 1.112 | 0308 | 0604 | 3120 | 1.330 | 0.368 | 0723 | 0.686 | 0273 | 0075 | 0.148 | 38994 | 10293.11 | 3029.53| 5937.87

asd= standard deviatiorsem=std. error of the mea®5% C.I= Confidence interval on 5% thresholsfc = Areascalefractal complexityepLsar= exact proportion legth-
scale anisotropy of relieflasfa: = Heterogeneity of arescalefractal complexity on 81 cell§fv=Te xt ur al
for details) ® n = number of possible individuals.

f

vol umeé (seetScott dt &l., 2606 a | e

of



97

Table 4. 7Pairwisecomparisons on dental microwear texture variables between genus; variablesimdicatédifferences highlighted with Bonferroni adjustnfent

a(1) and (+) indicate values that are either lower or higher respectively for species in column compared to the one in row.

Mesopithecus Dolichopithecus Colobus Piliocolobus Presbytis Semnopithecus Nasalis Chlorocebus Erythrocebus Lophocebus
monspessulanus ruscinensis guereza badius melalophos entellus larvatus aethiops patas albigena
Il | Il | Il | Il | Il | Il | 1] | 1l | 1l |
Mesopithecus Asfc(+) Asfc(+) Asfc(+) Asfc(+)
monspessulanu ™) Asfe(+) Aste(®) Aste() Tiv(+) Tiv(+) Thv(+) Tiv(+)
Dolichopithecus epLsar . epLsar . Asfc(+) Asfc(+)
ruscinensis ) Asfe(i) ) Asfe(i) eplLsar) Asfc(+) epLsati) Thi(+) Asfc(+)
Colobus . Asfc(+) Asfc(+) Asfc(+) Asfc(+)
guereza epLsar() Asfc(+) Asfc(+) epLsar() Asfc(+) Asfc(+) Th(+) epLsafi) The(+)
Piliocolobus . ) Asfc(+) Asfc(+)
badius Thv(i) epLsar() Asfc(+) epLsar() Asfc(+) epLsar() Asfc(+) Asfc(+) Asfc(+)
Presbyti ) ) }
melaophos epeert) Astel) epLsar() ptsar() | TV
Semnopithecus
entellus Asfc(+) Asfc(+)
Nasalis ) Asfc(+)
larvatus Asfe(r) Tiv(+) Th(+)
Chlorocebus Asfc(i) Asfc(i) Asfc(i) Asfe(i) Asfc(i) Asfe(i ) Asfc(i) epLsarg)
aethiops epLsar¢) epLsar¢)
Erythrocebus Asfc(i) Asfe(i) Asfc(i) " Asfc(i) " . Asfe(i) " ) "
patas Thi(i) Thi(i) epLsar(+) Asfc(i) Th(T) Asfc(i) Asfc(i) epLsarg) Thv(i) Asfe(i) Thv(i)
Lophocebus Asfc(i) Asfc(i) Asfc(i) ) Asfc(i) Asfc(i) ) " Asfc(i)
albigena Th(i) Th(i) vy | ASCO) | eplsarg) | ThG) | ASTT) | Asfel) Th(i)
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4 5Discussion

The resultssuggest thathe Mesopithecus monspessulanmelar specimens here
analyzedpossessed similar or slightly thicker enamel than the extant colobine species
compared. This is consistéior both upper and lower molar comparisddswever, the range
of values of the extant taxseem tobe biased by the low sample size, thus making the
comparisons of relative enamel thickness somehow ambiguous. Furthermore, the fossil sample
is very limitednot enabling detailed statistical analysis. This makes it difficult to extract reliable
conclusionsas enamel thickneshiowsa wide rang®f interspecific and intrageneric variation
(Macho, 1994; Shellis et al., 1998; Schwartz, 2000; Kono, 2004; Smith et al., 2005, 2012;
Olejniczak et al., 2008even within the ame tooth locusMioreover, enamel thickness has also
been demonstrated to be an evolutionary plastic trait, capable of rapid adaptation in response
to functional dietary requiremengsilusko et al., 2004; Kelley and Swanson, 2008; Pampush
et al., 2013; Kato et al., 2014)hus, caution is requiredhen interpretinghese resultgiven
the small samples analyzed for both extinct and extant taxa, which also preclude analyzing
sexes odental loci separatelygnd the effects of both sexual dimorphiéba et al., 2010;
Fortuny et al., 2021 )uture investigations with additional fossil and extant garsizeand
with comparisons on the species level if possible, will enable maseceatlusions regarding
the potential adaptive function of the molar enamel thickness of Mahkopithecus
monspessulanuandDolichopithecuguscinensis

The two basic competing arguments regarding the adaptive function of thick enamel
are:a) thick enamel helpw resist tooth crown failure in durophagous speciesrttigiit result
in the subsequent loss of the whole téeth. Kay, 1981; Lambert et al., 2008) thick enamel
helps resiswear and abrasion in order to maintain masticatory competence over the lifespan of
the anima(Molnar and Gantt, 1977; King et al., 200bhe fossil M from Dorkovo (DKV480)
exhibits similar values of 3DREJ with the modern colobines, being also within the range of
Macacaand slightly higher value tha@hlorocebusThis observation might suggest slightly
more durophagous dietary preferences compared to its modern colobine relatives compared,
which usually exhibit folivorous dietary hab{iRowe et al., 1996 However, evidence suggest
that colobines consume various amounts of seeds and other mechanically chafteoding
resources throughout the year depending on factors such as seasonal and spatial availability of
preferred food resourceass well asiche partitioning with other primate spec{Bavies et al.,
1999; Tutin et al., 1997; Yeager, 1988¢verthelessthisdoes not seem toe anewly deived
ecological profile, agarly colobine taxa in Africa exhibit anatomical modifications associated
with arboreal and senrterrestrial locomotioifLeakey, 1982; Hlusko, 2006, 2007; Nakatsukasa
et al., 2010; Frost et al., 2015)Iso possiblyinfluencingthe dietary ecology of some taxa
(Gessler, 2013; Williams and Geissler, 2014)his is also consistent with previous
investigations on the Late Miocene Europédesopithecus pentelicusvhich unlike most
extant colobine taxa exhibited setarrestrial locomotion(Youlatos and Koufos, 2010;
Youlatos et al., 2012)with a more opportunistic dietary behavior and dental morphology
capable of processing wide array ofood resource¢Merceron & al., 2009b; Thiery et al.,
2017a, 2021)

The comparisons of enamel distribution between lower molar types revealed that
Mesopithecus monspessularfessi molars analyzed here posseasgerall thicker enamel
compared taDolichopithecusruscinensis Setting dietary assessments aside, molar enamel
thickness and distribution has been used for taxonomic and phylogenetic inf¢kencd981;

Gant, 1982; Martin, 1985; Grine et al., 2005; Olejniczak et al., 2008; Zanolli et al.,.2020)
Hence, it is also possible that the observed differences in the overall distribution of enamel on
the fossil molars couldighlight phylogenetic differencesmstead of dieary adaptations
Alternatively,thethick overall enamel analogies Mesopithecusnonspessulanwsong with

its narrower molars compared kesopithecupentelicuge.g. Szalay & Delson, 197%ould
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be a consequence of its overall smaller d8sethat as it may, both hypakes need further
investigationand therés scarce information regarding the variation of enaghiekness within
both fossil genera.

Notwithstanding the above, the thicker overall molar enameMasopithecus
monspessulanugight be suggestive afmore abrasive diet a diet including more frequently
hard food resources comparedolichopithecuguscinensis Still, based on evidence about
their dietary behavior before death, as interpreted by dental microwear texture analysis, this
seems not to be the case. As a matter of fact, the dietary behavidesupithecus
monspessulanuas inferred frommicroweartexture analysisesembles more closely modern
colobine species, such &olobus guerezandPiliocolobus badiuswhich primarily feed on
leaves (Fig. 4), whereaPolichopithecushows a more mixed feeding behavior, ranging from
folivorous habis to consumption of hard food objects. This suggests relatively different dietary
niches for the two fossil colobines, wiMesopithecus mospessulaniasaging mainly on
vegetation available in arboreal strata, supporting previous suggestions regarttiegtiotor
and positional behavior for this fossil spedipglson, 1973; Koufos, 2009b; Szalay & Delson,
1979 and refences therein)t has beersuggested that throughout thardlian (9.05.3 Ma)
therewas atrend towards size decreaseMesopithecuszonsequently resulting in the overall
smaller formof Mesopithecus monspessular{de Bonis et al., 990; Koufos, 2009a, 2019)
Thus, the available evidence so &ad the results presented hdosyards the end of Miocene
and the beginning of Pliocene theis a selectiontowards smaller dimensions the genus
Mesopithecus consequently evolving tthe smaller form Mesopithecusmonspessulanus
which may have affected its dietary ecology. However, it is also possible that selection could
acted simultaneously in size and diet, or even diet could have been the primary aspect being
selected and siZellowing as a consequencEherefore, it is possible that tiheorphological
and dietary changesuggested foMesopithecusnonspessulanusight reflect an ecological
shift towards a more arboreal niche, consistent withnitsrred locomotor adaptationslo
better understand the possible reasons behind this ecological shift, we need to further examine
the available ecological information about the geMesopithecusas well as available
information regarding the primate communities of Eurdpem Late Miocene toPliocene
times.

The genusMesopithecusppeared in Europe as early as the Late Miocene persisting
throughout Pliocene and going extinct aroltatly PleistocendKoufos, 2009a, 2019)he
latestMiocene andearlyPliocene were periods of significant changes in climate and geography
in the Mediterranean area that affected significantly the existing ecosystems of southern
Europe. While the latest Miocene marks a period of more arid conditions in Southern Europe
as aresult of the Mediterranean sea level drop due to major tectonic dvents g . Hs ¢ et
1973) theEarly Pliocene marks a time period with more humid and warm conditions which
led to the renewal of forested habittsufos & Vasileiadou, 2015)herefore, it is suggested
that the appearance oMesopithecusnonspessulanus the earliest Pliocene, most likely
reflects adaptations to cope with the hew environmetadiitionsof European environments
(Koufos, 2019; Pradella & Rook, 2007his is consistent with the results presented here and
available evidence regarding locomotor and positional behavi@iochon, 1993; Youlatos
and Koufos, 2010) However, the most recent available evidence fistesopithecus
monspessulanugKoufos, 2019) supports previous hypotheses that might have briefly
coexisted withMesopithecupentelicuge.g.Delson et al., 2005)This might be suggestive of
a higher diversity of available ecological niches aroudr@6.0 Maand/or a more gradual
transition in the new environmental conditions of the Early Pliocene. Nevertheless, it might be
related to other ecological factors such affext of niche partitioning for space and resources
within the primate commuties of Europe in the latest Turolian.

al
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4.6 Appendix

Fig. S1The fossil specimens dflesopithecusnonspessulanu®\) and DolichopithecususcinensigB, C) used in this chapter. UM4043 in occlusal (Al), lateral dex (A2),
lateral sin (A3), MEVY 1 and MHNPinPR39 in occlusal (B1, C1), buccal (B2, C2) and lingual (B3, C3).
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