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Abstract

Ouranopithecus macedoniensis from Greece belongs to the hominoids that flourished during
the Miocene epoch (~23-6 Ma) in Africa and Eurasia. The hominoids are our distant relatives,
and their emergence represents the beginning of the long path that led to humans. Although

their appearance was plentiful, their fossil record is fragmentary and scarce.

This dissertation aims to reconstruct and analyze fragmentary fossil specimens belonging to
0. macedoniensis and explore craniodental similarities (or dissimilarities) between this
Miocene ape and primarily extant great apes. Research questions addressed in this
dissertation include: (1) What are the morphological affinities of the reconstructed facial
area of 0. macedoniensis in relation to the extant great apes?, (2) Does male-female
mandibular shape vary within 0. macedoniensis?, (3) How do mandibular shape, size, and
sexual dimorphism in O. macedoniensis compare to the extant great apes?, and (4) Is the
study of the internal root morphology the key to resolving the debatable phylogenetic
position of 0. macedoniensis?. These research questions are explored by applying virtual

techniques and utilizing advanced statistical analyses.

Study 1 presents the virtual reconstruction of the facial anatomy of 0. macedoniensis, that of
the XIR-1 cranium and RP1-128 maxilla; the only cranial fossils found heretofore belonging
to this species. This study aimed to quantify, using advanced geometric morphometrics,
shape variation between the virtual reconstructions of 0. macedoniensis and a comparative
sample of other fossil hominoids, extant great apes (Gorilla, Pan, and Pongo), and humans.
The results showed that 0. macedoniensis groups phenetically with Gorilla, rather than Pan,
Pongo, or Homo. In the principal component analyses, 0. macedoniensis falls within or close
to the Gorilla convex hull. Both specimens, face and maxilla, are classified as Gorilla based on

discriminant function analyses.

Study 2 presents the 3D analysis of four partial mandibles (RP1-54; 56; 75; 79) and a ramus
(RP1-391) belonging to 0. macedoniensis. This study aimed to explore mandibular shape
similarities between 0. macedoniensis and a comparative sample of extant great apes and
assess mandibular shape variation and homogeneity within 0. macedoniensis. Additionally,

the degree of mandibular sexual dimorphism was explored in O. macedoniensis and
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compared to that of extant great apes. The results indicated that mandibular shape could
differentiate O. macedoniensis from the extant great apes, although it showed some shape
similarities to the larger great apes (Gorilla and Pongo). The PCA results suggested that the
male and female specimens of 0. macedoniensis have mandibular shapes that are quite
similar. The analyses of the Procrustes distances suggested, however, that there is more
shape variation in 0. macedoniensis than in the extant great apes. Moreover, the degree of

sexual dimorphism in O. macedoniensis was found to be greater than in any of the great apes.

Study 3 is a case study and presents a 3D analysis of the mandibular dentition of
0. macedoniensis. Two mandibular fragments (RP1-54 and 75) and an isolated lower molar
(RP1-237) from this species are studied and compared with the literature. This study aims to
observe and characterize the root morphology and length in the lower post-canine dentition
of 0. macedoniensis, and compare it to extant and extinct taxa (including Graecopithecus
freybergi). The results showed that the lower dentition of the two mandibular specimens
used exhibits a similar mandibular root morphology to each other, implying homogeneity in
this species. 0. macedoniensis shares several dental traits with the African great apes and
Pongo. However, the results did not indicate a clear relationship of 0. macedoniensis with any
of the great apes in particular. Additionally, the results showed that 0. macedoniensis differs
from G. freybergi in the root and pulp canal configuration. This supports the hypothesis that

0. macedoniensis is taxonomically distinct from G. freybergi.

This dissertation emphasizes the importance of applying advanced techniques in the
investigation of the fragmentary fossil record. It also highlights the need for unity among
people working on Miocene materials, providing more robust comparative analyses and

offering more decisive findings on very debated specimens.
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Zusammenfassung

Die Hominoidea, einschlief3lich der Art Ouranopithecus macedoniensis aus Griechenland,
erlebten in Afrika und Europa eine Bliitezeit wahrend des Miozadn (~23-6 Ma). Sie gehdren
zu unseren entfernten Verwandten und ihr in Erscheinung treten war der Beginn einer
langen Evolutionslinie, die bis zu uns Menschen reicht. Obwohl die Hominoidea im Miozan

sehr zahlreich waren, sind ihre Fossilien selten und stark fragmentiert.

Ziel dieser Doktorarbeit ist es fragmentarische Fossilien der miozanen Art O. macedoniensis
zu rekonstruieren und diese in Bezug auf kraniale und dentale Gemeinsamkeiten (oder
Unterschiede) mit vor allem rezenten Menschenaffen zu vergleichen. Dabei steht die
folgenden vier Forschungsfragen im Focus: (1) Welche morphologischen Affinitaten weif3t
der rekonstruierte Gesichtsbereich von 0. macedoniensis im Vergleich zu rezenten
Menschenaffen auf; (2) Gibt es geschlechtsspezifische Unterschiede in der Unterkieferform
innerhalb von O. macedoniensis; (3) Wie verhalten sich Unterkieferform und -gréfie, sowie
Geschlechtsdimorphismus am Unterkiefer im Vergleich zu rezenten Menschenaffen; und (4)
Bildet die interne Morphologie der Zahnwurzeln im Unterkiefer einen Schliissel, um die
umstrittene phylogenetische Position von 0. macedoniensis aufzuklaren? Zur Beantwortung

dieser Forschungsfragen wurden virtueller Techniken und héherer Statistik angewendet.

Die virtuelle Rekonstruktion der Gesichtsanatomie von O. macedoniensis bildeten den
Schwerpunkt der ersten in dieser Doktorarbeit eingeschlossenen Studie. Dies geschah auf
Basis der einzigen zwei bisher gefunden Gesichtsschiadelteile, des XIR-1 Schadels und dem
RPI-128 Oberkiefer. Mit Hilfe der geometrischen Morphometrie wurde die Form der beiden
virtuell rekonstruierten mit der von anderen fossilen Hominoidea, rezenten Menschenaffen
(Gorilla, Pan und Pongo) sowie Menschen verglichen. Die Ergebnisse gruppieren
0. macedoniensis phanetisch naher zu Gorilla als zu Pan, Pongo oder Homo. In der
Hauptkomponentenanalyse fallt 0. macedoniensis entweder in die oder nahe der Variation
von Gorilla und beide Individuen, Gesicht und Oberkiefer, werden mittels

Diskriminanzanalyse als Gorilla klassifiziert.

In der zweiten Studie standen vier Unterkieferfragmente (RPI-54; 56; 75; 79) sowie ein

Ramus mandibularis (RPI-391) der Art O.macedoniensis im Mittelpunkt. Deren
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Unterkieferform wurde auf Gemeinsamkeiten und Unterschiede zu rezenten Menschenaffen
sowie der Variation und Einheitlichkeit innerhalb von O. macedoniensis untersucht.
Zusatzlich wurde der Grad des beobachteten Geschlechtsdimorphismus zwischen
0. macedoniensis und rezenten Menschenaffen verglichen. Die Ergebnisse weisen darauf hin,
dass die Unterkieferform O. macedoniensis von rezenten Menschenaffen unterscheidet, auch
wenn einige Aspekte denen der grofleren Menschenaffenarten (Gorilla und Pongo) dhneln.
In der Hauptkomponentenanalyse weisen sowohl mannliche als auch weibliche
0. macedoniensis eine adhnliche Unterkieferform auf. Bei Betrachtung der Procrustes
Distanzen zeigt 0. macedoniensis eine grofdere Variation an Form und damit einhergehend

einen grofderen Grad an Geschlechtsdimorphismus auf als alle rezenten Menschenaffen.

Die dritte Studie ist eine Fallstudie tiber das untere Dauergebiss von 0. macedoniensis. Zwei
Unterkieferteilstiicke (RPI-54 und 75) sowie ein einzelner Molar (RPI-237) wurden hierfiir
analysiert und zusatzlich mit veréffentlichtem Material verglichen. Ziel dieser Studie war die
Beschreibung der internen Zahnwurzelmorphologie und -ldnge der kleinen und grofden
Backenzdhne in 0. macedoniensis und deren Vergleich zu rezenten und ausgestorbenen Taxa
(inklusive Graecopithecus freybergi). Die zwei Unterkieferteilstiicke weisen eine zueinander
ahnliche Zahnwurzelmorphologie auf, was auf eine gewisse Homogenitit in dieser Art
hindeutet. In Relation zu den Menschenaffen waren keine Hinweise auf eine nadhere
Verwandtschaftsbeziehung zu einer der Arten erkennbar, jedoch teilt O. macedoniensis
einige Zahnmerkmale mit afrikanischen Menschenaffen und Pongo. Dariiber hinaus zeigen
die Ergebnisse eine unterschiedliche Zahnwurzel- sowie Zahnwurzelkanalanordnung
zwischen 0. macedoniensis und G. freybergi, was die Hypothese zweier taxonomisch

verschiedener Arten bekraftigt.

Diese Doktorarbeit unterstreicht die Wichtigkeit neuer und vor allem zerstérungsfreier
Methoden bei der Erforschung fragmentarischer Fossilien zu verwenden. Dartiber hinaus
deutlich wie notig die Zusammenarbeit von Wissenschaftlern, welche an Material aus dem
Miozédn arbeiten, deutlich. Nur so sind umfangreichere und robustere vergleichende
Analysen moglich, die zu aussagekraftigen Ergebnissen tber strittige Fossilien fiihren

konnen.
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CHAPTER 1






1 Introduction

The origin of the hominoids, our distant relatives, represents the start of the long path that
led to us, humans. A big challenge that arises after a paleoanthropological discovery is the
proper placement of any new fossil(s) to the already known fossil record. Understanding and
reconstructing the phylogenetic relationships of the extinct groups with the extant ones is
essential to solve the puzzles of the human lineage. However, our knowledge about the past
is constantly changing due to discoveries and the reexamination of known fossils with

improved techniques.

One of the most significant improvements nowadays is the growing knowledge and
emergence of new technologies, e.g., the use of hyper-computers and specialized software
programs that offer new approaches to studying the past. As a result of the scientific
advancement, new fields of science develop, such as virtual anthropology (VA) and
geometric morphometrics (GM). Virtual anthropology refers to the multidisciplinary
perspective of analyzing morphology in three or four dimensions (3 or 4D), combining
knowledge from different fields, including anthropology, paleontology, mathematics, and
statistics (Weber et al., 2001; Weber and Bookstein, 2011; Weber, 2015). The power of
virtual anthropology lies in the preservation of the geometry throughout analyses, access to
internal anatomical regions, and reproducibility of carried out studies (Weber et al., 2001;
Weber, 2015). Geometric morphometrics, specifically, refers to the advanced statistical and
analytical analysis of form (shape and size) (Bookstein, 1991). During the last decades, GM
has been used extensively in a variety of studies focused on taxonomy, ontogenetic variation,
population history, and habitual behaviors (e.g.,, Rolf and Marcus; 1993; Nicholson and
Harvati, 2006; von Cramon-Taubadel et al., 2007; Mitteroecker and Gunz, 2009; Karakostis
et al, 2018; Harvati et al., 2019). Various digital imaging techniques, e.g., computed
tomography (CT) and surface scanning, are needed for such studies. In this dissertation, a
combination of virtual anthropology, advanced geometric morphometrics, and various
scanning techniques was used to answer the research questions related to the much-

discussed Ouranopithecus macedoniensis (cf. Chapter 1.3).



1.1 Introducing the Hominoids

1.1.1 Definitions

To this day, the usage of terms defining hominoids varies among authors. This variation can
lead to misunderstandings and confusion. Therefore, the terminology used in this

dissertation is outlined in detail in the following paragraph.

In a broad frame, hominoids, belonging to the superfamily Hominoidea (Gray, 1825), refer
to Hylobatidae (gibbons), great apes (Gorilla, Pan, and Pongo), Homo and their ancestors.
Under current conception, great apes and humans form the Hominidae or hominids, which
can be further divided into two subfamilies: Homininae or hominine (Gorilla, Pan, and
humans) and Ponginae (Pongo). Gorilla and Pan are also referred to as African apes, while

hominin refers to humans and their ancestors (non-ape).

In the rest of this dissertation, I will focus on the great apes and the Miocene hominoids.
When tracing the evolutionary path of a taxon, it is helpful to start from extant relatives and
go back in time along with the (known) fossil record. Yet, having only the extant great apes
as models restricts our image of what might have been present in the past, as variability (of
any kind) could have been different (cf. Chapter 6). Nonetheless, studying various aspects of
the extant great apes, such as morphology, systematics, and behavior, can help us better

understand the extinct taxa, like Ouranopithecus macedoniensis.

1.1.2 Extant great apes

Great apes are our closest living relatives, although molecular and morphological studies
have separated Pongo from Gorilla, Pan, and humans (e.g., Easteal and Hembert, 1997;
Lockwood et al., 2002; Glazko and Nei, 2003; Fig. 1). Many efforts have been undertaken to
estimate divergence times between the great apes and humans, while new sequencing
techniques in recent years have provided updated insights into their history (e.g., Hobolth et
al., 2011; Langengraber et al., 2012; Scally et al., 2012; Hara et al., 2012; Venn et al., 2014).
Among African great apes, Pan is closest to humans, while Gorilla is more distant (Ruvolo,
1997; Diogo et al., 2017). Priifer et al. (2012) suggest that almost 99 % of our genome is

shared with Pan.
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Fig. 1: Basic phylogenetic tree of the great apes. After Brooks and
McLennan, 2003.

The genus Pan includes chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), with the
former occupying regions across central Africa and living in isolated populations, while the
latter is limited to the forests of Congo (previously Zaire) (Grooves, 2001; Kulhwilm et al,,
2016). The latest studies suggest a geological time of 6-9 million years ago (Ma) for the split
between Pan and Homo (Hara et al., 2012; Moorjani et al.,, 2016). Besides Pan, Gorilla is
primarily divided into two species, Gorilla gorilla (western gorillas) and Gorilla beringei
(eastern gorillas). Western gorillas can be found mainly in the Congo basin, while eastern
gorillas are found in Uganda, Rwanda, and the Democratic Republic of Congo (DCR; Schaller,
1963; Taylor and Grooves, 2003; Kulhwilm et al, 2016). The geological time of the
divergence between Gorilla from Pan-Homo is proposed to be between 8-19 Ma (Wilkinson
et al,, 2011; Langengraber et al., 2012). In contrast to the other great apes, Pongo is the only
genus found in Asia. It includes primarily two species, the Bornean (Pongo pygmaeus) and
Sumatran (Pongo abelii) orangutans (Locke, 2011; Kulhwilm et al., 2016). Recent studies
suggest a timeframe between 15-21 Ma for the last common ancestor of Pongo and the other

great apes (Perelman et al., 2011; Schrango and Voloch, 2013).



1.1.3 Miocene hominoids

Based on the current fossil record, the African continent is the place of the origin of the
Miocene hominoids. Until now, more than 35 species are known from Africa but and Eurasia
(Fleagle, 2013; Harrison, 2010a; Andrews, 2020). Most scientists agree that the hominoids
flourished during the Miocene epoch (roughly 23-6 Ma), during which many geological
events took place, shaping the evolutionary rise and fall of the hominoids. Recent findings,
however, showed that Rukwapithecus fleaglei from the Oligocene (~25 Ma), in Tanzania

could be the earliest known (stem!) hominoid found (Stevens et al., 2013).

The age of abundance of the hominoids starts in East Africa at around 20 Ma (Early Miocene)
with the families of Proconsulidae, Afropithecidae, and Nyanzapithecidae (including among
others the taxa Proconsul, Ekembo, Afropithecus, Nyanzapithecus) (Pilbeam, 1982a; Harrison,
2010a; Fleagle, 2013; McNulty et al,, 2015; Nengo et al.,, 2017). These first (stem) hominoids
preserved a primitive nasomaxillary morphology, which they share with later hominoids
(Pilbeam, 1982a). In contrast, their primitive dental traits are not shared with later
hominoids (Le Gros Clark and Leakey, 1950; Pilbeam, 2002). They were monkey-like
arboreal climbers with variable size (varying from 3 to 80 kg) (Andrews, 2020 and ref.
therein). They mostly lived in the forest or woodland environments, while in some larger
species, a terrestrial behavior was observed (Andrews, 2020; Gilbert et al., 2020). Despite
their abundance in East Africa, no evidence of early Miocene hominoids was found

elsewhere.

It appears that in the middle Miocene (17-15 Ma), subtropical forest conditions were
expanded, and along with other geological changes (such as the overcome of geographical
barriers), set the stage for the radiation of the Miocene hominoids outside Africa. Thus, as
the hominoids appeared all over Eurasia, their geographical expansion led to adaptation and

speciation (de Bonis and Koufos, 2001; Alba, 2012; Begun, 2015), which lasted until the late

1 The terms stem (basal) group and crown (modern) group are used to explain and classify the
relationships of extant and extinct organisms.



Miocene (around 8 Ma). In Eurasia, among the first family taxa found was Griphopithecus in
early middle Miocene deposits of Turkey and Central Europe (Germany and Slovakia) (Abel,
1903; Tekkaya,1974; Casanovas-Vilar et al.,, 2011), while Kenyapithecidae were found in
Western Africa (Pickford, 1985). There were many taxa present in the European region,
during the middle to late Miocene, including Dryopithecus, Pierolapithecus, Anoiapithecus,
and Hispanopithecus in Spain (Moya-Sola and Kohler, 1993; Pose, 1993; Moya-Sola et al,,
2004); Rudapithecus in Hungary (Kordos and Begun, 2002); Danuvius in Germany (Bohme
et al, 2019); Ouranopithecus and Graecopithecus in the Balkans and Turkey (von
Koenigswald, 1972; de Bonis, 1974; Giilec et al., 2007). For some researchers, all the
European taxa mentioned above are referred to as "dryopiths" (e.g., Alba, 2012; Begun, 2015;
Almécija et al., 2021), while for others, the hominoids from the Balkans/Turkey should be
considered separately (e.g., de Bonis and Koufos, 2001; Fuss et al,, 2017). Despite this
disagreement, the European taxa, in general, show several derived characters in cranial,
dental and postcranial features with extant hominoids (e.g., Alba, 2012; Begun, 2015).
Because of these derived characters, their phylogenetic implications are somewhat
controversial. They are either treated as stem hominoids (e.g., Pilbeam, 1996), stem
hominids (e.g., Alba, 2012; Kelley and Gao, 2012), or are considered closer to hominins (de
Bonis et al,, 1990; Fuss et al., 2017). Miocene taxa present in Asia, include among others:
Sivapithecus and Indopithecus in India and Pakistan (Pilgrim, 1915; Pilbeam, 1982b);
Khoratpithecus in Thailand and Myanmar (Chaimanee etal., 2006); Ankarapithecus in Turkey
(Alpagut et al., 1996); and Lufengpithecus and Gigantopithecus in China (von Koenigswald,
1952; Xu et al., 1978). These Miocene Asian hominoids are hypothesized to be linked with
orangutans; thus, they are also referred to as a family taxon of Pongidae (Harrison, 2010b;
Zhang and Harrison, 2017; Chaimanee et al.,, 2019; Andrews, 2020). All the hominoids
mentioned above were adapted taxa with monkey-like characteristics and mainly lived in

woodland environments and higher terrestrial adaptations (Andrews, 2020).

Late Miocene hominoids found outside of Eurasia, and particularly in Africa, are scarce.
These include Samburupithecus (Ishida and Pickford, 1997) and Chororapithecus (Suwa et
al., 2007) from East Africa. Within the proposed timeframe of the emergence of the hominins

(6-8 Ma) the African fossil record also includes: Ardipithecus from Ethiopia (White et al,



1994), Orrorin from Kenya (Senut et al., 2001), and Sahelanthropus from Chad (Brunet et al.,
2002). The characterization of the latter fossils as stem hominins is, however, questioned

(e.g., Mongle et al,, 2019; Macchiarelli et al., 2020).

The end of the late Miocene in Eurasia (around 8 Ma) was characterized by climatic changes
due to a change in the oceanic currents in Europe on the one hand and the rising of the
Himalayas in Asia on the other (Koufos, 2016; Gilbert, 2020). These climatic changes
included drier conditions and the collapse of the subtropical forests all over Eurasia.
Consequently, this dramatically decreased the number of hominoids and other mammals
and led to a period of extinction (Cachel, 2015; Gilbert etal., 2020). The only exception within
the hominoids - with the current data - is Gigantopithecus, who survived until the

Pleistocene (Harrison et al.,, 2014; Zhang and Harrison, 2017).

The phylogenetic relationships of the Miocene hominoids among themselves and to extant
taxa are complicated and remain a vigorously debated topic in Paleoanthropology (e.g., see
Alba, 2012; Begun, 2015; Fuss et al,, 2017; Almécija et al., 2021). The fossil hominoids from
Asia (Pongidae), such as Sivapithecus and Khoratpithecus, share craniodental traits
connecting them with Pongo, who also occupy the same continent (Pilbeam, 1982b;
Chaimanee et al,, 2006; Cachel, 2015). Tracing the ancestors of the African clade, meaning
that of chimpanzees, gorillas, and the human lineage, is complicated because the fossil record
of both Pan and Gorilla is practically unknown. On the one hand, McBrearty and Jablonski
(2007) reported the first fossil specimens (teeth) attributed to Pan (ca. 0.5 Ma) in Kenya,
while on the other hand, it was only recently suggested that Chororapithecus (dating to ca.
10-10.5 Ma) from Kenya could be related to the Gorilla lineage (Suwa et al.,, 2007). The
origins of the African apes, and therefore the discussion about the emergence of hominine,

can be summarized in two main hypotheses:

The African origin: The first hominoids emerged in Africa, followed by radiation in Europe
and Asia (Fig. 2a). This radiation led to speciation in the European taxa and the rise of
gibbons and pongidae in Asia (Andrews and Bernor, 1999; Cote, 2004). Most probably, a
series of dispersals between Africa, Europe, and Asia took place during the middle-late

Miocene, favored by climatic changes and the appearance of land bridges. Following this, the



African apes would have emerged from the African Miocene taxa (e.g., Coppens, 1994; Suwa

et al.,, 2007), which cannot be directly inferred from the incomplete fossil record.

The European origin: This theory supports a European hominine origin (Fig. 2b), followed
by later radiation in Africa (Begun, 2000; 2003; 2015). In this view, the hominoids emerged
in Africa while they migrated to Eurasia in the middle Miocene, where they started to
diversify until the late Miocene. Synchronously, African taxa became extinct, based on the
fact that late Miocene fossils found in Africa are scarce. Therefore, the ancestor of hominine

shall be found among the European hominoids present during the late Miocene.

Hominines

Hominids Hominines

Hominids

Hominoids Hominoids

a. b.

Fig. 2: Examples of cladograms (simplified) supporting either an (a.) African or (b.) European
origin of the hominine. Modified after Cote, 2004.

These hypotheses are purely based on the occurrence or absence of late Miocene hominoids
in Eurasia or Africa. The reality might have been even more complicated, with numerous
dispersals from Africa to Eurasia and vice versa (Cote, 2004; Almécija et al., 2021). Our need
to connect all the extinct taxa with extant may bias our understanding of the actual position
of these extinct species. While they belong to the complex evolutionary tree that led to us,
humans, we shall think of other alternative possibilities and consider more compounded

scenarios than a direct connection from the past to the present.
1.2 Ouranopithecus macedoniensis

1.2.1 History of the fossiliferous sites (Northern Greece)

The hominoid Ouranopithecus macedoniensis was first documented in 1973 in the late

Miocene deposits of the Axios Valley in Northern Greece (de Bonis, 1974). Interestingly, the



fossiliferous deposits of this region were discovered during the First World War (1915-
1916), more than 100 years ago. The first mammal bones were found in the village of Diavata,
10 km away from Thessaloniki, where British soldiers were digging trenches in the region
for military reasons. Without further investigations in situ, the mammal bones were sent to
the British Museum and were studied and described by Andrews et al. (1918). During
approximately the same period, French soldiers found fossils in bulk deposits, in an area
close to the village Vathylakkos and in Axios valley, which is more than 35 km from
Thessaloniki. Coincidentally, the military officer was Camille Arambourg, a paleontologist
and later a Professor in the Natural History Museum Paris, who started to excavate the area
around the Axios valley and found more material. In other regions close by, the excavations
came to discover many other fossiliferous localities in Agionerion and Nea Messimvria
villages and the western bank of Axios river near the village Dytiko (Arambourg and
Piveteau, 1929). After their discovery, the collected fossil material was transferred first in
Algeria and later in France and the Natural History Museum in Paris, studied there by
Arambourg and Piveteau (1929). This collection of fossils, known as the "Arambourg
collection”, is still housed in Paris. After that time, the fossiliferous sites around the Axios
valley were abandoned. It was only in 1973 where new excavation seasons were started by
Aristotle University of Thessaloniki (Laboratory of Geology and Paleontology) and the
University of Paris (Laboratory of the Vertebrate and Human Paleontology), which was later
continued by the corresponding laboratory of the University of Poitiers. The continued
investigation of the area provided numerous mammal localities, and a significant number of
fossils have been unearthed. Among them was a hominoid, which was later named
Ouranopithecus macedoniensis and was firstly found in the fossiliferous locality of Ravin de

la Pluie (RPI).

1.2.2 Findings of Ouranopithecus macedoniensis

RPI-54 found in the PRI locality in 1973 is the type specimen of Ouranopithecus
macedoniensis, a mandible of a late adolescent/young adult individual (de Bonis, 1974; Fig.
3). This specimen was published under the name Dryopithecus macedoniensis following
Simons and Pilbeam (1965), who have published a systematic revision of the Miocene

hominoids at that time. However, as additional material was found within the next few years

10



in the same locality, the new genus Ouranopithecus was introduced (de Bonis and Melentis,

1977).

Fig. 3: The 0. macedoniensis localities in northern Greece.

In 1989 excavations in a new locality, Xirochori 1 (XIR), near the homonymous village about
1.5 Km North of RP], has brought into light the most important fossil of Ouranopithecus
macedoniensis, an almost entire face (XIR-1; de Bonis et al., 1990; for a figure see page 35/
Chapter 3). Excavations in this locality were extremely demanding, as the matrix is hard, and
the isolation of fossils was difficult. The following year a mandible and later a maxilla of a
hominoid were discovered in the new locality Nikiti 1 (NKT), located near the village of Nikiti
(Chalkidiki Peninsula), about 100 Km southeast of Thessaloniki (Koufos, 1993; 1995). These
fossils were assigned to Ouranopithecus macedoniensis (Koufos, 1993; 1995). Continuing
excavations have yielded several maxillary and mandibular remains of this hominoid,
especially from RPI (de Bonis et al., 1998; Koufos and de Bonis, 2004; 2006); the postcranial
remains, on the other hand, are limited and include only two phalanges (de Bonis and Koufos,
2014).In 2016, new isolated teeth of O. macedoniensis from the RPI] locality were described
(Koufos et al., 2016a).

11



1.2.3 Stratigraphy and dating of the localities

Fossils are significantly relying on their geological context, without which no proper
interpretations can be made. As mentioned above, Ouranopithecus macedoniensis is
currently known from three localities in Macedonia, Northern Greece: Ravin de la Pluie (RPI),
and Xirochori (XIR) in Axios valley, and Nikiti-1 (NKT) in the Chalkidiki Peninsula (de Bonis
and Koufos, 2001; Fig. 4). The localities of the Axios valley are situated in its lower part, a
tectonic depression between the Serbo-Macedonian massif to the East and the Paikon
mountains to the West (Mercier, 1973). The late Miocene deposits of Axios Valley are divided
into three different formations (Fm): Nea Messimvria Fm, Vathylakkos Fm, and Dytiko Fm
(de Bonis and Koufos, 2001), and they are lying unconformably on Mesozoic rocks (Mercier,
1973). The N. Messimvria Fm, the oldest one, outcrops in the eastern bank of Axios river, and
it mainly consists of red sandstones mixed with pebbles and red clays (de Bonis and Koufos,
1993; 2001). This formation includes four main fossiliferous localities: Pentalofos 1 (PNT-
1), Ravin de la Pluie (RPl), Xirochori 1 (XIR-1), and Ravin des Zouaves 1 (RZ-1). The localities
RPI and XIR are situated in the upper part of this formation, while the faunal remains found
to suggest a late Vallesian age (MN 10) for these levels (de Bonis and Koufos, 1993; 1994;
Appendix I). However, the giraffid remains of XIR indicated that its fauna is more primitive
than that of RPI (Koufos, 2013 and ref. therein). The magnetostratigraphic study of the two
sections suggested an estimated age of ~9.6 Ma for XIR and ~9.3 Ma for RPI (Sen et al., 2000).
Vathylakkos Fm is overlying N. Messimvria Fm and is mainly composed of sands of grey
color, marls, and sandstones. Five of the most important fossiliferous localities of this
formation are Vathylakkos 1, 2, and 3 (VLO, VTK, VAT); Prochoma 1 (PXM), and Ravin des
Zouaves 5 (RZO) (de Bonis and Koufos, 1993; 1994). The basal part of Vathylakkos Fm
includes the locality RZO, which is correlated with MN 11 (early Turolian, ~ 8.2 Ma; Koufos,
2013). Dytiko Fm is the last and uppermost stratigraphic layer of Axios valley, consisting of
gravels, sands, and grey clays (de Bonis and Koufos, 1993; 1994). It includes three principal
localities: Dytiko 1, 2, and 3 (DTK, DIT, DKO). The rich fauna of Dytiko localities is correlated
with MN 13 (late Turolian) and is more precise from 7-6 Ma (Koufos and Vasileiadou, 2015).

The Nikiti Fm (NKT) is one of the two formations along with Nikolaos Fm that belong to the

Sithonia Neogene deposits in the Chalkidiki peninsula (Syrides, 1990). Nikiti Fm includes

12



two localities, Nikiti 1 and 2, and it overlays the basement unconformably. It mainly consists
of cross-bedded conglomerates, including sandy sediments of red color or pebbles coming
from the erosion of the basement (Koufos, 2016). As NKT’s deposits cannot allow
magnetostratigraphy, dating is based on biochronological data. The NKT fauna is more
derived than that of RP], suggesting a younger age. Therefore, a terminal Vallesian age,

between 9.3-8.7 Ma, is proposed (Koufos et al., 2016b).

Fig. 4: Excavations in the PPl (a.) and XIR (b.) localities. Photographs by
G.D. Koufos.
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1.2.4 Paleoenvironment and paleodiet

0. macedoniensis is thought to have lived in a warm, open, savannah-like environment, with
thick-grass floor, shrubs, and small trees as well as riparian forests along rivers (de Bonis et
al,, 1992; Koufos, 2006; Merceron et al.,, 2005; 2007, Mirzaie, 2010). More specifically, based
on the mammalian faunal remains in RPI locality, the paleoenvironment was reconstructed
as open, but probably less arid than other typical open Turolian environments (de Bonis et
al,, 1992). Dental microwear analyses suggested that 0. macedoniensis was fed on roots and
nuts (Ungar, 1996; King, 2001; Merceron et al, 2005), indicating a lifestyle in open
landscapes. It is suggested that 0. macedoniensis was consuming hard food items during dry
periods, but presumably also fruits, fresh branches, and leaves during rainy periods.
Additionally, various studies using different methods have indicated that the Vallesian
paleoenvironment in the Eastern Mediterranean was open, arid, and different from the close
forest-like environments of Western and Central Europe at this time (e.g., Fortelius et al,,

1996; Koufos, 2006; Merceron et al., 2007; Ataabadi, 2010).

1.2.5 Characteristics of 0. macedoniensis
Sexual dimorphism

0. macedoniensis shows strong dental sexual dimorphism, expressed by male-female
differences in the size of the canine and post-canine dentition, which also suggest body size
dimorphism (de Bonis and Melentis, 1978; de Bonis and Koufos, 1994). Traits likely related
to sexual dimorphism can be observed in the mandible of 0. macedoniensis, with male
mandibles being larger and more robust than those of the females (de Bonis and Melentis,
1977; Koufos, 1993; for detailed information about the presence of sexual dimorphism in the
mandible refer to Chapter 4). Dental features are more often used in determining the degree
of sexual dimorphism in hominoids, particularly the morphology and size of the canine and
post-canine lower teeth. Male canines in 0. macedoniensis, for example, are longer and more
robust than female ones; however, this feature is not as marked as in extant great apes
(Koufos, 1993). The dental sexual dimorphism presented in this species is greater than that
of the larger great apes, Gorilla and Pongo (Schrein, 2006; Scott et al,, 2009; Koufos et al,,

2016a). This condition has led some researchers to propose a multi-species hypothesis (Kay,
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1982; Kay and Simons; 1983), although later studies found that the canine and post-canine
dentition of 0. macedoniensis specimens are morphologically homogeneous in their features,
irrespective of size (de Bonis and Melentis, 1978; Koufos, 1995; Schrein, 2006; Scott, 2009).
Moreover, a high degree of variation in the dentition is also present within other Miocene

species, such as Lufengipithecus lufengensis (Kelley and Plavcan, 1998).
Craniodental characteristics

Cranial morphological characteristics of 0. macedoniensis derive from the nearly complete
face of the specimen XIR-1 (de Bonis et al., 1990; de Bonis and Koufos, 1993) and from the
upper maxilla RP1-128 (de Bonis and Melentis, 1978), which will be described in detail in
Chapter 3. In general, the face of 0. macedoniensis is characterized by large interorbital
distance, small and low orbits with a rather quadrangular shape, and a well-developed
supraorbital torus and glabella (de Bonis et al,, 1990; de Bonis and Koufos, 1993). In RPI
several mandibles and mandibular remains have been found, which provide essential
information about the morphology of the mandible and lower dentition of O. macedoniensis
(Fig. 5). The mandible retains a symphysis with well-marked superior and inferior tori; it
also shows powerful chewing capacity, based on the morphology of the gonial area and the
well-marked crest (de Bonis and Melentis, 1977; Koufos 1993; de Bonis and Koufos, 1993;
1994). Moreover, it also retains an anteroposteriorly narrow mandibular condyle, a trait that
differentiates it from the extant great apes, which have a more robust one (de Bonis and
Melentis, 1977; Koufos 1993; de Bonis and Koufos, 1993; 1994). As for the upper dentition,
I2 is larger than I, while there is a gap between 12 and the canine; the latter is relatively low
compared with other extant great apes (de Bonis and Koufos, 1993). As mentioned before,
male canines are larger than female ones, but in general, their size is relatively smaller than
those of other hominoids (de Bonis and Koufos, 1994). The most important trait about the
post-canine teeth of 0. macedoniensis is that they have very thick enamel (de Bonis and
Koufos, 1993). As for the lower dentition, the I1 and Iz are not so different in size as the upper
incisors, but they are smaller than the incisors of extant great apes (de Bonis and Koufos,
2001). Lastly, the M2 and M3 of the male individuals are significantly larger compared to

those of female specimens (de Bonis and Koufos, 1993).
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RPI-775 RPI-80

RPI-79

Fig. 5: Maxillary fragments (RP1-128, RP1-775, RPI-80) and partial mandibles
(RP1-88, RP1-89, RP1-79) of 0. macedoniensis from the RP1 locality. Photographs by
G. D. Koufos.

1.2.6 The place of 0. macedoniensis

Despite 40 years of research, the phylogenetic position of 0. macedoniensis is still under
discussion, and diverse hypotheses have been proposed. 0. macedoniensis has been
hypothesized to represent a member of the Pan-Homo clade (de Bonis, 1974; Begun, 2003;
de Bonis and Koufos, 2004; Kunimatsu et al., 2007), the pongine clade (Kohler et al., 2001),
or the gorilline clade (Dean and Delson, 1992). These hypotheses have been based on
examining and comparing cranial and external dental anatomical features, using mostly

cladistic analyses or traditional morphometric techniques.

De Bonis and Koufos (1994; 2001; 2004) suggested that O. macedoniensis can be placed
within the sister group of the Mio-Pliocene hominins, meaning Australopithecus and Homo,

16



since it shares several characteristics with them: large interorbital distance, the shape of the
mandibular symphysis, symmetric P3, canine reduction and masticatory robusticity.
Although some of these features are primitive retentions (interorbital distance, shape of the
mandibular symphysis), others have been proposed to be synapomorphies for the hominin
lineage (symmetric P3, canine reduction, masticatory robusticity). Begun (1992; 2009) has
argued that some of these features, such as thick-enameled teeth, are homoplasies and O.
macedoniensis does not have characters that are shared between chimpanzees and
Australopithecus (e.g., the structure of the premacxilla, frontal bone, and molar proportions).
In addition to that, Begun (1994; 2000) and Begun and Kordos (1997) suggested the
grouping of 0. macedoniensis and dryopithecines, which form the sister group of African apes
and humans. However, Dean and Delson (1992), commenting on the results of an early study
by Begun (1992), suggested that O. macedoniensis (referred to as Graecopithecus by some
researchers at that time) shows a more remarkable similarity to Gorilla (as well as to Pan
and Australopithecus) than to Dryopithecus specimens. The proposed similarities of
Ouranopithecus and Gorilla refer to their facial anatomy, such as the orbital margin shape
and the supraorbital torus. They presented alternative cladograms, including Dryopithecus
and Ouranopithecus within the hominine (African apes and humans), and suggested that
Ouranopithecus may be a sister-taxon of Gorilla. Finally, a study by Koéhler et al. (2001)
indicated that Ouranopithecus and the Asian Upper Miocene hominoid Lufengpithecus should
be attributed to the genus Ankarapithecus, and together to be one of the four suggested
groups of fossil hominoids present the Miocene in Eurasia. Based on cranial and postcranial
comparisons, Kohler et al. (2001) further suggested that several dryopithecines from
Eurasia, including O. macedoniensis, share affinities with Pongo and can be considered

ancestral to the pongine.

1.2.7 Beyond 0. macedoniensis

Apart from 0. macedoniensis, other Miocene hominoids were present in the eastern part of
the Mediterranean. Cranial, dental, and postcrania of a late Miocene hominoid were found in
Turkey, belonging to Ankarapithecus meteai, ~ 10 Ma (Alpagut et al., 1996), which as
mentioned earlier is thought to share affinities with Pongo. Furthermore, in 2007, Giilec et

al. described a new species attributed to the genus Ouranopithecus, O. turkae from Anatolia
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(Turkey). Material belonging to O. turkae is limited to one adult male maxilla and subadult
mandibular fragments (Giilec et al., 2007). The age of this species is younger than O.
macedoniensis, dated to 8.7-7.4 Ma. The same study suggested that the two species share a
significant amount of dentognathic characteristics, concluding that O. turkae is a sister taxon
of 0. macedoniensis. Unfortunately, no later work has been conducted on the original material
from this species; thus, no more information is available. Lastly, the much-debated
Graecopithecus freybergi, with an age of ~ 8 Ma, was found in Greece and Bulgaria (von
Freyberg, 1951; von Koenigswald, 1972). Only a mandible and single lower premolar have
been found from this specimen to date. As mentioned above, 0. macedoniensis was first
attributed to the genus Graecopithecus; however, later work by Koufos and de Bonis (2005)
and more recently by Fuss et al. (2017) highlight their taxonomic differences. The same
study by Fuss et al. (2017) suggests that Graecopithecus freybergi is an early hominin,
although this view is not widely accepted (e.g., Benoit and Thackeray, 2017; cf. Chapter 5).

1.3 Objectives and research questions

Although abundant, material from the important fossil ape 0. macedoniensis has been poorly
studied using advanced techniques, such as VA and GM. The overall aims of this dissertation

are:

i. To reconstruct and analyze fragmentary fossil specimens belonging to O. macedoniensis
and explore craniodental similarities (or dissimilarities) between this Miocene ape and
primarily extant great apes. The studied similarities refer to facial, mandibular, and dental

morphology.

ii. To apply virtual techniques in an attempt to re-examine key material belonging to O.
macedoniensis. The here used advanced methods contribute significantly to
reconstructing morphological and phylogenetic affinities, as well as the paleobiology of

our distant relatives.

Further, all three studies included in this dissertation cover specific aspects in reaching these
overall aims. Study 1 (Chapter 3) presents the reconstruction of the facial anatomy of
0. macedoniensis applying techniques from virtual anthropology. This study focuses on the

XIR-1 cranium and RPI-128 maxilla; the only cranial fossils found heretofore belonging to
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0. macedoniensis. The virtual reconstruction of the XIR-1 cranium aims to restore symmetry
to its incomplete face using mirror imaging, while for the RPI-128 maxilla, virtual
segmentation was used to reconfigure its initial anatomical position. Here, the main objective
is to quantify, using advanced geometric morphometrics, shape variation between the virtual
reconstruction of 0. macedoniensis and a comparative sample of other fossil hominoids,

extant great apes (Gorilla, Pan, and Pongo), and Homo.

Study 2 (Chapter 4) presents the 3D analysis of mandibular fragments belonging to
0. macedoniensis. Five fossil specimens from the RPI locality were used in this study,
including four partial mandibles (RPI-54; 56; 75; 79) and a ramus (RP1-391). This project
explores mandibular shape similarities between 0. macedoniensis and a comparative sample
of extant great apes (Gorilla, Pan, and Pongo) and assesses mandibular shape variation and
homogeneity within O. macedoniensis. In addition, the degree of mandibular sexual

dimorphism is explored in O. macedoniensis and compared to that of extant great apes.

Study 3 (Chapter 5) presents a 3D analysis of the mandibular dentition of O. macedoniensis.
Itis a case study in which two original mandibular fragments (RP1-54 and 75) and an isolated
lower molar (RP1-237) from O. macedoniensis are studied and compared with the literature.
This study aims to observe and characterize the root morphology and length in the lower
post-canine dentition of 0. macedoniensis and compare it to extant and extinct taxa. In
addition, the possibility of using root and pulp canal morphology to clarify the debatable
phylogenetic position of 0. macedoniensis was explored. Recent work has shown that root
and pulp canal morphology can be used as indicators of taxonomy and can be applied to the

fossil record (e.g.,, Moore et al., 2016; Fuss et al., 2017).

Study 1: What are the morphological affinities of the reconstructed facial area of

0. macedoniensis in relation to the extant great apes?

This study is the first attempt to reconstruct the cranial fragments of 0. macedoniensis using
virtual anthropology techniques. Morphology is widely used to categorize living organisms.
Since Miocene fossils are very fragmentary, understanding their morphological affinities
with extant and extinct organisms is important. Phylogenetic affiliations of O. macedoniensis

are based mostly on cladistic analyses. This study, of course, cannot itself resolve the
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problem of this taxon’s phylogenetic position, as morphology alone cannot necessarily
reflect phylogeny. Nevertheless, the phenetic affinities of 0. macedoniensis with the extant

great apes can help evaluate existing hypotheses.

Study 2: Does male-female mandibular shape vary within 0. macedoniensis? How do
mandibular shape, size, and sexual dimorphism in 0. macedoniensis compare to the

extant great apes?

Mandibles (or fragments of mandibles) are commonly found in the fossil record; thus, their
study has been valuable. In this study, the mandible of O. macedoniensis is studied, especially
the corpus, symphysis, and ramus, as no complete mandible has been found. As mentioned
above, using morphology solely to interpret phylogeny is problematic, especially for species
with debatable phylogenetic relationships, as in 0. macedoniensis. Therefore, the research
questions of this study focus on mandibular variation and homogeneity within
0. macedoniensis, especially as they relate to sexual dimorphism. O. macedoniensis shows a
high level of sexual dimorphism in dental size, which has been studied extensively in the past
(Schrein, 2006; Scott et al., 2009; Koufos et al., 2016a). In contrast, the expression of sexual
dimorphism in mandibular size and shape of 0. macedoniensis has not been studied
extensively. Therefore, this study addresses this imbalance by examining the expression of
sexual dimorphism in the mandibles of O. macedoniensis in more detail than in former

studies.

Study 3: Is the study of the internal root morphology the key to resolving the debatable

phylogenetic position of 0. macedoniensis?

Like mandibles, teeth (either associated or isolated) are abundant in the fossil record.
Without the emergence of new technologies (e.g., VA, CT scans, and specialized software), it
would not have been possible to access the inner structures of the teeth. Recent studies
support the use of internal dental structures, such as root pulp canals, in studying diversity
in extant species (e.g., Moore etal.,, 2013; Moore et al., 2015). As for extinct species, assuming
low degrees of homoplasy (Tobias, 1995; Kupczik et al., 2005), post-canine dental roots have
been recently used as possible indicators of hominoid evolution and taxonomy (e.g., Emonet

et al,, 2014; Fuss et al,, 2017). Ouranopithecus’s internal tooth morphology has been poorly
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investigated, and although the sample of this study is limited, it provides new valuable
insights about the possible phylogenetic relationships of this species. This study, therefore,
focuses on characterizing the internal tooth structure of the 0. macedoniensis, revealing

characteristics of its root and pulp canal morphology.
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2 Materials and Methods

2.1 Comparative Sample

More than 180 scans of adult individuals belonging to extant species (great apes and
humans), a few fossil specimens, and additional data from the literature were used in this
dissertation. Permits for the external comparative sample were obtained before data
collection (see Appendix II). Scans of the O. macedoniensis specimens used in the presented
studies were performed at the Paleoanthropology High-Resolution CT Laboratory,
University of Tiibingen. Descriptions of the different fossil specimens of 0. macedoniensis can

be found in Chapters 3-5.

The extant comparative sample comprised of adult crania and mandibles belonging to great
apes (Gorilla, Pan, and Pongo) and humans. The adult status was determined based on the
dental status, more precisely, the full eruption of the third molar. The extinct comparative
sample was limited, for that reason, data was either requested from the respective
researchers and institutions (i.e., Study 1, see Chapter 3) or was obtained from the literature
(i.e., Study 3, see Chapter 5). For detailed sample composition, please refer to the tables

provided in Chapters 3-5.

2.2 Methodology

Studies 1-2: The methodology in these studies is based on geometric morphometric
analyses of 3D landmarks on the cranium (Chapter 3) and mandible (Chapter 4). Chapter 3
also includes the virtual reconstructions (for detailed descriptions for each virtual
reconstruction, please refer to page 39/ Chapter 3) of the XIR-1 face and RP1-128 maxilla in
the software Avizo (©FEI Visualization Sciences Group, version 9.1). The use of landmarks (2
or 3D) is the core element in GM. Landmarks are defined as points within cartesian
coordinates that are registered on a homologous structure (Bookstein, 1991). They can be
categorized in the following types (e.g., Bookstein, 1997; Zelditch, 2012): Type I, which
correspond to standard ("fixed") points easily identified on the skeletal material; Type I,
which correspond to points of maximum curvature; and Type III, which refer to the most

extreme points (e.g., most posterior/ anterior point).
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In both studies, the 3D landmarks were registered on 3D models (surfaces) and in some
instances, using a 3D digitizer (Microscribe). The surfaces originated either from the use of
computed tomography (CT) or 3D surface scanners. Using x-ray technology, like the CT, is
costly, but the resulting 3D matrix comprising small information units (Weber 2001; Scherf,
2013), reveals details about both the inner and outer morphology of the specimen. However,
as a part of the comparative sample used in this dissertation is hosted in several museums
and collections, its use was not always feasible. Instead, a portable 3D surface scanner was
preferred. The Artec Space Spider scanner (property of the Paleoanthropology High-
Resolution CT Laboratory, University of Tiibingen) was utilized. This surface scanner is
based on blue light technology and creates accurate high-resolution surface scans (max
resolution of 50 microns). Lastly, when none of the options above was available, a
mechanical digitizer was used (Microscribe 3D; property of the Paleoanthropology High-
Resolution CT Laboratory, University of Tiibingen). Contrary to the other options, this
method does not produce any surface scan/representation. Instead, the 3D landmarks are
collected from a stylus and a pedal, which are connected to a host computer. After the

registration of the landmarks, only the visualization of the 3D measurements is possible.

Before the statistical analysis of shape, it is crucial to remove all other parameters from the
dataset. One of the most established procedures is the Generalized Procrustes Analysis (or
GPA; Gower, 1975; Rohlf and Slice, 1990; Rohlf and Markus, 1993), which transfers the raw
landmarks’ coordinates of all specimens in a common coordinate system, and in that process
removes overall size, position, and orientation from the dataset (Rohlf and Slice, 1990; Rohlf
and Markus, 1993). The new coordinates produced are called Procrustes shape coordinates
(or just shape coordinates) and are used in all later steps of the statistical analyses unless

indicated otherwise.

Calculation of inter- and intra-observer landmark error is an essential step to evaluate the
reproducibility of any statistical analysis. An inter-observer error is needed when landmarks
are registered by multiple observers on the same material, while an intra-observer error
when they are registered only by a single observer. An intra-observer error was conducted
in both studies, as the landmarks were registered by the same person. For a detailed

description of the error tests refer to pages 38 (Chapter 3) and 80 (Chapter 4).
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In Study 1, Principal Component Analyses (PCA) were conducted of two datasets (facial and
makxillary) to examine all specimens' overall cranial shape variation in shape space. PCA is
an ordination analysis, which shows how the total shape variance is partitioned among and
within the sample in morpho-space (Bookstein, 1997; Rohlf, 1999). To investigate whether
size-related effects influenced the position of 0. macedoniensis in the PCA, a correlation
analysis was conducted between the first two principal components and (log) centroid size.
Moreover, full Procrustes shape distances were used to examine shape similarities of
Ouranopithecus and the extant taxa. Procrustes distances refer to the sum of squared
differences of the coordinates between the superimposed configurations and reveal the
amount of shape variation within a sample (Rohlf and Slice, 1990; Adams et al., 2004;
Bookstein et al., 2004). Permutation tests were performed to test the statistical significance
of shape variation within the extant great apes (excluding all fossils in both datasets). To test
whether there are great differences to separate the groups, a discriminant function analysis
(DFA) was conducted, using the principal components as variables. As groups in this analysis
are defined a priori, the fossils used (whose phylogenetic position is in question or were

represented by only one specimen) were treated as unknown.

In Study 2, PCA was conducted on three datasets (bilateral, hemimandible, and ramus) in
shape space. Permutation tests between sexes were performed for each extant species to test
if there are sex-specific differences within each species. A correlation analysis between the
first two principal components and (log) centroid size was conducted for all datasets to
investigate whether the distribution of the specimens in the PCAs is influenced by size.
Procrustes distances were used to explore shape differences within the 0. macedoniensis
sample and that present in each of the extant species. All pairwise Procrustes distances in
0. macedoniensis were compared to those of each extant great apes via boxplots. In addition,
the 95 % probability intervals from all pairwise Procrustes distances for each great ape were
calculated and compared to the pairwise distances within 0. macedoniensis. These analyses
aimed to investigate whether there is greater variation in the small 0. macedoniensis sample
than in the extant great apes. To examine the size-related degree of sexual dimorphism

expressed by the 0. macedoniensis mandibles and compare it to levels observed in the extant
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great apes, the pairwise 0. macedoniensis male-female centroid size differences were plotted
against distribution of all male-female pairwise differences for each extant great ape, using
boxplots. The differences between the male and female centroid means were calculated, and

for great apes also tested for significance.

Study 3: For this study (Chapter 5), the use of micro (K)CT scans for the O. macedoniensis
specimens was necessary as a virtual extraction of the post-canine teeth and the internal
structure of the root canals was required. All necessary steps were conducted with the

environment of the Avizo software (©FEI Visualization Sciences Group, version 9.1).

Due to the nature of the comparative sample, which originated from the literature, the
therein protocols were used: Moore et al. (2013, 2015); Emonet (2009); Emonet et al.
(2014); and Fuss et al. (2017). The study focused on the lower right post-canine dentition,
as this was complete in both 0. macedoniensis mandibles. The teeth were virtually
segmented from the mandible in the Avizo software. Due to high-level fossilization, a manual
or semi-automatic virtual segmentation of the teeth had to be carried out. After the
segmentation, root length was measured, and root morphology was explored. For root length
measurements, the protocol from Moore et al. (2013) was used, where the root length is
measured linearly from the root apex to the surface of the cervical plane. The comparative
data include root length measurements from extant great apes (Gorilla gorilla, Pan
troglodytes, Pongo pygmaeus), humans, and extinct taxa, including Sahelanthropus tchadensis
and Graecopithecus freybergi. For root and pulp canal evaluation, the protocol from Emonet
(2009) was followed, where the number of roots (fused and unfused) is counted, while the
dental root and pulp canal configuration is calculated using the following formula for multi-
rooted teeth: Xa M+YpD. The variables X/Y are the mesial/distal number of roots; a/[3 are the

mesial/distal number of pulp canals; and M/D stands for mesial/distal surface of the tooth.

Chapters 3 to 5 are presented in an article format as these chapters are already or will be
published in peer-reviewed journals. Chapter 3 is published, Chapter 4 is currently
submitted and under review, and Chapter 5 is ready for submission. At the beginning of each

chapter, the manuscript status and the individual author’s contributions are provided.
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Study 1

Text and analyses incorporated in this chapter are a manuscript that is published in the

American Journal of Physical Anthropology.

loannidou, M., Koufos, G. D., de Bonis, L., & Harvati, K. (2019). A new three-dimensional
geometric morphometrics analysis of the Ouranopithecus macedoniensis cranium (Late
Miocene, Central Macedonia, Greece). American Journal of Physical Anthropology, 170(2),
295-307. https://doi.org/10.1002 /ajpa.2390012

The original idea for this study was developed in collaboration with Prof. Dr. Harvati, Prof.
Koufos and Prof. de Bonis. Regarding the data presented in this chapter, I was the main

conductor and collected all data.

Author | Scientific Data. Analysis & Paper
Author .. ] generation | | ] ..
position | ideas % % interpretation % | writing %
Ioannidou, M. 1 40 100 80 60
Koufos, G. 2 10 - - 10
de Bonis, L. 3 10 - - -
Harvati, K. 4 40 - 20 30
A new three-dimensional geometric morphometrics
Title of the paper analysis of the Ouranopithecus macedoniensis cranium (Late
Miocene, Central Macedonia, Greece)
Status ;r;:clzzlslcatlon Published in American Journal of Physical Anthropology

2 This article is licensed (license number: 5076940821902) under an agreement between the corresponding
author ("Melania loannidou") and John Wiley and Sons ("John Wiley and Sons"), which permits reproduction
of this article for purposes of this Dissertation. The terms and conditions are provided by John Wiley and Sons
and Copyright Clearance Center.
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A new three-dimensional geometric morphometrics analysis of the Ouranopithecus

macedoniensis cranium (Late Miocene, Central Macedonia, Greece)

Abstract

Objectives: This study aims to virtually reconstruct the deformed face (XIR-1) and maxilla
(RP1-128) of the late Miocene hominoid Ouranopithecus macedoniensis from Greece, through
the application of mirror-imaging and segmentation. Additionally, analysis was conducted
through 3D geometric morphometrics, utilizing a comparative sample of fossil hominoids,
extant great apes (Gorilla, Pan, and Pongo) and humans, so as to explore shape variation and

phenetic similarities between them.

Materials and methods: High-resolution computed tomography was used to create digital
representations of the XIR-1 and RPI-128 specimens. The virtual reconstruction of the XIR1
cranium was achieved by mirror-imaging, while the RPI-128 maxilla was virtually
segmented and reattached in a correct anatomical position. Anatomical landmarks were
registered in three dimensions on a comparative sample of adult crania of extant great apes,
humans and fossil hominoids. The data were processed with Procrustes superimposition

and analyzed using multivariate statistics methods.

Results: Results show that Ouranopithecus macedoniensis falls within or close to the Gorilla
convex hull in the principal component analyses, and it is closer to the mean Procrustes
shape distance of primarily Gorilla. Both specimens, XIR-1 and RPI-128, are classified as

Gorilla based on discriminant function analyses.

Discussion: The results of our geometric morphometrics analyses indicate that
Ouranopithecus macedoniensis is morphologically more similar to Gorilla than to Homo, Pan,
or Pongo, results that can contribute to the evaluation of existing hypotheses about its

phylogenetic position.

Keywords: Geometric morphometrics, Hominoidea, Late Miocene, Ouranopithecus, Virtual

anthropology
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3.1 Introduction

The genus Ouranopithecus has been documented since 1974 in the late Miocene deposits of
Northern Greece in the form of several mandibles, a number of isolated teeth, a maxilla (RPI-
128; Fig. 1b) and an almost complete face (XIR-1; Fig. 1a; de Bonis, 1974; de Bonis & Melentis,
1977, 1978; de Bonis et al., 1990; Koufos, 1993, 1995; Koufos et al., 2016). Ouranopithecus
macedoniensis is currently known from three localities in Macedonia (Northern Greece):
Ravin de la Pluie (RP1) and Xirochori (XIR) in the Axios Valley; and Nikiti-1 (NKT) in the
Chalkidiki Peninsula. Continuing excavations have yielded several maxillary and mandibular
remains of this hominoid, especially from RPIl; whereas postcranial remains are limited to
two phalanges, also from RPI] (de Bonis & Koufos, 2014; de Bonis et al., 1998; de Bonis &
Melentis, 1977, 1978; Koufos & de Bonis, 2006). The chronostratigraphic range of O.
macedoniensis is hypothesized to lie between 9.6 and 8.7 Ma on the basis of faunal correlation
and magnetostratigraphic evidence (Koufos et al., 2016; Sen et al., 2000). 0. macedoniensis
has been hypothesized to represent either an early hominin (de Bonis & Koufos, 1994, 2001),
a dryopithecine and a sister group to the extant African apes and humans (Begun, 1994;
Begun & Kordos, 1997), or a close relative of Gorilla (Dean & Delson, 1992) or Pongo (Kohler
etal.,, 2001).

3.2 Materials and Methods

The aim of our study is, first, to virtually reconstruct two different cranial remains of O.
macedoniensis, the XIR-1 cranium and RPI-128 maxilla; and, second, to conduct a
comparative 3D geometric morphometric analysis of the reconstructed Ouranopithecus
facial morphology, in an attempt to understand its morphological affinities with extant great
apes, humans and fossil hominoids. This is the first virtual reconstruction of Quranopithecus
macedoniensis, and itself cannot resolve the problem of this taxon's phylogenetic position,
however its phenetic affinities mainly with the extant great apes can help evaluate existing
hypotheses. The virtual reconstruction of the XIR-1 cranium aims to restore symmetry to its
deformed face using mirror-imaging. Additionally, the virtual reconstruction of the RP1-128
maxilla uses virtual segmentation of the specimen to reconfigure it in its initial anatomical

position. The most important advantage of such methods, relative to traditional
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reconstruction techniques, is that they allow digital manipulation of the objects under study
and therefore are not destructive or damaging to the precious fossil specimens. Our second
goal is to analyze the virtual reconstructions with three-dimensional (3D) geometric
morphometrics, in order to explore shape variation and phenetic similarities between 0.
macedoniensis and a comparative sample of other fossil hominoids, extant great apes

(Gorilla, Pan, and Pongo) and humans.
The XIR-1 cranium

The specimen XIR-1, found in 1989, consists of a nearly complete face of an adult male (de
Bonis etal., 1990, Fig. 1a). It is well preserved, but slightly distorted as a result of taphonomic
processes during fossilization. The right side of the face is complete, including the right orbit,
maxilla, nasal bone (which is slightly distorted) and nasal aperture, while the anatomical
area from the frontal bone to the alveolar process is also preserved. The left part of the face
includes the nasal bone, which seems intact, and the left maxilla. Additionally, the dentition
of the individual is almost complete, with only the right third molar missing (de Bonis et al,,
1990). The face of Ouranopithecus is characterized by a large interorbital distance, small and
low orbits with a rather quadrangular shape, and a well-developed supraorbital torus, which
has a small depression at its central part behind the brow ridge (de Bonis et al., 1990; de
Bonis & Koufos, 1993). Moreover, it shows a well-defined glabella, while the lateral margins

of the upper face are relatively vertical (de Bonis et al., 1990; de Bonis & Koufos, 1993).
The RP1-128 maxilla

RPI-128 was found in 1978, and like XIR-1, it belongs to an adult male (de Bonis & Melentis,
1978). The upper jaw is well preserved, while the permanent dentition is almost complete,
only the left lateral incisor and canine are missing. Moreover, part of the zygomatic bone and
a large part of the nasal cavity are also preserved. The canine roots have a strong
posteromedial inclination, which gives a false impression of a receding anterior portion of

the maxilla (de Bonis & Melentis, 1978; Fig. 1b).
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Virtual reconstruction

XIR-1 and RPI-128 were micro CT scanned at the Paleoanthropology High Resolution
Computed Tomography Laboratory, University of Tiibingen (Phoenix X-Ray, v/tomex/s GE,
tube voltage 220 kV, tube current 180 mA and beam collimation 1 mm). Both reconstructions

were carried out using AVIZO software (©OFEI Visualization Sciences Group, Version 9.1).

Fig. 1: (a) 0. macedoniensis (XIR-1): face and maxilla with an
almost complete dentition and (b) 0. macedoniensis (RP1-128):
maxilla with an almost complete dentition. Photographs by G. D.
Koufos.

Before starting to virtually reconstruct any specimen, some basic requirements were met.
Following Gunz et al., (2009), the degree of deformation, which corresponds to the deviation
from the symmetry, has to be defined from the beginning. XIR-1 exhibits a well-preserved
right side, with only some degree of deformation in the nasal aperture. We initially tried to
segment out the different facial areas preserved in the XIR-1 cranium and repositioning
them, but unfortunately this was not possible, as it was very hard to distinguish the matrix

from the sediment. Hence, our reconstruction was based on restoring bilateral symmetry
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with mirror-imaging, as one side of the specimen showed no deformation and the midline
was undisturbed (Gunz et al., 2009). The virtual reconstruction of the XIR-1 cranium was
conducted in two steps. The first step included the mirror-imaging of the right anatomical
side to the left, to complete the face of the XIR-1 cranium, while the second aimed to correct
the deformation of the nasal bones, by mirroring part of the intact left side to the deformed
right one. As for the RP1-128, while this specimen is well preserved (Fig. 1b), it is glued at the
area beneath the anterior nasal aperture (area A) and the premaxillary alveolar process of
the front teeth (area B). However, when these two pieces (area A and B) were glued, the
latter was shifted to a more superior position and there is most likely bone missing between
them. The aim of our reconstruction was to virtually separate the two areas, so as to remove

the glue and see if there is any direct contact between them.
Comparative analysis
Sample

Our comparative sample comprised of 106 adult specimens, including both fossil and extant
taxa. Apart from the XIR-1 cranium and RPI- 128 maxilla, other fossils (Table 1) included a
cast of a reconstruction (Begun 1994, 2009; surface scan) of Hispanopithecus laietanus (IPS
18000) from the Late Miocene deposits of Can Llobateres 2, Spain (Alba, 2012; Kohler et al.,
2001; Moya-Sola & Kohler, 1993, 1995), Sahelanthropus tchadensis (TM 266-01-60-1;
Brunet et al., 2002, 2005; Zollikofer et al., 2005), and Australopithecus africanus from
Sterkfontein, South Africa (Sts 71; Broom et al., 1946; virtual reconstruction, University of
Vienna). The extant sample (Table 2) includes Homo sapiens (n = 20), Pan troglodytes (n =
22), Gorilla gorilla (n = 22), Gorilla beringei (n = 10), Pongo pygmaeus (n = 19), and Pongo
abelii (n = 10). All extant taxa were represented by both adult female and male individuals,
with =5 individuals per sex. Adult status was established using the criterion of full eruption

of the third permanent molar.
Measurement protocol

Fifty-six landmarks (complete dataset), representing standard osteometric points on the

cranium (Table 3; White, Black, & Folkens, 2011), were registered in three dimensions (3D)
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following Singh et al. (2012), Guy et al. (2003), Bayome et al. (2013), and McNulty (2005).
The landmarks used in our analysis were chosen so as to capture the maximum overall
shape of the maxillofacial area, which is the area that the XIR-1 cranium preserves.
Landmarks were either digitized directly from crania with a 3D digitizer (Microscribe 3DX,

© Immersion Corporation) or collected from scans with the specialized software AVIZO.

Table 1: List of fossils used for the comparative analysis. 2

. N. of Type of .
Species Sample individual MA material Collection
Hisbanopithecus Surface scan of
panoptthect IPS 18000 1 10 virtual 1
laietanus .
reconstruction
0] ith
Uranopreiectis | yip 1 and RPI-128 2 9.6-8.7 CT scan 1
macedoniensis
Sahelanthropus | 1\t 566 01-60-1 1 7.2-68 | 3D Landmarks 2
tchadensis
Australopithecus Surface scan of
op Sts 71 1 2.8-2.5 virtual 3
africanus .
reconstruction

aCollection codes: 1. University of Thessaloniki; 2. University of Poitiers; 3. University of Vienna.

Table 2: Extant great apes and humans used in the analysis.?

Species Adults Collection
male female

Homo sapiens 10 10 1,2

Gorilla gorilla 11 11 3,4
Gorilla beringei 5 5 4
Pan troglodytes 12 10 1,3,4,5

Pongo abelii 5 5 4
Pongo pygmaeus 9 10 3,4

aCollection codes: 1. University of Tiibingen, 2. Copenhagen University, 3. Natural History
Museum, Stuttgart, 4. Smithsonian National Museum of Natural History, 5. Senckenberg
Museum of Natural History, Frankfurt.

The analysis was repeated using two datasets: the first includes the full complement of 56

landmarks (Fig. 2); while the second one includes only 27 landmarks (maxillary dataset),
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those preserved in the RPI-128 reconstruction and TM 266-01-60-1. As mentioned in the
virtual reconstruction section, the nasal aperture has a small deformation, and thus an
additional analysis was performed excluding the landmarks around this area (landmarks 3,
18, 19, and 20). This landmark dataset was superimposed separately and a principal
component analysis (PCA) was conducted on the fitted coordinates (Fig. S3). All land- marks
were registered by MI, with the exception of those of S. tchadensis, which were collected by
colleagues at the University of Poitiers following our detailed definitions. These landmarks

were only used in the analyses of the maxillary landmark dataset.

Fig. 2: The 56 registered three-dimensional landmarks used in the analysis on a surface scan
of a female Pan troglodytes cranium.

Intra-observer error test

To calculate the intra-observer measurement error, one specimen was selected and the
landmarks were registered by one of the authors (MI), five times using a Microscribe and

five times using AVIZO, over a period of 1 month. For this purpose, a specimen of a Pan
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troglodytes from the Osteological Collection of the University of Tiibingen was scanned. The

observed error ranged from 0.3 to 3.35 %, well within acceptable levels (Singleton, 2002).

Table 3: List of landmarks used for the comparative analysis. 2

No. Landmarks

Glabella (g)

Nasion (n)

Rhinion (rhi)

Orbitale (or) right

Ectoconchion (ec) right
Frontomalare orbitale (fmo) right
Frontomalare temporale (fmt)

Mid-torus superior right

© N o ;s Wb

Mid-torus inferior right

=
o

. Across (ec) point right

Uy
[y

. Across (ec) point left

[UnN
N

. Mid-torus inferior left

=
w

. Mid-torus superior left

U=y
S

. Frontomalare temporale (fmt) left

—_
Ul

. Frontomalare orbitale (fmo) left

=
(o))

. Ectoconchion (ec) left
. Orbitale (or) left

. Alare (al) right

. Alare (al) left

N = = R
© O 0 N

. Subnasal (sn)

. Alveolare (ids)

NN
N =

. 1st-2nd jncisor alveolar septum right

N
w

. 2 incisor - canine alveolar septum right

N
o~

. Canine - 1st premolar alveolar septum right

N
ol

. 1st— 2nd premolar alveolar septum right

\°]
(o)}

. 2rd premolar - 1st molar alveolar septum right

N
~N

. 1st— 2nd molar alveolar septum right

N
(o]

. 2nd — 3rd molar alveolar septum right

[\
NeJ

. Midpoint distal 34 molar alveolar margin right

w
(=)

. Inner 3rd - 2nd molar alveolar septum right

w
=

. Endomorale (enm) right
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32. Inner 2nd - 1st molar alveolar septum right

33. Inner 1st molar - 2nd premolar alveolar septum right
34. Inner 2nd - 1st premolar alveolar septum right

35. Inner 1st premolar - canine alveolar septum right
36. Inner canine - 2" incisor alveolar septum right
37. Inner 2nd - 1stincisor alveolar septum right

38. Inner central incisors alveolar septum

39. Inner 1st - 2nd incisor alveolar septum left

40. Inner 2 incisor - canine alveolar septum left
41. Inner canine - 15t premolar alveolar septum left
42. Inner 1st - 2nd premolar alveolar septum left

43. Inner 2" premolar - 15t molar alveolar septum left
44. Inner 1st - 2nd molar alveolar septum left

45. Endomorale (enm) left

46. Inner 2n - 3rd molar alveolar septum left

47. Midpoint distal 31 molar alveolar margin left

48. 3rd - 2nd molar alveolar septum left

49. 2nd - 1stmolar alveolar septum left

50. 1stmolar - 2nd premolar alveolar septum left

51. 2nd - 1stpremolar alveolar septum left

52. 1stpremolar - canine alveolar septum left

53. Canine - 2nd incisor alveolar septum left

54. 2nd - 1stincisor alveolar septum left

55. Canine eminence (ce) right

56. Canine eminence (ce) left

aSee Fig. 2

Data processing

A generalized Procrustes analysis, which superimposes all the landmark configurations, was
conducted in the EVAN Toolbox software (Version 1.6; EVAN-Society, e.V.). The aim of this
procedure is to remove the non-shape variation (i.e., position and scale) and create new
shape variables. Reflected relabeling was performed for the reconstruction of missing data
(Gunz et al., 2009) using Morpheus (Slice, 1999). This procedure was applied to the A.
africanus Sts 71 specimen, which was lacking landmarks on one anatomical side (landmarks

13-17, 22, 44-49, and 56).
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Statistical analyses

Statistical analyses were performed using the EVAN Toolbox (Version 1.6; EVAN-Society,

e.V.), PAST (Version 3.10; Hammer et al, 2001), R statistical environment (Geomorph
package, Adams & Otarola-Castillo, 2013) and SPSS (IBM® SPSS® Statistics 21). A principal

component analysis was conducted on both datasets to examine the overall cranial shape

variation of all specimens in shape space. PCA is a way to explore shape variability, as it

examines how the total variance is partitioned not only among but within the sample in

morphospace (Bookstein, 1997; Rohlf, 1999). To further examine the shape similarities of

Ouranopithecus and the represented extant taxa, we performed a shape analysis in

Geomorph package (Adams & Otarola-Castillo, 2013), which uses the full Procrustes shape

distances among specimens to quantify explained and unexplained components of shape

variation (Adams & Otarola-Castillo, 2013).

Table 4: Classification and cross-validation results of the discriminant function analysis
(full landmark dataset).2

Predicted Group Membership Total
Species
Pongo Gorilla Pan Homo

Pongo 28 0 1 .0 29

Gorilla 0 32 0 .0 32
Count

Pan 0 0 22 0 22

Homo 0 1 0 19 20

Cross-validated

Pongo 96.6 .0 3.4 .0 100.0

Gorilla 0 100.0 .0 .0 100.0
%

Pan 0 .0| 100.0 .0 100.0

Homo .0 5.0 .0 95.0 100.0

2100 % of original grouped cases and 97.1 % of cross-validated grouped cases were correctly classified to

genus.

The statistical significance of shape variation within the extant great apes (excluding all

fossils in both full and maxillary datasets) was assessed via permutation tests (100 random

permutations), using Goodall's F method (Goodall, 1991) and the results can be seen in
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Tables 4 and 5. After performing this test, we calculated the mean Procrustes shape distance
differences, to measure how similar are the Ouranopithecus specimens (XIR-1 and RP1-128)
to the represented extant taxa used in the analysis. While Procrustes superimposition
removes gross size, size-related (i.e., allometry) shape remains. Therefore, to investigate
whether the position of 0. macedoniensis in the PCA was influenced by such size-related
effects, we conducted a correlation analysis between the first two principal components and

log centroid size, using Pearson's correlation coefficient.

Finally, a discriminant function analysis (DFA) was also performed to maximize the among
versus the within group variation, using principal components as variables. DFA uses a priori
defined groups and therefore the fossils used in the analysis, whose phylogenetic position is
in question or which were represented by only one specimen, were treated as unknown (see
also Harvati etal.,, 2011). We used the Kaiser criterion and scree plot method (Jackson, 2005),
to choose the number of (nonzero) PCs to include in the analysis.

Table 5: Classification and cross validation results of the discriminant function analysis
(maxillary landmark dataset).2

Predicted Group Membership
Species Total
Pongo Gorilla Pan Homo

Pongo 22 0 7 0 29

Gorilla 0 32 0 0 32
Count

Pan 7 0 14 1 22

Homo 0 0 0 20 20

Cross-validated

Pongo 75.9 .0 24.1 .0 100.0

Gorilla .0 100.0 .0 .0 100.0
%

Pan 31.8 .0 63.6 4.5 100.0

Homo .0 .0 .0 100.0 100.0

2 89.3 % of original grouped cases and 85.4 % of cross-validated grouped cases were correctly classified to
genus.
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3.3 Results
Virtual reconstruction
XIR-1

An artificial mirror surface of the undistorted right side was created and placed over the
original left side, using the transform editor tool in AVIZO, ensuring that the orbits were at
the same height and had the same distance from glabella and nasion. This was achieved by
measuring the distances virtually in AVIZO. This step was performed several times until a
satisfactory fit was achieved and the facial elements were in the correct anatomical position.
Unnecessary or redundant segments were edited out using the surface edit tool. From the
original right side surface, only a small part of the supraorbital region was removed across
the midplane. After editing out the original right side surface, the mirrored left side was
virtually removed, except from the orbit, part of the supraorbital torus and part of the
zygomatic bone (Fig. S1). Additionally, when both surfaces were processed, a last check of
the distances between the orbits and the distance of each orbit from glabella was made and,
if necessary, the surfaces were edited again. Moreover, to complete the dentition of the XIR-
1 cranium, we decided to virtually segment the preserved left M3 and place it on the right
side, in a correct anatomical position (Fig. S1). Finally, using the same mirror- imaging steps,
the proximal part of the left nasal bone (the part that was crucial for placing landmarks) was

virtually reconstructed from the intact right side.
RPI-128

The two original pieces of the maxilla were virtually segmented using both manual (brush
tool) and semi-automatic (magic wand tool) segmentation methods in AVIZO. After
segmentation we observed that no natural contact between the two pieces is preserved, thus
it was not possible to achieve a perfect fit (Fig. S2). We therefore decided not to include any
landmark at the problematic lower part of the maxilla in our geometric morphometrics

analyses.
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Principal component analysis
Complete landmark dataset

The first component summarizes 55.93 % of the total variance of the sample. PC 1 separates
Homo on its negative side and the other extant great apes and fossils plot near the center or
on the positive side (Fig. 3). The virtual reconstruction of XIR-1 shows a positive PC 1 score,
overlapping with the great apes and away from modern humans, as expected. IPS 18000, the
virtual reconstruction of Hispanopithecus laietanus (Begun, 1994, 2009), shows a similar
score. On the other hand, Sts 71, the A. africanus specimen, shows a somewhat negative score
and clusters within the Pan convex hull. PC 2 accounts for 11.21 % of the total variance and
separates Gorilla on the positive side from Pan and Pongo on the negative side; Homo clusters
around zero on this axis. XIR-1 falls within the range of Gorilla on PC 2. IPS 18000 also scores
positively on PC 2, plotting close to the Gorilla convex hull, but also within the range of Homo
species, while Sts 71 scores negatively, plotting within the Pan convex hull. As it can be seen
in Fig. 3a-d, PC 1 is primarily associated with changes in the overall facial shape, including
the orbits, supraorbital region, nasal aperture, and maxilla. Specifically, negative PC 1 scores,
characterizing Homo, reflect wider and laterally extended orbits, a smaller but
superoinferiorly elongated nasal aperture, and less prognathic midfaces, while as we move
toward the positive end, where Gorilla and Pongo specimens fall, the orbits are shortened
laterally, the nasal aperture is shorter but wider, and the midfaces are more prognathic.
Along PC 2, individuals with positive PC 2 scores, characteristic of Gorilla, have wider nasal
apertures and wider orbits, while as we move toward the negative end, where both Pan and
Pongo fall, the orbits extend laterally, and the nasal aperture is narrower. As for the lower
PCs, PC 3 (7.39 %) and PC 4 (3.76 %), they do not separate the taxa as well as the first two,
as there was overlap between them. All specimens overlap mostly around zero, while the
XIR-1 reconstruction is plotted within the Gorilla convex hull, but also close to the scores of

the other great apes and humans, both in PC 3 and PC 4 (Fig. S3).
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Fig. 3: PCA in shape space (full landmark dataset). PC 1 explains 55.93 % and PC 2 11.21 % of total
variance. Convex hulls are drawn for Homo (purple for females and olive green for males), Gorilla
(blue for females and brown for males), Pan (aqua blue for females and black for males) and Pongo
(fuchsia for females and green for males). a: mean shape at the negative end of PC 1 in frontal and
lateral view, b: mean shape at the positive end of PC 2 in frontal and lateral view, c: mean shape at
the positive end of PC1 in frontal and lateral view, d: mean shape at the negative end of PC 2 in
frontal and lateral view.
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