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Abstract

Within the genusHomq we observe a decrease in mandibular robusticity anthénsizeof
anterior and postanine dentition a trend that is usually referred to as reduction or
gracilisation. Factors linked to diet, food processind encephalizatiohave been suggested

to be the main drivers of this trend®one toolsand fire would haveallowed Pleistocene
hominins toreduce food toughnesshus relaxinghe selective pressures dhe masticatory
apparatus In the Holocene, thehanges in human lifestyle triggered agriculturewould
have determined the reduction in human tooth siBeain expansion may have acted as a
constraint on the development of the lower jawn this work, a primate perspective was
adopted toclarify the relative influence addaptive and noradaptive factoron mandibular
and dental reduction in the genusloma The effect of diet and structural constraints
(allometry and encephalizatioon dental and mandibular sizad robusticity were analysed.
The resultsshowthat incisor size and mandibular robusticity correlate significantly with diet
proxies in norhuman extant catarrhines and with neurocranium shape changes in the
neurocranium in Homo sapiens In non-human African apes, the elongation of the
neurocranium influences postcanine tooth simeHomq body sizeplays an important part

in tooth size allometrybut not in robusticity. These results suggest tivaprovements in
tool-based food preparatiomay have been a leading factor in the reduction of incisor size in
hominins. Molars and premolars were probably influenced by the expansion of the
neurocranium diring Pleistocengand incisor size may be constrained by neurocranium shape
changes iH. sapiensThis work confirmed the importance of food processmghe trend of
reduction andproduced convincing evidence for tlsgynificanceof structural constraints in
the evolution of the hominin anatomy. These finding@ntribute to explain the comple

evolution of the human skull.
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Chapter 1

Introduction

1.1 Overview

Mandibles and teeth occupy a special place in the study of human evolution. Within the
hominin clade, we not only find remarkable changes in mandibular and dental morphology,
we also observe a trendtwvard small, gracile lower jawhat is evident in the genuslomo
andreachesan extreme irHomosapiengEmes et al., 2011). The gracilisation, or reduction,

of the lower jaw in modern humans is seen as the result of a wipacties trend that
occurred during the evolution dilomosapiensirom upper Palaeolithic téhe Neolithic To
explain thepeculiarly small and gracile lower jaw in humatige attention focused on its
possible functional meaning. Several factors have been claimed to have driven mandibular
and dental reduction both ilomoand in anatomically moderdmumans: the use of lithic tools
(Zink & Lieberman, 2016) and the adoption of fire for cooking (Wrangham & Carmody, 2010)
have beenand are still seen as the most plausible causes. Despite the efforts of decades of
study, the truth about mandibular andedtal reduction has not been revealed entirely, and

the main questions regarding the peculiar evolution of the hominin lower jaw aregéh.

Together with mandibular and dental reduction, the gertdemo has undergone other
distinctive trends that transformed human anatomy. In particular, a net increase indiney
is observed at the passage from earpmoto later Pleistocene specie& abowski et al.,
2015) In addition, the hominin brain enlarged coderably during the Pleistocene, with
neanderthalensisand H. sapiensdisplaying a expansion of their braincase volume
unparalleled among living and extinct primaté&ghtmire, 2001 The increase in body size
and brain volume may have modified theorphology of mandibles and teeth in hominjns

including modern humans (Bastir et al., 2006). Therefore, the possibility that structural



constraints drove mandibular and dental reduction should not be overlooked, and integrating

functional and structural fetors may reveal the multifactorial nature of this trend.

Since the first official description of Neanderthal bones in 18@dng, 1864
paleoanthropological excavations literally brought to light an ever increasing record of fossil
evidence(Delisle, 206). Hominin fossils open a window on our origins and help to explain
our anatomy and behaviour. Nevertheless, the paleoanthropological record is intrinsically
fragmentary and heterogeneously spread over time and spatech makes it difficult to
reconstrict the past using fossils onlyo overcome this drawback, the information available

in extant mammalsan be used to fill the intrinsic gaps of the fossil recd?dmates are a
particularly suitablegroup of comparison for hominins (Cachel, 2008hmosapiensis part

of the primate clade and, therefore, it and its ancestors share part of their evolutionary

history and numerous physical and behavioural features with monkey®sted apes.

The aim of this works to clarify the significance of adaptivecanonadaptive factors on the

trend of mandibular and dental reduction in hominjnscludingmodern humans.The
analyses are focused on testing the rolesad-processing body size angheurocranium
modificationson the gracilisation ofhe hominin lowe jaw. The work is structured in seven
chapters, which include the theoretical background as well as the methodological and
analytical frameworks used. The analyses are reported in chapters 3 to 6, each one including
a specific introduction that reports #literature review relevant to the aims of that chapter.
Although these introductions overlap to the general literature review provided in chapter 1,

they were conceived tembedeach step of the analysis in a more specific background.

Chapter 1describesthe framework of ideas acting as the foundation of this work and it
represents a report of the relevant literaturen the subject of dental and mandibular
reduction. In the first placethe choice of adopting a primate perspective for studying the
trend of reduction is commented, and the reasons and benefits of using a comparative
approach in human evolution are highlightéthe functional and biomechanical meaning of
dental size and manbdular robusticity are emphasasl. The trends of dental and mandibular
reduction in hominins are describedhd hypotheses put forward to explain tipatterns of
reduction are discussed, and their assumptiond &mitations are highlightedlhe aims and

hypotheses of this work are stated.



Chapter 2provides a comprehensive description of the methodological approach adopted in
this work. The material, the morphometric data recorded and the techniques used to collect

it are described. The statistical methoaisd approaches are reported and justified.

Chapter 3s the first of the four chapters that constitute the analytical body of this work. Here
the reduction trends in robusticity and dental size in Pleistocene and Holocene are tested by
using a large datasef metric data. The results and previous hypotheses are commented in

the light of the current, updatedriowledge about human evolution.

In chapter 4, the influence of bodysize on mandibular and dental sizis examined by
comparinghominins with othercaarrhines. This comparison offethe chance toquantify
the uniqueness of the hominin lower jawrhis chapter underlire2the importance of
considering bodysizevariations to understand the constraint acting on the hominin lowe
jaw. In addition, it suggds that the small dental and mandibular size distinctive in late

hominins.

In chapter5 the attention is drawrto the relationship between the morphology of the lower
jaw, diet and tool use in catarrhines. The analyses performed test the common assompt
that differences in dental size and mandibular robusticity reflect differences in diet or
biomechanical adaptations. The results are used to examine the trend of reddciona

primate perspective.

In chapter § the neurocranium and the lower jaare analysed together to outline possible
patterns of structural constraints on dental size and robusticity. A Geometric Morphometric
approachs used to study the morphological integration between the mandible and the head.
The hypothesis that encephalizat drove the trend of reduction in hominins is tested.
Multiple linear regression approachese used to define the relevance of neunsandibular
integration on the modifications in dental size and robusticityeittant African apes and

modern humans.

In chapter 7, the results obtained in chapters 3 to 6 are discussed, and main conclasgons

offeredregarding the multifactorial nature of the trend of mandibular and dental reduction.

This work provides evidence that the evolution of the lower jaw in hamiwas influenced

by both dietary factors and structural constraints. The results suggest that food processing



played a crucial role in the onset of the trend of reduction in the Pleistocene, and that
encephalization and neurocranium modifications conitdd to the reduced postcanine
dentition and robusticity in late Pleistocene and Holocene. The peculiar reorganisation in the
brain volume inH. sapiensmay have had a relevant effect on thenique mandibular

robusticity in modern humans.

1.2 Human evolution and catarrhines

The study of human evolution is a practice asking one of the most meaningful questions for
understanding our own existencevhy are we what we areRlthough the human anatomy
bear signs of our evolutionary patAiéllo & Dan, 2000, it only represents the final step of

our history. To understand the way that led to the present humanity, we can compare
ourselves to other animalsh€& comparative approach is based on the logical idea that the
biology of a species may be betienderstood when compared to the biology of other species
(Harvey & Pagel, 1991The list of intellectuals who used and fostered the comparative
approach for studying humans includes famous names and dates far back in time. In his
GDSYSNHYMXY tRHE S | NAaAG@ust SAV 2FNRUSAANXIKS yAy
are to a very great extent unknown, and the consequence is that we must have recourse to
an examination of the inner parts of other animals whose nature in any way resembles that
2T YIyé ot Sp 196 Fnedophbdn thattogher animals could provide information
transferable on the human anatomy wasesentamong physicians during ancient times. In
the Roman period, Galen (AD X2Z90/216) performed several dissections oniraals, in
particular pigs, which he preferred for their similarities with the human body (Corner, 1927).
The first example of a direct, complete evaluation of the anatomical differences and
similarities between primates and humans is probably to be aitadd to Andreas Vesalius
(15141564).Indeed, n hisFabrica Vesalius highlights the differences between the anatomy
of humans, which he dissected, and theatomy reported by Galen, who relied pig and
monkey dissections since he was not allowedlissecthumans during his times (Cosans &
Frampton, 2009). Nevertheless, the real place of humans in the natural world was only

disclosed by the work of Carl Linnaeus (X:1078), who recognisetHomo sapiensas



belonging to the orderPrimates and of CharlePDarwin (18091882), who suggested a

common descent of humans amther apegCosans & Frampton, 2009).

Primates are the logicajroup of comparison forHomo sapiensMany of the similarities
between monkeys, apes and humans make sense only in the ligintioclose phylogenetic
relationships(Wildman et al., 2008 Primates have been successfully used as a means of
comparison in the study of human evolutioon several topics regarding hominin
morphology. Copes & Kimbel (2016) questioned the cranial thidkness as a hominin
autapomorphy (derived trait) by comparing fossil hominins with a broad sample of primates.
Their results helped clarify that the proportion of cortical bone over diploé, rather than the
cranial vault thickness, can be considere@asstinctive trait of the hominin lineage. Steele

et al. (2013) analyse the morphology of the hyoid bon&ustralopithecusHomq Gorillaand

Pan interpreting the result for their implications on the evolution of the human speech. Hand
and foot morphobgy in primates is usually compared to better understand the onset of
bipedal locomotion (Zehr et al., 2009), and manwattdrity can be analysed in aroparative
perspective to understand toahaking skills in hominins (Pouydebat et al., 2009). These and
other examples show how primates represent a common element in the research on hominin
variability and evolution, in particular when dealing with the major trends that occurred in
the hominin lineage. For exampla,comparative approach has been adoptedtést ifthe
peculiar encephalization observed in hominisdinked to social organisation (Schultz &
Dunbar, 2010), tool use skills (Lefebvre, 2013) or to ecological factors acting on the energy
requirements of the human brain (Snodgrass et al., 20@®riékman & Lin, 2010). Every
possibility that human and primate brain evolution is driven by the same factors should be
investigated before attempting to define lineagpecific explanations (Isler & Van Schaik,
2014). In these terms, hominin encephalipatrecalls some fundamental aspects of the trend

in dental and mandibular reduction iHomg which appears to be another unique feature
among primate groups. Some of the major explanations proposed rely on the uniqueness of
hominin behaviour,such asthe use of fire and stone toojsas main drivers of change
(Wrangham & Carmody, 2010; Zink & Lieberman, 2016). These hypotheses may be correct,
but they need to be tested. Primates offer a good opportunity to look at the masticatory
variability of hominins inerms of the ecological and structural factors that may influence it.

A primate comparison may highlight the evolutionary background of hominin mandibular and



dental evolution, thus allowing a better understanding of the pattern of reduction, whether

it has or does not have a connection with patterns observed in primates.

Although the primate clade exhibits many similarities with hominins, more shared features
can be found byooking atthe parvorder of Catarrhiniln fact, @tarrhines share with us
severaklnatomical, physiological, developmental and behavioural features, which make them
particularly suitable for comparisons with humaansd fossil hominingCachel, 2006 Cachel
(2006) compiles a comprehensive list of twenipe features shared by hominirsd non

hominin catarrhinesA summary of the mosemarkableis here reported.

1. Catarrhines are diurnal. Concentrating their activity during light hours has important
ecological consequences, which can be recognised irctamial morphology.For
example,nocturnal primates developed adaptations to poor conditions of light, such
as large orbitsKoss et al., 2007 which in some cases are extremely enlarged if
compared to cranial size, as in tarsieSagtenholz, 1984 These morphological
adaptations set strong constraints on the developing skull (Jeffery et al., 2007).
Consequentially, &ing diurnalhumans and other catarrhines magare more similar

constraints (or absence of) than humans and +watarrhine primates.

2. Catarrhines have larger body sizeh platyrrhines (New Worlthonkeys). Body size
has implications on the ecology and morphology of primates and mammals in general.
A large body size is associated with a high proportion of plant matter in the diet, thus
with an herbivorous lifestyle, whilemall mammals usually rely on inseb&is their
daily energy intake (Milton & May, 197&obinson & Redford, 1986). When size
changes, a dietary shift is expected (Leonard & Robertson, TH8}ize of a species
defines the biomechanical constraints i masticatory system, since animals of
different sizes would need to accommodate different stresses when chewing
(Druzinsky, 1993). Although the catarrhine variability in body size overlaps with that
of other primate groupsthere are no catarrhine inségores,though many species
seem to integrate their diet with a certain amount of animal matter, insects or meat
(National Research Council US, 2003). All catarrhines are mainly folivores or frugivores

and, often, a mixture of the tw@\ational Researchddncil US, 2003



3. Several traits are highly sexually dimorphic in catarrh{Desson, 1998)Body size and
canine size exemplify this statement and dimorphism in such traits is common in many
catarrhine specieg¢Leutenegger & Kelly, 1977; Leigh & She&95] Grueter & Van
Schaik, 20080 ! OO0O2NRAYy 3 (2 (GKS wSyaoOKQa Nz S o w!
species of the same lineage will increase with increasing body size when the male is
the larger sex, as in catarrhines. Although male and female humé#es id stature,
other traits commonly dimorphic in catarrhines are missing. Human canines, for
example, are less dimorphic than ather apes and the same is found the genus
AustralopithecugLeutenegger & Shell, 1987) afa$silHomo(Emes et al, 2a1). The
traits that hominins do not share witbther catarrhines represent a good example of
the advantages of using a comparative approach in human evolution. By differing from
a common catarrhine trend for a trait, the hominin condition is likely to hasaurred
because the factors shaping the catarrhine variability were absent or overwhelmed by
other processesThe reduction irthe size of the hominin canines is often linked to
changes in the social organization toward a system charaeteby a low mie-male
competition or monogamy (Plavcan & Van Schaik, 1997; Smith, 1981). An alternative
explanation suggests that the smaller canines in hominins are due to a structural
constraint of tooth overcrowding in the jaws, because of changes in proportions
between tooth types and of the reduction of face prognathism (Jungers, 1978). It is
interesting to notice that while the first hypothesis is based on the observation of a
primate condition, the second relies on trends that are not paralleled outside the

hominin group.

One additional feature, not listed by Cachel (2006) and strictly related to the masticatory
anatomy, makes catarrhines an excellent source for comparing the hominin lower jaw.
Hominins anabther catarrhines share the same number of teeth for etmbth type, meaning

they have the same dental formu(&windler, 2002 Platyrrhines, which shared a common
ancestor with catarrhines around 40 My (Schrago et al., 2012), host three premokashn
side ofboth the upper and lower jaw, instead of the typpemolars seen icatarrhines This

fact may underline the presence of common evolutionary and developmental drivers. The
similarities in the dentition of hominins arather catarrhinesare probablythe result of their

phylogenetic relatedness.



For the reaasons so far expressed, catarrhines represent the best basis of comparison for
understanding the evolution of hominins. Adopting a catarrhine comparative approach
provides the unique chance of understanding the mandibular and dental reduction by

definingthe phylogenetic framework iwhich hominins arose.

1.3 Functional meaning of mandibular shaipeprimates

The lower jaw is the only movable bone element in the sBaltause of its role imastication

the lower jaw and its/ariability across mammals flows dietary habits (Janis, 1990; Weijs,
1994; Boyer, 2008). To succeed in the task of mastication, the lower jawdemittion
involved inseveralactivities and movementdike grinding, crushing, chewing and swallowing
food (Crompton & Hiiemae, 19§9The morphology of the masticatory apparatus is thus the
result of several forces acting simultaneously on the same bone for one purpose (Hylander,
1979; Ross et al.,, 2012). The picture is complicated by the fact that the mandibular
morphology is linkeda functions other than mastication (Ross et al., 2012; Emes et al. 2011).
The mandible provides structure and protection to the oral cavity, it is involved in the
production of sounds through the pharynx, and it hosts part of the muscles implicatedah faci
expression, at least in primates (Chevalsolnikoff, 1973; Burrows et al., 2006). Although
many factors contribute to shapg the primate lower jaw, masticatorgfficiencyhave often

been considered to be the main drivers of mandibular and dentdugion (Ross et al., 2012)

and the size and robusticity of the lower jaw are important for meeting the biomechanical

requirements of mastication (Hylander, 1979).

The catarrhine mandible is a bilaterally symmetric bone consisting of two main modules: a
body, or corpus mandibulag and two quadrilaterakhapedrami, which are in structural
continuity with the corpusand project upward forming an obtuse angle with its main axis
(White et al., 201} The lower jaw articulates with the two temporal bones througle
condylar processes on theami, forming the temporomandibular joint, while the body
supporisthe dentition. The masseter and temporalis muscles are the main acteob/ed in
generating bite forc€Van Spronsen et al., 1989he masseter runs alortige whole length

of the zygomati@rchto the ramusof the mandible, occupying its concavity and inserts in the

8



gonial angle, the lowest part of theamus (Standring & Gray, 2008The function of the
massetemwhen contracting is to elevate the mandibt&us closinghe oral cavity (Hylander

& Johnson, 1985). The temporalis originates from the upper lateral side of the cranium, from
the temporal line or, if present, from the sagittal crest, and reaches the coronoid process of
the mandible, situated on itspper anterior proceséStandring & Gray, 2008The temporalis
generates the main force of bite closure and is involved in mandibular retraction (Latif, 1957).
Catarrhinegincludinghumang exhibit the same number of teeth for each toot type for both
maxllary and mandibular dentition. leachhemimandible, we observe one central and one
lateral incisor gland b respectively), followed by one canine)fGwo premolars (Pand R)

and three molars (W] M2 and M)

The overall morphology of the lower jaw is thought to reflect the biting fgeeerated and

it is supposed to adapt to increase in efficiency by counteracting the stresses of mastication
(Hylander, 1979; Raadsheer et al., 1999). To accommodate thesaamgunits, there is
remarkable variation in the proportions of tmamiandcorpusof the mandible (Smith, 1983;
Weijs, 1988; Humphrey et al., 1999), which reflect the relative importance of the muscles in
generating the forces acting during mastication. Ttwer jaw is often described as a lever
system (Throckmortonet al., 1980. This model provides useful predictions about the
functional morphology of the mandible (Hylander, 1975a; Smith, 1978; Spencer, 1998). In this
model, the lower jaw acts as & 8lass lever when biting by tranterior dentition (Westneat,

2003: the applied force (generated by the masticatory muscles) is placed between the
fulcrum (the temporomandibular joint) and the load (the food item). When the food is
processed through the postior dentition, the mandible becomes &%lass lever, with the

load closer to the fulcrum than the applied forf&'estneat, 2003 As a lever, we recognise

two arms in the lower jaw: the Hever arm connecting the fulcrum to the point where the
muscleforce (k) is applied, and the odever arm, which connects the fulcrum to the point
where the food applies a resisting force)(fo the lower jaw(Westneat, 2003 The ratio
between the inlever () and outlever () arm lengths provides an index, bfechanical
Advantage (MA), of the bite force that a lower jaw is capable of gener@Wiegtneat, 2003

Given the same odever arm length, increasing the-iaver arm gives a higher MA:



In the primate mandible, botlhamusbreadth andcorpuslength contribute to the length of
the out-lever arm, while the length of the dlever arm is approximately linked to the height
and breadth of theramus for the forces of the masseter and temporaligspectively
(Spencer, 1998). Thereforé the out-lever arm is kept constantve expect that tallerami
are associated with bigger masseter for¢dmsis higher MAthan shorterrami. In the same
way, broaderrami in respect ofcorpuslength indicate a higher MA. Longer mandibular

corporaare insteadassociated with higher otever forces, thus leading to a lower MA.

Disproportional changes in mandibular ramus and corpus dimensianfiave important
effects on the lever action of the lower ja@Whrockmortonet al., 198(. In a comparative
study ofcolobines and cercogiecines, Bouvier (1986) recogaisdifferent adaptations in

the condyles and mandibulacorpus of the two groups, clearly resulting from specific
mandibular scaling patterns. Changes in the mandibular condyles may affect the
biomecharcal distribution of forces during the bitasthe condyleisthe fulcrum of the lever
system of the lower jaw (Hylander, 1975a). Other studies found that allometric scaling
patterns occurred in the components dfd lever system of the mandiblehe arm describing

the action of the temporalis muscle, for example, has been fotmmdcale withpositive
allometry with mandibular length across anthropoid primates (Ross et al., 2009a). This implies
a higher mechanical advantage in larger mandibles thasmaller ones, because of a more
powerful action of the temporalis as an effect of scaling. The functional significance of the
scaling of the mandibular lever system has been confirmed by comparative stigies
comparing African colobines, Koyabu & Er@008) found higher MA in the lower jaw of
durophagous, seedater species than in young leafter ones, suggesting an adaptive
significance of the relative proportions of thhemiand corpusof the mandible. Taylor (2002)
examined the morphology of thiewer jaw in African apes, concluding that the mechanical
requirements of the diet ofGorilla beringemay explain its morphological differences from
chimpanzees, such as a higher mandibudanus which can be important in defining the
masseter lever armlf we consider the mandible as a lever system, the dimensions of the

masticatory muscles are important fbre magnitude othe force produced along the-lever
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arm (Sasaki et al., 1989; Raadsheer et al., 1999). It is not clear how the masticatorysmuscle
scale in respect of the entire masticatory apparatus and skull size, and different studies report
discordant results. Cachel (1984) observed isometric scaling afriyheeight ofmasticatory
muscles ovebody sizeand skull size measurements in anthraggprimates. Anapol et al.
(2008) found isometrpetween masseter/temporalis muscle cressctional area and body
weightin platyrrhines only, while theame musclem catarrhines seem to scale with positive

allometry when compared to cranial measurements

The act of masticating produces mechanical stress on the mandible. The mandinylas

is subject to sagittal bending, twisting and torsional forces generated during the power stroke
of mastication (Demes et al. 1984; Tams et al., 1997; Van Eijded), A0@se forces result in
compressive and tensile stresses along the lower and alveolar border otdhmis
respectively (Hylander, 1979). The bone reacts by changing its trabecular distribution along
the mandibularcorpus(Daegling & Hylander, 1997; ¥&uijven et al., 2002). The shape is
also important in resisting the strains caused by chewingparticular Hylander (1979)
highlighted the importance of thenajor axis of the mandibularorpusat the level of molars

in counteracting masticatory stress, and suggested that increasing the corpus height by
keeping width constant results in an efficient way of withstanding simultaneous torsion and
sagittal bending. Crossectional height and width are the major axes defining mandibular
robusticity, whichs considered of biomechanical relevance in primate mastication (Hylander,
1979; Daegling, 1989).

The same stress resistance applieshi® mandibular symphysis, the structure generated by
the fusion of the two halves of the mandible along the sagittahelalThe symphysis is a
compact structure whose resistance is achieved by modifications of the inferior and superior
transverse tori (Hylander, 1985; Daegling, 2001), sHi&é bony elements extending
internally (or lingually) to the mandible and transvaltg to the symphysis itself, and
projecting posteriorlyWhite et al., 2011 In catarrhines, the relative size of the inferior and
superior tori are variable (Hylander 1979; Daegling, 1989; Daegling & Jungers); 2000
modern humansthe tori are oftenfaint, sometimes only perceivable as irregularities of the
surface and the superior and inferior mental spines are visibléghe same aredGuy et al.,
2008). As for theori, the cortical thickness of the bone at the symphyseal midline of the

catarrhine mandible seems involved in stress resistance (Demes et al., 1984; Hylander, 1985).
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The symphyseal depth and oblique inclination of the symphysis are also involved in strain
dispersion during incisal biting (Begun et al., 2013). For examgpidlas and chimpanzees
exhibit a robust superiotorus and a thinner inferior one, the latter extending more
posteriorly than the former (Begun et al., 2013). Humans exhibit a peculiaptsyseal
morphology usually referred to ashin, which is unique among primateg§Schwartz&
Tattersal] 200Q. The chin is a forward protrusion of the area surrounding the mandibular
symphysis, also known as the mentainence and it contributes to the #ttened
appearance of the human face. This unique feature has been traditionally considered a
biomechanical adaptation of the human lower jaw (Daegling, 1993; Ichim et al.,, 2G&i6)y
because of the important role of the anthropoid mandibular symphisi®sisting bending

and shearing stresses during mastication (Hylander, 1984; Hylander et al., 2000).
Nevertheless, some early studies have proposed-ma&chanical explanations to the
emergence of the chin in anatomically modern humans (Weidenreich, Fdddenfeld, 1969)

and more evidence has been produced (Schwartz & Tattersall, 2000).

1.4 Masticatory function of primatéooth size

Tooth size is useful in describing the adaptation to different types of fobdsexample, &

equal body size, monkeysttv smaller incisors are associatedth a more folivorous dietary
regime than monkeys bearing bigger incis@tylander,1975b). As observed by Hylander
(1975b), the colobines are well adapted to a feafing strategy and developed incisors that

are compratively smaller than those of cercopithecines, who forage mostly on(National
Research Council US, 2008evertheless, diet composition in catarrhines is not very strict
and every species is able to eat varying amsurit secondary food sources ghonal
wSaSFkNOK [/ 2dzyOAf !'{Z wnnoT 52Nlrymn{KSSKe Si
incisors, cercopithecines of the genBapioare reportedto include high amounts of leaves

and grasses in their diet (Norton et al., 1987). This plasticity in the use of incisors probably
results from the adaptation to food mechanical properties. When switching to a more
folivorous regime, papionins use thenoht teeth for food preparation and manipulation

(Hylander, 1975b). In addition, the fruit generally eaten by papionins need extensive incisal
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preparation (Whitehead & Jolly, 2000). Other adaptations aduce the needor incisal
preparation by folivoroa primates, such afe physiological adaptatioof colobinesto the
consumption of plant material (Kirkpatrick, 2007; Koyabu & Endo, 2009). Indeed, all colobines
are foregut fermentersj.e. their foregut microbial environment breaks down cellulose,
making it available for further digestionfLambert, 1998 Therefore, colobines are
physiologically equipped to extract higher amounts of energy from the plants than the non
foregut fermenters Without similar adaptations, papionins switching to plant matenely

have to spend more time to prepare their food, making it more easily digegtiyander,

1975b. Indeed, colobines make infrequent use of incisors for food preparation (Jolly, 1970).

Folivorous catarrhines exhibit larger postcaninedentition than frugivorous specie¢kay,
1975, as an adaptatiotio breakng down the tough plant materiathanks to higher food
processing rategDeGusta et al., 2003By studying wild populations of howler monkeys
(Alouatta palliatg, a folivorous speciesG(ander, 198), DeGusta et al. (2003) found a
correlation between individual fithess and molar size, suggesting that large molars may be
advantageous in prevalently folivorous specibigvertheless, postcanine megadontia has
been described in severgrimate species knowrto feed on hard objects(durophagy)
(Daegling et al., 2011In particular, durophagous primates exhibit enlargement of the second
premolar @) relative to the molars Baegling et al., 2031In the West African sooty
mangabey Cercocebus k), the megadontPs; is consideredan adaptation to the
consumption of hard seed$leagle & McGraw, 1999; Swindler, 2R0&hich account for a
large amount of the dietary intak®g@egling et al., 20)1An enlargedPs relative to the molars

is present irother species known to feed on hard objects, sucRasgo pygmaeyslthough

it consumes such foods infrequentlyTaylor, 2006b)Although an enlarge®®s may provide
adaptive advantages, other known durophagous species do not exhibit postcanine
megadontia and species with an enlard@&delative to the molas do not feed on hard objects
(Daegling et al., 2011Therefore, factors other than diet may influge postcanine tooth size.
Wood (1979)eportsmolar crown area to scale isometrically with body sizel@mag Gorilla,

Pan Papioand ColobusWillis & Swindler (2004) suggest that molar size differences across

colobines may reflect phylogeny and variatio body size.

The dietary plasticity of catarrhines undermines the use of dental size as a proxy for diet. First,

most catarrhine species adjust their diet depending on the seasonal availability of food
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(Chapman & Chapman, 199ill, 1997 Wrangham et g, 1998 Brockman & ¥n Schaik,

2005 DoranSheehy et aJ 2009),thus demonstrating that primates have quirieddiets

and caneat other foodsdespite the apparent masticatory adaptations. In addition, the
similarities in diet between different spe@@re dependent on thephylogenetic relatedness
(Kamilar & Cooper, 20)3When a species diverges from another, the traits of the new
forming species are not fully free to change in respect of the new environmental conditions.
The new species retains ®¥al features belonging to its closest living relative, since they have
shared a recent evolutionary histgr this constraint is known as phylogenetic inertia
(Blomberg & Garland, 2002), and it has been described for several morphological, behavioural
andecological features (Cheverud et al., 1985; Kappeler, 1990; Chapman & Rothman, 2009).
In the case of diet anchorphological traitsthe patterns shared by catarrhine species are at

least in part the result of phylogenetic iner{fBlomberg et al., 200¥amilar & Cooper, 20).3

1.5 The trend of mandibular andcedtal reduction

The skull reflects many aspects of the life history of a species and it hosts most of the sensory
organs and the braiStandring & Gray, 2008The brainin particular played animportant

role in the evolution of hominindecause of its remarkable increase wolume, or
encephalization(Rightmire, 2004; Wittman & Wall, 2007; Shuliz et al., 3082vertheless,
other skull elementdear signs of human uniqueness. The cranial masdified under the
influence of locomotion and integrated with the vertebral column to fit the requirements of
bipedalism (Lieberman et al., 2000; Russo & Kirk, 20I®e hominin face underwent
progressive flattening during Pleistocerigifikaus, 2003; Pearson, 2068)lton et al., 201}
Although less iconic in palaeoanthropology, the changes in the hominin lower jaw represent
one of the major trends that occurred in hominins and contributed to human uniqueness
(McHenry, 1982 Being pmnarily involved in food processing, few anatomical elements are
asinformativeas jaws and teeth. They encompass information about the ecological niche of
hominins(Hutchinson & MacArthyrl959;Cachel, 1996 Understanding the evolution of the
hominin lower jaw may helpto clarify the way our ancestors interacted with their

environment.
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The genusAustralopithecughrived in eastern and southern Afridga a variety of species
currentlyrecognised in the hominifossilrecordof PlioPleistocene (Aiello &ndrews, 200Q)
Their lower jaws were less robust than what is observeskiant African apeschimpanzees
andgorillas Kustaloglu, 1961; Emes et al., 2D 14t the same time bearing larger postcanine
teeth (McHenry, 1984)Their canines reduced in sizeer time,as testified byhe large, highly
dimorphic canines exhibited by the fossil edrlier hominins(Wood & Stack, 1980; Haile
Selassie, 20Q1Nevertheless, their lower jawas robust and their dentition large compared
to the gracile appearance tiie mandibles and teetlof modern humansl({ieberman, 1992,
Wood & Aiello, 1998; Emes et al., 20JAround 27 My, the genudaranthropusarosefrom
Australopithecus(Suwa et al., 1996 evolving toward a massive implementatiof the
masticatory apparatst Sometimes referred to asiegadont (Wood & Constantino, 2007,
Emes et al., 20)1these hominins exhibitedaniquelydevelopedpostcanine dentition, with
molarisel premolars and large molar§food & Stack, 1980; Grine & Martin, 19&8elezene
& Kimbel 2011), accompanied by an enlarged manditi¢h a robust mandibulacorpusand
tall ramus(McCollum, 1999; Rak & Hylander, 2D08Ithough theanterior dentition (incisors
and canines)s on average smaller than iAustralopithecusthe appearance of theiower
jaw has often been thoughb be the result of dietary specialisatiodémes & Creel, 1988;
Teaford & Ungar, 20Q00Because of its hyperobust masticatory anatomy?. boiseiwas
YAOl Yl YSR (KS (tdeThzdnm 200 )Cahds ékhibitdd Wiethickest enamel ever
observed inthe hominin clade(Olejniczak et al., 2008 A different group developed
presumablyfrom Australopithecusaround 24 My (Prat et al., 200band gaveise to the
genusHoma Because of the remarkabjaw changes thatresulted from this event, the
dimensions of mandible and teeth aosuallydiagnostic for the attributiorof early forms of

Homoinstead of lateaustralopithecinegGuy et al., 2008;ague et a].2008).

The evolutionary trensl observed in themasticatory apparatus of thgenusHomo are
referred to as reductiorandor gracilisation Robinson, 1954; Carlson & Van Gerven, 1977;
Bastir et al., 2004 Several traits, and in particular dental size and mandibular robustacéy,
involved in this tread (Chamberlain & Wood, 1985; Emes et al., 20Ihe genusdiomo
exhibits a smaller mandibleomparedto extant nonhumanapes andaustralopithecinesin
terms ofcorpuslength and ramuseight, (Lieberman 1992, Wood & Aiello 1998, Emes et al.

2011). The nandible ofH. sapienss shorter and wider at the condyles than that of the

15



chimpanzeePan troglodytesalthough they share features such as the reduced height of the
mandibularcorpusand ramusthe latter beingshorterthan inGorilla(Humphrey et al.1999.

The reduced size is accompanied by changes in robusticity both Australopithecugo
Homoas well as within the genusomo(Chamberlain & Wood, 1985The robusticity index

is calculated as the ratio between mandibutarpuswidth and height, usally measured
below the first molar (Daegling, 1989 Homo has a lower robusticity index than
australopithecines, and a more gracile mandible is observed more in middle to late
PleistoceneHomo than in the earlier specie€Chamberlain & Wood, 1985The modern
human symphysis represents another peculiarity when considestdn primate variability

In fact,H. sapienss the onlyof the homininspecies exhibiting aehin (Schwartz & Tattersall,
2000) formed as the forward extrusion of the symphyseagion The modern human
symphysis presents a less complex anatomy tihamh observedn previous hominin species
and other primatesandoften lacks a welldeveloped superior transvergerus, and shove a
reduced crossectional widthin respect ofaustrdopithecinesand earlyHomo (Guy et al.,
2008.

The genusHomo exhibits a high variability in dental size and the reduction took place
principally in thepostcaninedental area ficHenry, 198; Emes et al. 2091 Changes are
alreadyevident in earlyHomq which possessssmaller premolars and molars thaxtant
non-humanapes andustralopithecinegSofaer et al., 1971; Pilbeam & Gould, 1974; Andrews
et al, 1991; Macho & Mog¢gCecchi, 1992; Wood, 1992; McHenry & Coffing, 2000
Neverthelesspostcaninesize inH. habilisand H. rudolfensighabilines)was still large and
australopithlike if compared to lateHomospecies and signs ofeductionin the lower jaw
started only fromH. ergastefWood, 1999. Nevertheless, the dental similarities between
australopithecinesand habilines may reflect botmasticatory adaptationand/or shared
ancestry Postcaninesizeisreduced considerably iH. ergastera species thdirst developed
anatomical similarities to laterHomo species(Wood, 1999, and in midde Pleistocene
(Rightmire, 2008)and this reduction continued throughout the Pleistocene (Brace et al.
1987. De Castro & Nicolad995 Franciscus & Trinkau$995).Incisorgmolar size ratiosn
earlyHomoare larger than inaustralopithecineswhich in turn show smaller front dentition
than extant norhuman apes Ungar, 2012 A decrease in incisor dimensions has been

suggested iH. ergasteand later hominins, continuing throughout the Pleistocene and.in
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sapiengBalilit & Fieadlaender, B%; Ungar, 2012 Somestudiessupport the possibility of a
relative increase of incisor size during middle Palaeolithic, followed by a deci®esm (
1967).

Further reduction in the human jaw and dentition took place frtma late Pleistocene and
throughout the HoloceneRrace, 198; Brace and Mahler, 1971; Brose and Wolpoff, 1971;
Brace,1976; Frayer, 1977; Smith, 1977; Brad®79; Chamla, 1980Brace et al., 1987;
Calcagno and Gibson, 19889 R & y | PiEhasuabd).2pT9. This trend involvi&changes

in both the jaw morphology and in dental crown dimensions, and it has been obseraady

in human populations from the archaeological records of Europe, North Africa and the near
East from upper Palaeolithic/early Holocene to NeolitliRinhas& Meiklejohn, 2011)In the
mandible, the trend of reduction affectednterior symphyseal heightnd ramusbreadth
(Pinhasket al.,2008), and Coon (1955) reped shortening of the mandibulaamusin post
Mesolithic humansA number of studies repostcases of dental reduction in other parts of
the world, including Asidface, 197§ Australia Brace et al., 19806t Hoyme & Turner, 1980

and North America Sciulli et al., 1979; Hinton et al.,, 1980; Larsen, 19&lthough
populationsdistant from eat other may have undergonéental reduction in response to
different factors, the worldwide trend makes it a feature characteristic of modern h@man
recent evolution.Gradual changes in dental crown dimensions have been observed in each
tooth type, with particular attention to incisors angdostcanineteeth (Calcagno and Gibson,
1988, and a recent studyPinhasi & Meiklejohn, 20)suggested thathe BucceLingual (BL)
dimensionsare more affected than the Mesi®istal (MD) diameterAccording to Bracet al.
(1987 and as confirmed by other studieBiihasi et al., 2008inhasi & Meiklejohn, 20}1

the rate of reduction in dental dimensions durittge Holocene was higher than the late

Pleistocene.

1.6 Hypotheses on dental and mandibular reductinileistocenéiomo

The genusiomounderwent remarkable changes in diet, subsisteandcranial anatomy, all
factors that may have influencetie mandible and teeth directly or indirecthpy modifying

food mechanical propertiegslicing with stone tools, firepr acting as a constraint on the
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development of the lower jawe.g., encephalizatioh Since jaws and teeth are involved
primarily in mastication, it is not surprising thaheé main hypotheses on dental and

mandibular redation in hominins deal with changes in diet and subsistence strategies.

With the forest gradually transforming into grassland and savar(fagston et al., 1994;
WoldeGabriel, 1994 australopithecines faced the necessity to switch from their previous
food supply, likely mostly made up of fruit, to a new niche constituted by the resources
available in an open habitaLeeThorpe et al., 2010; Grine et al., 2Q1Merbaceous
vegetation and vegetal underground storage organs became central in the diet of
audralopithecines (Laden & Wrangham, 2005)As a result, Australopithecus and
Paranthropusexhibit relativelylargechewing surfaceandthick enamel (Teaford and Ungar
2000 Wood and Strajt2004).The genusHomomay haveincorporated higher amounts of
meat into the diet (Speth, 1989; Stanford & Bunn, 200Equipped with stone tools, early
Homowere able to obtain a higlyuality food(meat and marrowjrom carcasses left behind

by large predatorgLupo, 1998 Although meais a good source of energy, it is difficult to
chew, as reported by studies on meat consumpiimchimpanzeegWrangham, 2009; Tennie

et al., 2013. These findings suggest that tremnsumption of meat may not have been directly
responsible for dental ahmandibular changedeverthelessthe availability of stone tools
may haveallowed improvements in processing meat before consumptiontact, Zink &
Lieberman (201Ggsted the efficacy of slicing in reducing the time and force of chewing meat
andtheir results suggest thahe use of lithic tools would have allowdwmininsto modify

the biomechanical properties of meat enough to allaweductionin the chewing cycle and

bite force.

Some authors Rrace, 1987;Wrangham and ConkHBrittain, 2003 Wrangham 2009
Wrangham & Carmody, 2018mphasise the rolef fire in human evolutionin particular, the
practice of cooking, made possible by the use of firayhave enhanced the energy income
in the hominin dietindeed,compared to raw food, cookef@od is more easily digestible and
nutrients can be extracteavith higher efficency (Wrangham, 200P In addition, cooking
would have modifiedhe food@ mechanical propertiespfiening the tissues formerlyough
to chew(Bouton &Harris, 1972; Christensen et al., 200D)e capability of the masticatory
apparatus to counteract high stresses during mastication would have teeerced, with the

consequent dental and mandibular reductiohlthough plausible, it is not clear at whane
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of the Pleistocene hominins started having a deliberate control or(Radland, 2004)There

are indications of fire use in Africgraleoanthropological sites known for the presenceHof
ergasterand dated 1.6 My (RowletR000), while it is suggest that thehabitual use of fire

in Europe is detectable in the archaeological record only fromZ3Dky (Roebroeks & Villa,
2011, Shimelmitz et al., 20)4Neverthelessit is difficult to discriminate between intentional

and unintentional use of fir€Gregg & Grybush, 1976&cherjon et al., 20}5This hypothesis
linkshominin anatomy to one of the most peculiar behaviour of our spedibs adoption of
cooking as a regular practice would have provided hominins with a surplus of energy
(Wrangham, 2009 that waseasier to chew, thus reducing mastication force and chewing
time (Bouton & Harris, 1972 Nevertheless, to demonstrate that fire contributed to the
reduction in mandible and teeth, it should have been used on a regular basis, a practice
uncertan in earlyHomoas much as in later hominins, suchtsneanderthalensi@Henry,

2017). Future discoveries will clarify the relationship between fire and the trend of reduction.

The idea behind the main hypotheses on mandibular and dental reduictioomininsis that
chewing foods that are intrinsically softer or that are made softer by processing would result
in a relaxation of the selective pressures on masticafi@acagno & Gibson, 1988rangham

& Carmody, 2010 Therefore, lowered biomechanicalg@rements would not need robust
lower jaws and large dental crowns. Althoyghusible other major anatomical changebat
occurred in the hominin skulinay havehad an influence on the onset of the trend of
reduction(Arsuaga et al., 2014; Spoor et dD15) In particular, encephattion accounsfor
most of the variability in the skull dilomoduring the entire Pleistocendr(iff et al., 1997,
Rightmire, 2001 Expanding brain volume altered the morphology of the hominin
neurocranium which kept an overall apelike elongated shape pattern during the entire
Pleistocene and became globulan anatomically modernH. sapiensbecause of a
reorganisation of the entire cranial vayltieberman et al., 2002Spoor et al. (2015) observed
that brain enlargemat in earlyHomoprecededpostcaninereduction while in Neanderthals
dental reduction started earlier than brain expansidrquaga et al., 2034These findings
suggest that the relationship betweemeephalization and dental reductiols complex.
Despite this complexity, a mutuedlationship betweerthe lower jaw and the neurocranium
appears plausiblél'he anatomical regions of the skull are tightly connected to each other and

the remarkable changes that took place in the neurocranium might Headestructural
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consequences on the contiguous bonéwdeed, 1 has been shown that skeletal elements
GKIFIG FTNB Ay LIKeaAOlt aaz20Al GdA2y KIiNgnbéidNR v S
et al., 2003; Klingenberg, 2008nd evolution Porto et al.,2009. When this occurs, the
elementsare said to be morphologically integraté®Ison & Miller, 199p Previous studies

found morphological integration betweemandible temporal bone and basicranium in
humans Bastir & Rosas, 2005; 2006ndicating tha the lower jaw isassociated with

modificatiors of the rest of the skull.

1.7 Hypotheses odentalreductionin Homo sapiens

The postPleistocene reduction of the masticatory apparatuas atthe centre of a heated
debate duringhe19c n & | Y R @.1LnBiaE€l963pposed that the elaboration of

new food practices may have caused the observed pattern of tooth size decrease. In
particular, he recognised twovents as crucial for this trendirst, the adoption of cookery in

late Pleistocene woultlave triggered dental reduction in both Neanderthals ahdsapiens
(Brace et al., 1987). Secortde introduction of pottery in the Holocenassociated wittthe

first forms of agricultural subsistence, would haaiseda second acceleration of toothzsi
decrease irHomo sapiengBrace, 1979Brace et a].1987). Brace argued that these changes

in tooth size have to be regarded as the result of Brebable Mutation EffedPMB (Brace,
1963. The PME model suggests that in the absence of natural melentutations would act

as the main force of change on the genetic mechanisms of development, disrupting them and
so determining a decrease in size and complexity of anatomical structures (Brace and Mahler
1971). Inthis regard the reduction in the mastatory apparatus may be seen as the result of

the relaxation of selective pressures becausewfdred functional requirements.

Other models have been proposdtiat explain the observed patterns afentognathic
reduction in postPleistoceneHomo sapiensall linked to the idea that dramatic changes in
mandible and teeth must have been triggered by changes in the subsistence patterns. The
Increasing Population Density Effél€1DE) sees the key to understand tooth crown reduction

in the changes of populatn densities due to the shift to a sedentary lifestyle (Macchiagelli

Bondioli 1986). Higher population densitigssulted ina selection toward the reduction of
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nutritional and metabolic requirementgventually leading to the reduction in body sitlee
masticatory apparatus reduced as affrypduct(Macchiarelli & Bondioli, 1986TheSelective
Compromise Effec(SCE) proposes instedtlat the transition to agriculture, with the
consequent increase in the consumption of abrasive foods, determinedotbt& reduction

in postPleistoceneHomo sapiengCalcagnpl1986 1989). Smaller and less complex crowns
were positively selected becausigey reducethe chances of developing caries, and thicker
enamel was positively selected to counteract occlusal wgaitcagno & Gibson, 1988
Despite these models provide plausible explanations for the observed trends, they have never
been validated and only the SCE proved to be in partial accordance with dental metric data
(Pinhasi et a).2008). Mevettheless, this mape specific tavliddle-Eastrather than a general

trend.

1.8 Limitations of previous studies

Dental and mandibular reduction Homohas been thoroughly analysdabth quantitatively

and qualitativelyNeverthelessas common in sciencehose studies are not free from errors.
Most of the limitations are not specific to some of those woutkst involve assumptions
widespread among scholars andver tested, or not in accordance with the theoGafcagno

& Gibson, 1988 In other cases, soenaspects of the trend just need to be updatétkre, the
major limitations of the previous studies on dental and mandibular reduction are discussed.
These limitations have been rarely highlighted in literatared represent an obstacle to the

possibilityof validating the major hypotheses on dental and mandibular reduction.

1.8.1 Keeping dental and mandibular reductiontojlate

A vast literature on dental and mandibular reduction has been produced from the 1950s to
Wy L£adon,d955Brace, 198; Brose and Wolpoff, 1971; Chamla, 1988amberlain & Wood,
1985; Brace et al., 1987Calcagno and Gibson, 198&nd includesthe first attempts to
guantify and explainthe trend of dentognatic reduction in the genuslomq in particular

within H. sapies (Brace, 198, 1979. Those works hadlarge influence on lateresearch as
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shown by the fact that the hypotheses proposed in those studies have been central in recent
papers Pinhasi et al., 2008inhasi& Meiklejohn 201]). An obvious limitationof those
studiesis that the trendghey described are based gost a part of the data available today

The palaeoanthropological and archaeological data have been updated in the last decades;
the amount of dental material increased addta have been madéreely available through
online databasesGordon & Wood, 2007; Voisin et al., 201Pherefore, thdrends of dental

and mandibular reduction camow be updatedIn additionthe hypotheses proposed in those
studies need to beeconsidered in the light aip-to-date knowledge in palaeoanthropology
evolution andgenetics.The Probable Mutation Effect (PME) (Brace, 1963) represents one
clear exampleThis hypothesismbodiesthe general vievthat the dentognahic reductionin

H. sapiengand in hominins irgeneral) is the result afelaxation of selective pressurésr
selective neutralitybecause ofdwered functional requirementsThis viewmay not hold in

the light of some recent fact about the genetics of developmeng#lthough experimental
evidence suggstthat some metric traitsn the mandible of laboratory micare dependent

on alterations of single genes (Cheverud et al., 198% majority of genes is involved in
several pathwaygpleiotropy) WWagner & Zhang, 20)1disrupting one signalling pathway
may disrupt many others, producing detrimental effects to the development of the entire
organism (Calcagno and Gibson, 1988)addition, Calcagno & Gibson (1988) suggest that
the progressive reduction of tooth size mhg indicative of positive selection rather than

selective neutrality.

1.82 The importance of body size and encephalization

Previous studies interpretd dental and mandibular reduction asdependentfrom other
important events in human evolution. Chagyin the masticatory apparatus of hominins took
place at the same time as several ecologicaltural andanatomical modifications (McHenry,
1994; Schick & Toth, 1994; McHenry & Coffing, 2000; Ambrose,.28H)mq dental and
mandibular reduction occurred contemporarily to the shift toward the consumption of larger
guantities of meat(Speth, 1989; Stanford & Bunn, 20Q0the improvements irtool usefor
food processingDominguezZRodrigo et al., 2005)he controlof fire (Gorerinbar et al., 2004;
Roebroeks & Villa, 2011; Gowlett & Wrangham, 201Bg development of agriculture
(Larsen, 1995; Winterhalder & Kennett, 2008) addition body sizg Grabowski et al., 2015)
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and brain sizéRightmire, 200%increasedn the genusdiomoand throughout the Pleistocene,

and areof particular importance for the study of dental and mandibular reduction

Sructural body changes can drive alterations the size and shape of the masticatory
apparatus Cachel, 1984 Changes irbody size can affect tooth size, by modifying the
patterns of dental allometry Gingerich et al., 1982 Previous studies acknowledged the
remarkable changes in body size in hominins, but the effect of these changes on the overall
differences in tooth sizecross hominins is rarely address&hémberlain & Wood, 1985;
Brace et al., 1997 In addition, recent updatessfabowski et al., 2035n the estimates of
hominin body size allow a better understanding of the role of tooth allometry in the trend of

reduction.

A link between encephalization and dentoghiatreduction has been hypothesizelifiénez
Arenaset al., 2014. Previous studies addressedigihypothesisby looking exclusivelyat
postcanine dentitionJiménezArenaset al., 2014 andtempo of evolution of postcanine size
and brain size GomezRobleset al., 2017. Nevertheless, incisor size and mandibular
robusticity are just as much importarith addition,the covariationbetweenbrain and lower

jaw has to be studiedThe neurocranim, which expanded accordingly with the increase in
brain size, is in physical connection with the lower jaw through the temporomandibular joint
(White et al., 201L Therefore, the study of morphological integration between the
neurocranium and the lowenjv can provide useful information on their mutual interactions.
Few works focused on the patterns of morphological integration between the mandible and
the cranium Bastir et al., 200¢4 although not explicitly testing the link between dentoghiat

reduction and encephalization.

1.83 Food mechanical properties and jaw adaptations: an untested assumption

The main hypotheis on dental and mandibular reduction in hominiaeks at improvements

in tool use for food processin@ifk et al., 2014 This hypothess suggestthat to eatfoods
that are softened by pounding, slicimg cooking a hominin individuatioes not need large,
robust jaws Zink & Lieberman, 20)6As a result, the hominin masticatory apparatus reduced
through time because the seleee pressures for keeping robust jawsitigated when

homininswere capableof modifying the mechanicaproperties of foodsThis view is based
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on theassumption that differences in size and robustnegeéhomininmandiblesand teeth
reflect adaptive dissimilarities. Studies on primate feeding adaptationRdss et al., 2032
highlighted the multifactorial nature of the morphological variability in mandibles and teeth
Factors other than diet or food mechanical properties., behavioural and dietarglasticity,
phylogeny)can be important in shaping the primate lower jaRRo&s et al., 2012; Meloro et
al., 2019. It is necessary to teshe assumptiorthat differences in mandibular robusticity and

tooth size among hominins represent functional diffeces

1.9 Aims of this work

The hypotheses that try to explain dentoghat reduction as a result of dietary shifts,
improvements in food processing or as a structuralpbyduct of encephalizatioput the
emphasis ontwo types ofevolutionaryfactors: acptive and noradaptive.The directional
selection toward smaller teeth and gracile jaws indicates adaptai@@aicagno & Gibson,
1988). Structural reduction in response to relaxation of selective pressures, as advocated by
the PME hypothesiBface, 1968 or neurocranium expansion indicates a ramaptive event

in the evolution of the human masticatory apparat{&mith et al., 198p In this work,the
lower jaw is analysed by looking at correlations between masticatory anatomy,
dietary/functional factorqadaptive) and structural constraints (n@udaptive).The main aim

of this work is to test the roles ddod-processingbody size andeurocranium modifications

on the gracilisation afhe hominin lower jawA primate comparative approadiadopted by
analysing hominins as part of the variability of Catarrhini, to define the morphological,
phylogenetic and evolutionary boundaries set by belonging to the order Primates.
limitations of previous studies(discussed above)are addressed. Body size and
encephalizdion are taken into account in terms of their structural influence on tooth size and
mandibular robusticity. The assumption thdifferences in mandibular robusticity and tooth
size among hominins represent functional differences is tested inrtat@s. The hypothesis
that mandibular and dental reduction in the gend®mois structurally constrained, rather

than functionally drivenistested.
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Chapter 2

Material and methods

2.1The sample

The morphologicaldata analysed in this work wersecorded on mandible, teeth and
neurocrania of primate and hominin skulls from different sourcesiardifferentformats.In
absolute numbers, the sampleonsists ofmeasurementsecordedon 63 species ofnon-
hominin catarrhines and 13 hominin speciesincluding12 fossil taxa andHomo sapiensThe
primate sampldancludes9 Colobinae 25 specimens)39 Cercopithecinael(16 specimens)9
Hylobatidae 86 specimens) an®d Hominidae {06 specimens), for a tota283 individuals.
Each group includes only individuals of known, ggrducing subsamples démales (56
species) and mate(55 species). To avoid ontogenetic biases, only adult individuals were
included inthe sample. A fully erupted third molar was used &atmine the adult agelass.
The hominin samplacludes specimenselonging to the generAustralopithecu$3 species)
Paranthropugq?2 speciesyand Homo (7 species)Part of the fossil datset consists of dental
and mandibular measurements from RRbeistoceneto recent homining and includes
measurements ob161lindividual mandibular loweteeth, and on111 mandibularcorpora
Sex information was obtained from Wolpoff (1971979, Wood 2001) and Schwartz &
Tattersall 2005, but it is not known for all of the fossil hominins includsthdernH. sapiens
is represented by20 mandibles from mixed no&uropean individuals of known sex.
Additional 3D data was collected on the neurocranium of 20 mod#tersapiengnd 5other

species oHominidae {05 specimens).

Somespecimens in theamplewere availableas threedimensional (3D) surface sceof real
specimens and casts orComputel Tomography (CTprmat, andsomeof the hominin data

arerecorded on the actual fossil specimeiifieprimate specimensvere availabldrom the
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online and museum database$ the Primate Research Institute at Kyoto University (KUPRI,
http://dmm.pri.kyoto-u.ac.jp), the primate collection of the Smithsonian Institution

(www.humanorigins.si.edy from the MorphoSource database abDuke University

(www.morphosource.ory from the Museum of Comparative Zoology at Harvard (via

MorphoSouce) and from the Royal Museum f&@entral Africa in Tervuren, Belgium (via
http://www.metafro.be/). Part of the fossil hominin sample was obtained from the
collections housed at the Natural History Museum (NHM) in London, the Muséum National

RQI AA02ANBE bl Gdz2NBttS oablbv Ay tFENARE FYyR (K!
Another part of the hominin samglwas available from the online databases MorphoSource,
NESPOS (www.nespos.org), the Africanfossils archive (www.africanfossils.org) and from the
Digital Archive of fossil hominoids (www.virttedthropology.com) at the University of

Vienna. Other hominingvere digitally acquired from the cast collectionsla¥erpoolJohn
a2z2NBa ! yAGSNEAGE | yR GKS Iy TRbskdgecimgnd weeel f Y d:
obtained by digital reconstruction using photogrammetry, following the procedure described

in Falkngham (2012)A DSLR Nikon D3300 with a 60mm macro lens was used to collect
pictures ofthe specimens, which were then processed in AgisbfttBscan 1.2.4 to build a
three-dimensional surface modePeter Brown (www.peterbrowspalaeoanthropology.net)

kindly provideda CFscan ofHomo floresiensi€B1 The specimens belonging tooakern
humanpopulationscomefrom the human skeletal collection at the Smithsonian Institution,

and were made available by dpes (2012) Dental and mandibular measurements of fossil
K2YAYAYAa YR Y2RSNY KdzYlya gSNB | @FAflofS 2y
FTNBESe ox2ahmavnyd SOy RF 0K S &l dzYlFy hNRARIAWW®). 5F G106
Exhaustivenformation abaut the catarrhine and hominin samg@are reported inAppendix

1, and are simplified in Tablel2.

2.2 The morphological data

The morphological data used include several types of measurements and recordings, and it is
principally meant taepresentmandibular robusticity and size, dental dimensions and shape

of the cranium and lower jaw. Part of the analyses relied on the udeaditional hominin
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dental and mandibular metrics. Buctingual (BL) and Mesistal (MD) maximal diameters
were used toapproximatetooth size and to calculate dental area (BL x MD). For fossil
hominins, alveolar lengths were used as proxies of the size of each tooth type. In particular,
the alveolar lengths of incisorg{}), premolars (RPs) and molars (MMs) were ircluded in

the analysesDental and alveolar measurementse shown in Figure2.1l. Canines were
excluded because of the effect of changes in sexual dimorpthiahoccurred during human
evolution (Bracel967;Jungers1978), which were not the focus of tlamalyses in which the
dental metric datawere used. In addition, the studies on dental and mandibular reduction
focused largely on incisors atite postcaninedentition (McHenry, 1984; Emes et al. 2011

For mandibular robusticity, mandibulaorpusheight (H) and width (W) at the symphysis (SY)

and at each molar (M M2 and M) are usedo calculate the robusticity index (W/H x 100).

v~ MD

I,-1; alveolariength !

P,-P, alveolariength

M,-M, alveolar length

Figure2.1 Dental and alveolar measurements shown on the mandible and teethPainatroglodytegrom the
colledion of the Kyoto University Primate Research Institute (KUPRI), specimen 505 of the KUPRI ditBk
Mesio-Distal diameterBL BucceLingual diameter). Fdurther details, see Section 2.2.
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Table 2.1The catarrhinesample (including homining)} the taxonomical scale of genughe rumber of species,
number of female and male individuals per genus are reported for catarrhines. Sex information for individual
hominin specimeng available in Appendix 1.

Genus N Species N Females N Males
Colobinae Colobus 2 3 1
Nasalis 1 0 1
Piliocolobus 1 1 2
Presbytis 1 2 2
Procolobus 1 2 1
Pygathrix 1 0 1
Trachypithecus 2 6 3
Cercopithecinae Allenopithecus 1 1 0
Cercocebus 4 4 5
Cercopithecus 7 8 9
Chlorocebus 2 1 3
Erythrocebus 1 1 1
Lophocebus 2 2 1
Macaca 16 31 28
Mandrillus 2 2 4
Papio 3 4 6
Theropithecus 1 2 3
Hylobatidae Bunopithecus 1 2 1
Hylobates 4 8 5
Nomascus 3 5 4
Symphalangus 1 6 5
Hominidae Gorilla 2 15 26
Pan 2 16 15
Pongo 2 15 19
Hominini Paranthropus 2 - -
Australopitecus 3 - -
Homo 7 - -
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Threedimensional (3D) landmarks were usea describeboth shape and size of teeth,
mandible and neurocrania. The landmarks were collected on amg-half of the
aforementioned anatomical regions (hemiandibles and herairania). Use of half of the
mandible was necessitated by the state of preservation of the fossil specimens, and this
approachallowedfor an increasedample size and redad the need ér missing data to be
estimated.A series of 28 3D landmarks was recordedl@mmandibles and.5landmarks on

the neurocraniaof all catarhines, includingfossil hominins and modern humans. The
landmarks wereecordedon surface models obtained from &tars or photogrammetry, by
using the software Amira (version 5.4.5, FEI Visualization, BegrliThe landnark
configurations are displayed in Fig@g and are defined iAppendix 1Sizenformationwas
extrapolatedby calculating the centroid size (CS) of the landmark configuration, defined as
the square root of the sum of squared distances of each landmark from the centroid of the
configuration (Dryden & Mardjd 998).In addition, a Generalised Procrustes Anal{GiBA)

was performed to obtain shape coordinates of mandibles and neurocrahia.alignment
FYR OFfOdZ FdA2y 2F [/ { 6SNBE LISNF2WMIHSR Ay GKS

To obtain traditional metric data fothe species not available in online databas8&D virtual
models were used to extract alveolar lengths and robusticity indices. Alveolar lengths were
measured as the minimum chord distances between midpoints of the interalveolar septa for
incisors, premolars and molars. To extract the robusticileinfrom the 3D sdaces, the
action of Vernier céiperswas simulated by using a geometric procedure developedfor R

the purpose of this work3D alveolar landmarks were collected and then used to estimate
the plane orthogonal to the Malveolar planeand intersecting the mandible. The plane was
translated to meet the midpoint between the alveolar plane at&hd M, thus intersecting

the mandible at these positions. For the symphyseal robusticity, three points were recorded
that define the sagittal pine. The intersections between these planes and the mandible were
used to extrapolate the width and height of the mandible at symphysis and molars. The
procedure is shown in Figure 2.3. Table 2.2 shows the number of data entries for dental
dimensions, alvelar lengths, mandibular CS, mandibular robusticity, mandibular shape and

neurocranium shape.
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Figure2.2 Landmark configurations on the mandible (left28) and the neurocranium (right, 288),shown or
the mandible and neurocranium of Ban troglodytesfrom the collection of the Kyoto University Prim
Research Institute (KUPRI), specimen 505 of the KUPRI dat@badandmarks ardefined in Appendix 1. Tl
enumeration follows the table of definitions.
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Figure2.3Computational procedure for the extrapolation of Robusticity indices shown on the ma
of aPan troglodytedrom the collection of the Kyoto University Primate Research Institute (KI
specimen 505 of the KUPRI database. Three landmarks are uskdinie (a) the sagittal plane fc
intersecting the symphysis ar{l) a plane orthogonal to the alveolar plane to intersect the manc
at the My level. The plane at Ms translated toward the second and third molars. The interseqti
provides a bidimensional profile of the mandibl@l), whose main axes represent mandibular col
height and width.

Table 2.2Sample size for the morphological traits analysed. The number of data entries are refoorted
individual specimens in the catarrhine and hominin samples. The hominin sample includes modern humans.

non-hominin
Individuals Hominins

Catarrhines
Mesio-Distal diameter 4276 - 4276
Buccaelingual diameter 4508 - 4508
Dental Area 4062 - 4062
Alveolar length 1-I2 342 279 63
Alveolar length B-Ps 355 279 76
Alveolar length M-Ms 351 279 72
Robusticity at Symphysis 342 282 60
Robusticity at M 372 282 90
Robusticity at M 361 282 79
Robusticity at M 334 282 52
Mandibular Centroid Size 321 283 38
Mandibular Shape 125 105 20
Neurocranium shape 125 105 20

31



2.3 Bodyweight, feedingand tool use variables

Bodyweightinformation was incorporated in the analyses. For #fmman primates, values
of bodyweightaveraged by species and sgareretrieved inthe literature (Smith & Jungers
1997 National Research CoundiS, 2003). Data collected onboth wild and captive
individuals were included=or hominin bodyveight, the most updated estimations from the
literature were adopted averagedoy species and sex, when availalfcHenry & Berger
1998 JiménezArenas et al.2014 Grabowski et a).2015). Body weight information was
retrieved for63 species ohon-hominin catarrhinesand 11 hominin speciesA table of lody

weightvalues for homimsand other catarrhinessreported in Appendix 1.

Data were obtainedfrom several sources, focusing on aspects of diet, subsistence strategies
and tool use in catarrhinesecordedon both captive and wild individualgn particular, four
different categories of datawvere collected diet percentages, dental microwear, feeding
duration and feeding behaviouRiet percentages refer to the relative amount of certain food
type categorieshat are presentn the diet of a speciesruit/seed, plant soft naterials, plant
fibrous materials, tree gum, fungi and animal matteere consideredas food categories,
assuming these groups accoufior the complete (100%) diet for each specid3iet

percentage data include information abo6B speciegNational Reseah CouncilS,2003)

Dental microwear analysis is commonly performed to infer aspects of diet in mammals and it
has been extensively applied to primatéscludinghominins(Scott et al., 2012; Ungar et al.,
2012; DeSantis et al., 2013t relies on thanspection of the patterns of scratches and pits
left on tooth enamel after the contact with food during masticati@@cott et al., 2006 The
microwear data here collected includgariablesdescribingsurface roughness (Arescale
Fractal Complexity, or Asfehe anisotropy of surface properties (Lenggbale anisotropy of
relief, or epLsar), heterogeneity of surface propertieetérogeneity of Areacale fractal
complexity, or HAsfc9) and texturablume patterns (Textural fill volume, or Tfv). Further
details on these measurements can be found in Scott et al. (2006)owearwas available

for 19 species, includin@2 extant norhumancatarrhines and’ fossilhominins in Grine et

al. (2009, Scottet al. (2012 and Ungaet al. (2012.

Data on feeding time (FT) and chewing cycle duration (@€le collectedfrom Ross et al.

(20093 b). Feeding timas the proportion of time spent by a species on feeding activities.
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Here this variable does natccount for foraging activities other than moving food into the
mouth, chewing and swallowingndderives from observations performed on wild animals
(Ross et al., 2009bThe duration of the chewing cycle refers to the length of time between
successive aximum jaw gapeandwasmeasured on animals in captivity (Ross et20%).
Feeding time and chewing cycle duration are availablfioand 12 species of catarrhies

respectively.

The behavioural data is based on evidence of tool use (TU) or ex&dotiaging practices
(EF) imon-human catarrhinegathered by Reader et al. (2011) as part of a study on primate
generalintelligence. The data consist frequencies of observations of tool use and extractive
foraging behaviours available in about 408Qicles. The data are expressed as the total
number of reported examples and a protocol was used to correct for the differential research
effort on speciesThe esearch effort was measured as the total number of papers in
behavioural research that haveeen published about each species in a specified time span

a number of international journals (Reader et 2011).Tool use and extractive foraging data

were available for54 catarrhinespecies.

24 The use of CT and surface scaonsnparability,rendering and accuracy

The use of virtual imaging in physical anthropology has become part of the standard
procedures adopted to study skeletal morphology, in particular when dealing with fragile
fossil specimen@Viafart et al., 2004 The availability olnuseumcollectionsin digital formats
facilitated the access to archaeological and fossil material, thus increasing the opportunity of
gathering large datasetd\evertheless, the application of 3D acquisition techniques in
anthropology and the consequentdtribution of digital specimens has not followed specific
criteria(Johnson, 2016 One of the main concerns has been to determingrtual specimens
accurately reproduce the topological appearance of the real object. Also, it is impaotant
test if CTand surface scans can coexist in the same sample without producing anyduasal
authorshave attempted to answer thiguestion and evidencesupports the accuracyand
comparability of CT and surface scannfbgm et al., 2003; Ramsthaler et al., 20%00lts et

al., 2010Q. Fourie et al. (2011fpund consistent results when testing the reliabiliyCT, laser
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scanning and photogrammetry @n anthropometric contextAll the three methods could
virtually replicate the measurement produced on the repésimens, with little difference
between the methods themselve®ther authors have tested the validity of photogrammetry
in physical anthropologfAldridge et al., 2005; Weinberg et al., 20@&) report low levels
of errors associated with anthropometrineasurementsThese studies support the use of

surface scanning for the construction of large anthropological databdsajgd(et al., 200k

CT scanning techniques are widely used in physical anthropology because of the possibility to
extract densityinformation and internal features of skeletal elemerf®§eber, 200). As for
photogrammetry, the reproducibility of anthropometric measuremefrism CTFscanshas

been confirmed in several works (Fajardo et al., 2002; Kim et al., 2005; Kubo et al., AD08; St
et al., 2014), but the rendering of CT data by extrapolation of a 3D surface can introduce
topological artefacts in the surface used for data collection, hence error (Raman & Wenger,
2008).CT data consisif a range of grexgcale values representinbé densities of the object
scanned(Herman, 2009 Figure 2.4 shows the density valygsey)extracted from the CT

scan of aP. troglodytegspecimen 505 of the KUPRI databasel the bone densities are
highlighted (red stripes)The extraction and grajgtal representatiorwere performed in Ry

dzaAy 3 GKS LI OWhitghéretaR RBIPRA O2 YE 0O
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Figure 2.4Range of densities in a CompdtTomography (CT) scan. In a medical CT scan, the densities are
expressed in Hounsfield Units (HU) and each mdtengers a specific range. The bone material (red stripes)

startsfrom 200 HU. The high peak on the left is air.

To isolate and distinguish a particular region of the object, a threshold in thesgedy values
can be set. A fully automatic selection of theréshold is difficult to develogsince the
densities of different materials of an object overlap one anotfiéerman, 2009 When the
scan is in DICOKDigital Imaging and COmmunication in Medicif@nat, the position of
the different materials along the density histogram is known and itfpsessed in Hounsfield
units (HU)XMah et al., 2014). Nevertheless, their boundaries are not nadtigure 2.4, bone
material isfound above200 HU(De Oliveira et al.,@8), and a threshold of 200 selects all
the densities major and equal to 200 Hderman, 2009 The data providedin online
databasesmay consist of the CT data itself or its rendered surfae@thout proper
specifications of théhreshold valuesised dthough they areusuallychosen to include bone
and enamel. The topological differences associated with differential thresholding can be kept
low if caution is applied. The &€an model of &#an troglodytesnandible was rendered at 0
and 400 HU (Figure B, crossing the dpmal value for bone renderingThe topological

differences between the surfaces generated were estimated by calculating the Mesh
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Distance, which is the euclidean distance between each vertex of one surface and the closest
point on the dher surface (Beserentzen & Aanees, 2002). Figure 2.5 shows that different
thresholds produce small differences between the relative interpolated surfaces, lower than
1 mm over the entire surface, when the threshold is set in the region of expectation of the

bone material.

Courts g

Mesh distance 0-200 Mesh distance 400-200

Figure 2.Distances between surfaces extracted from a CT et#tre mandible of &an troglodytesising non

optimal values of threshold (shown above). Each vertex of the surface is coloured proportionally to the distance
between thesurfaces generated at optimal and saptimal values of thresholdThe greeryellow patterns
indicate distances in the range of less than 1 mm, as reported by the colour map.
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2.5 Alveolar length as a proxy for dental size

This workrelied on the availahily of dental size data of fossil hominifiem online databases.
When only hominins were analysed, the useMésio-Distal (MD) and Bucebingual (BL)
diameters measured on teeth was possible, thanks to the availability of data in online
databases. Theseneasurements have been widely used in previous studiesdental
reduction(Brace, 1979; Pinhasi et al., 2008ID and BL measurements on catarrhine teeth
are not available in online databases for a sufficiently large number of species. In addition,
although 3D virtual models of primate mandibles are available, the dentition is rarely well
preserved.For these reasonshe measurement of alveolar length for each tooth type was
adopted when comparing hominins to catarrhinédveolar length is measurealong the
alveol to obtaininformation about the space occupied by each tooth type along the tooth
row. The use of alveolar length as a prdaytooth size allowed a sampkze suitable to the

application of comparative methods

2.6 Accuracy afobusticityindices measured on virtual mandibles

The height and width of mandibulaorpuswere used to calculate thebusticity index. These
measurements weravailable for hominins in thelumanOrigins Databas@ordon & Wood,
2007), but not forother catarrhines To solve this issueartual protocolwas generatedo
extract height and width information &m virtual 3D models of primatmandibles, using a
series of landmarks located on the mandibular symphysis and on the iad¥éoé first molar

(for full description, see Section 2.2h assessment wggerformedto demonstrate thathis
methodproduces results comparable to the direct measurement of manditmdgsusheight

and width at least on virtual specimengorpus height and width at M. were directly
measured orthe 3D models 080 catarrhinemandiblesin the software Amirgversion 5.4.5,
FEI Visualization, Berlifhe virtual protocol was used to extract corpus height and width of
the same30 specimensCorpus height and width (both measured and extracted by means of
the virtual method developed here) were used to calculatbusticity index. For each of the
30 specimens, theobusticity index obtained from direct measurements was compared to the

one extacted by using the virtual protocolThe results are shown ifigure 2.6. The
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comparisonbetween measured and extrapolated indicgeldeda smallstandard errorof
0.012and a slope of 1+0.024 at 95% of confidenodjcating that the protocols reliabé.
Also, the percent error for each observation was always lower than BYése results
demonstrate that the virtual protocol for calculating the robusticity index can be reliably used

along with measurements on real specimens.
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Figure2.6 Comparison between robusticity index measured on the 3D models of primate mar
and the same index extracted by means of a virtual protocol generated in R (see Section :
regression yielded a standard error of 0.012, indicating a good fit betwiee two methods. TF
protocol for virtual extrapolation of robusticity indicesdescribed in Section 2.2.
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2.7Landmarking error and missing landmark estimation

Recording landmarks on 3D surfaces is a procedure prone to both artdrintraobserve
errors. Sincea singleobserver collected the entire landmark sample in this work, only the
second source of error might have affected the datae amount of error produced during
the landmarking procedurevas quantified by collecting 10 repeats of the landmark
configuration (Figur@.2, Section 2.2) a8 mandiblesof femaleP. troglodytesThe landmark
configurations were aligned by Procrustes superimposition an@riacipal Components
Analysis (PCA) was performed to visually appreciatétiha and interspecimen differences
(Figure2.7). A Procrustes ANOVKI{ngenberg & Mcintyre, 1998vas performed to infer the
statistical significance of the intrand interspecimen differencesThis method quantifies
the amount of shape variation attribhable to one or multiple factors (grouping variables) in
a linear model, by working with multivariate response variables. This analysis tests the null
hypothesis of independence between the response variable and the fadhor.
implementation of ProcrusteANOVAwas used, and it iembedded in the R package
G3S2Y2INRIKEE 63 h (it NP X Asighificantidiférdn@i& presemtmetveen
specimensbut not between replicatesindicating that the landmarking procedure did not

produce biologically relevd errors. Theesults arepresentedin Table2.3.
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Figure 2.7Principal Component Analysis (PCA) for landmark accuracy. The three
(designated by circles, squares and triangles) represent 10 replicas of the lal
configurations of thred®.troglodytesmandibles.

Table 2.3Results of the Procrustes ANOVA on the replicas of the landmark configurations of the mandible. The
results indicate significant differences between the three individuals and their relative replicas.

DF Sum of Squares Mean of Squares F p-value
lvs2 18:19 0.054 0.003 29.4 0.001
lvs3 18:19 0.054 0.003 21.84 0.001
2vs 3 18:19 0.006 0.003 9.37 0.001
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Fossil and archaeological specimens are often fragmentary or incomplete, depending on the
taphonomic eventshat may haveoccurred after deati{Behrensmeyer1989. According to
Arbour & Brown (2014)these specimenshould not be removed from the sample, unless
inadequate to record a sufficient amount of landmarks. fact removal of incomplete
specimens for the presence of missing landmarks is not justified, because their exclusion can
alter the effect of the analysis more than happens when missing a&astimated(Arbour

& Brown, 2014)In this workthe missing landrarkswere estimatedoy means of a Thin Plate
{LXAYS 6¢t {0 LINRPOSRdA2NBE AYLX SYSY,2BR. TheyTPSI K S
was used because it has been demonstrated taalreliable methodor missing landmark
estimation in biological specimensrbdur & Brown 2014). TPS is an interpolation method
that uses a deformation grid to map the position of landmarks onto a reference configuration
(Bookstein 1997a). TPS can be used to estimate the missing landmarks by deforming the
incomplete configuratin onto the mean shape (consensus) of the complete configurations.
TPS estimation performs best when only one or few landmarks are missing from one
configuration.Only specimens with a maximum of 14.3% of missing data (4 on 28 landmarks)
were included in tle sample and in most casedewer than four landmarks were missingll

the incomplete specimens belonged to the fossil hominin sample. A list of the incomplete

specimens and the amount of missing data estimated is presentagpendix 1.

2.8 The analytical approacliraditional and Geometric Morphometrics

Morphometricsis the use of standardised measurementetdract quantitative information

that can be used to describ@rganisns and compare them mathematically and statistically.
Since biolgical objects are usually complex in their appearance, it is not surprising that the
morphometric approach flourished in the study of the living things. Being based on
measurements, the data, the analyses and the results of morphometrics are written in
numbers, which acquire a biological meaning only if associated by univocal definitions
(Zelditch et al., 2012 To compare similar objects, the measurements used to describe their

shape have to be homologous, this meanthgt those descriptors must correspdnto
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structures or positions that have the same biological, developmental or evolutionary meaning

in different organisms or speci¢Bookstein, 1997a

Traditional morphometrics relies on linear measurements of length, height and depth to
guantify shape, Wich make it simple to perform and almost costless, but these advantages
come withmajor drawbacks. One of these issues is the interdependence of measurements:
measurements sharing the same or similar directions describe part of the same variation, and
it is difficult to isolate their single contribution&elditch et al., 2012 This issue las been
overcome by the advent of Geometric Morphometrics (GM)that uses homologous
coordinates (or landmarks) and their mutual relationshipapproximate the geometry of an
object anddescribeits shape(Zelditch et al., 2012 GM is a set of methodsat produce
guantitative comparisons of shapes. These methods derive from the necessity of accurately
describe objects (in the present case, skeletal elements) whose topology is too complex to be
approximated by polygons and polyhedroitghen homologous pois are scarce, curves of
landmarks and patches of setandmarks Bookstein, 1997bMitteroecker & Gunz, 2009

can be applied, as long as enough homologous landmarks can be used to reference the curves
and patches.GM relies on a set of methods that soltWee inter-correlation between
measurements and remove siZBookstein, 1997g Statistical ordination methods, like
Principal Component Analysis (PCA), are used to decompose the shegsriesaf variables
sorted by their decreasing varian@elditchet al., 2012. This procedure is conceived to keep
each variable orthogonal to the others, thus cancelling the mutual correlation between them
(Wold et al., 198Y. Sze is removed by aligning different shapes by Procrustes superimposition
(Bookstein, 1997a which scales each shape to a unit Centroid Silae §quare root of the

sum of squared distances of a set of landmarks from their centtb&lstandard size proxy

in GM) after translating and rotating them to reduce the distance between homologous
landmarks.After alignment, the square root of the sum of squared differences between the
positions of the landmarks, or Procrustes distarBedkstein, 1997) represents the shape

differences between objects, free from the effects of size and spatial latatio

The subject of dental and mandibular reduction is linkedddain morphological traits, such
as dentabkize and mandibular robusticitthat have been studiedsinglinear measurements
(Wolpoff, 1971; Brace, 1979; Chamberlain & Wood, }98Beir advantage is the simplicity

and the opportunity touseunivariate statistics, which makes the results easinterpret. In
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addition, certain features are evaluated on regions of the mandible that lack homologous
landmarks. As an example, the mamalar corpushas fewanatomicallandmarks and the
robusticity at the level of molars can be more easily extrapolated by measuring width and
height, rather than constructing a curve of landmarks across the section of the mandible.
Other aspects of the evolution of the human mandible are better exemplified by studying the
shape of the lower jaw and the skuling Geometric Morphometrict fact, GM can be used

to approximate the entire shape of the mandibfea mutivariate statistcal frameworkand

produces an intuitive and compelling visualization of the results.

In this work, a mixed approach of traditional and Geometric morphometvasusedtaking
advantage of the benefits provided by the two sets of methods. The traditapmaioach was
used for studying dental size and robusticity,align withthe measurements employed by
the majority of studies on dental and mandibular reducti@M was adopted for evaluating
mandibular size and to study the patterns of covariation betwelee lower jaw and the

neurocranium, which make sense only in a multivariate statistical framework.

2.9 Phylogeneticontrolledanalyses

A primate comparative approach has been extensiadppted in the study of human
evolution Cachel, 2006 Using abroad taxononic sampleis a valuable way to reveal
functional and ecological aspects in hominin evolution, but such an approach can be
misleading because of the phylogenetic relationships antamng (Freckleton et a).2002).
Everytaxon shares a common &estor with others because they diverged from the same
species at some point during evolution. The diverging species accumulate modifications
respect to the common ancestor. Nevertheless, they retain common traits because of their
shared ancestryBlomberg & Garland, 2002In summary species that are more closely
related tend to share more traits than species thaeparated formerly Significant
phylogenetic signalsave been foundn the mandibular size and shape of primatB&agcan

& Daegling, 208; Meloro et al, 2015). Comparative studiesanrely on the availability of
phylogenetic data that account for the relatedness between @medn the sample

investigated.
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In this work, a phylogenetic tree built from genetic datanoh-hominincatarrhineswvas used

This primate molecular phylogeny is available from the online database 10ktrees (Arnold et
al., 2010),and ispart of a larger project on mammalian phylogeny. The datsewsed to

build a phylogenetic tree representative of relatedness betwd#ennon-hominincatarrhine
species in the sample. For the hominin phylogeny, the topology published by Dembo et al.
(2015) based on a Bayesian statistical approach applied on a matrix of morphological traits
of homining was usedPalaeontological data dFirst and Last Appearance Datum (FAD and
LAD of fossil homininsvas usedo reconstruct plausible times of divergence betwedara

Potts (2013) provides a list of FAD and LAD data from several literature soBraash
lengths were scaled to fit thertie of divergence betweeR. troglodytesandH. sapiengn the
non-hominin catarrhinghylogenetictreE 6 & dzA Ay 3 ( KParadisetd:, &0p4 IS a 'l
The catarrhine and hominin trees were then merged. Fi@uBshows the hominin phylogeny

as adoptel in this work. The primate tree is displayed in Appendix 1.

Several methods have been developed to account for phylogeny in comparative analyses. The
principal approaches to test for phylogenetic independence in the structueecofrelation
between twovariablesare Phylogeatic Independent Contrasts (PIEglsenstein1985) and
Phylogenetic Generakd Least Squares (PGI@afen 1989. The two methods produce
identical results when the regression is fitted assuming a Brownian Motion (BM) model of
evolution. The BM model represents the null model of trait evolutibrassumes that the
evolutionary change is neutral. Brownian Motibas proven to be satisfactory to express the
phylogenetic correlatioamong specieg¢Felsenstein, 1985 Blomberg et kb (2012) proved

the equivalency of PIC and PGLS when8assumed. Nevertheless, evolutionary change is
often nonneutral and the adaptation of a trait ibetter describedby using models of
evolution that require alterations of the branch lengths of thleylogenetic tree ifarmon et

al., 2010. In this work, PGLS method®re appliedto account for phylogeny in correlations.
Brownian Motion and other models of trait evolutiovere usedo describe the phylogenetic
structure of the correlation. In these sas, PGLS is much more versatile than PIC, and several
PGLS methods have been developed to fit linear andlinear regressions, also allowing an

estimation of evolutionary parameters.
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Figure 2.8The hominin phylogeny adopted in this work. The homimnege was merged with the catarrhil
molecular phylogeny. The catarrhine tree is shawi\ppendix 1The topology of the hominin tree was tak
from Dembo et al. (2015)

2.10 The R argtical environment

R is an opefsource programming languaglesigned for objecbriented coding R Core

Team, 2015 Although renowned for its reliability in statistical analyses, R is a highly versatile
graphic tooland a powerful computational environment. In addition, R is free, urdiker

software commonly usd in science, and is supported by a vast community of users
networked via numerous platforms onlindhese attributesallow the user toapproach

problems in a more effective way, by coordinating with a vast network of scientists
worldwided CNRY | dzaSNR&a LISNARLISOGIAGSS (GKS dzasS 27
code, any method can be modified or implemented, and it is possible to generate methods

not available in proprietary software packages. Also, R promotes the automatiolytiaal

methods and procedures, thus making the application of research methods fa&tgreat

amount of biological analytical methodse embedded in R packages that can be freely
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downloaded via internetSeveral packages embed phylogenetic meth@@lgadis et al.,

HannT wS@Stts wnmuT | RI Yétal®01B, inbrphBnietrias foblsy G A f 2
for analysis and visualizatof Rl Ya 9 hat NRfF i/ FAGANfah® > HAM
multivariate statistic§Dixon, 2003Venables & Ripley, 2013

The analyses carried out in this work were performed in R, mostly using packages provided
by the Comprehensive R Archive Netw@kCore Team, 2015This was possible because of

the effort of several researchers and R users who developed the methode@pple and
provided them in packages made freely availabléhanks to their work, morphometric
analyses, graphic tools, phylogenetic methods and updated statistical approaches are

available.
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Chapter 3

Mandibular and dental reduction in ampdated

archaeologial and palaeontological context

3.1 Introduction

In the decadesof the 1950s and'80s, anthropologists started highlighting the gracile
F LILISE NI yOS 2F fAQGAY3 KdzYlyaQ YIaidaol Gd2Ne
recordand to the hominin fossils available back thguoon, 1955; Brace, 1963rhe lower
jaw was particularly useful in discerning such a pattern of reduction through. @©oen
(1955) reported a shorter mandibuleamusand a less strongly developé&simporalismuscle

in postMesolithic humans compared to pidesolithic humansH. neanderthalensiand ¢H.
rhodesiensis(today known asl. heidelbergensjsHe suggested that major modifications to
the human facial complex might be the result of the amount ofvahg needed to process
food. A robust mandibular corpus was commonly interpreted as indicating strong
biomechanical requirements (Jqlty970 Daegling1989), therefore relatinghe morphology

of the lower jawto food-linked selective pressures on masticati Bracg1963 1967; Brace

& Mahler, 1971)was one of the first authors to bring the structural reduction of the human
masticatory apparatus to the attention of the scientific community. In his perspective, the

small size of the human dentition was due ¢hanges in food processing practices, and he

reserved a special importance to the invention of pottery in the Holocene (Brace et al. 1987).

The use of pottery for crushing and grinding hard foods would have modified their texture,
which isbelievedto influence the biomechanics of mastication (Peyron etl97. Mioche

et al, 1999 Lucas et aJ.2004 Norconk et al.2009). Brace (1979) and other authors also
suggested that fire might have played a role in the evolution of human dentition (Z668

Wrangham & ConkluBrittain, 2003), by softening food and consequently reducing
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masticatory effort, while others have attributed this role to tool manufacturing (Frey@&#7:
Zink et al.2014). Many of these hypotheses look at food processing and @wdzhanics as
crucial in the onset of lower jaw reductionltomqg and are supported by archaegjcal and

experimental evidenc€Zink & Liebermar2016).

Previous studies provided detailed descripsafthe trends and hypotheses to explain them,

but they often overlooked the importance of body si&uff, 2002. Body sizechangesmight

have had a remarkable influence on the allometric patterns of tooth bweed, mdy size is
known to influence tooth size in primate®/pod, 1979; Gingerich et al., 1®8In particula

some author Gingerich, 197)argue that molasizecan be used for estimating body size in
fossil hominoids Within Homg body size changed considerably during the Pleistocene
(Grabowski et al., 2035A decline irthe body sizeof H. sapiensrom 50 kyrto the Neolithic

has been describedR(ff, 2002, and this seems to be a general trend, not geographically
limited. Because of the changes in body size, differences in tooth size may be the effect of
allometry.Recent body size estimaen hominins have been produced¢Henry & Berger,
1998; JiméneArenas et al., 20145rabowski et al., 20)5allowing a better understanding

of the real differences between tooth size among hominins. In additta palaeontological

and archaeologicakcord available today sheds lighh the variability of our ancestors and

can improve our understanding the evolutionary paths that led to our modern anatomy.
More dataare now available alsbecause obnline data sharing and the creation of easily
accessible databases. These online archives literally bring the work of many generations of
scholars irthe hands of today researcheasd represent a unique opportunity of gathering

large amounts of information to answer questions in the light of moderadtainthropology.

Metric data were gathered from online database® test if the patterns of dental and
mandibular reduction inrHomo are in accordance with the trends described in previous
literature. The results are discusseth the light of the knowledge of modern
palaeoanthropologynd taking into account ujp-date body size estimate3he conclusions
may help to interpret thetrends of dental and mandibular reduction in the context of an

updated paleoanthropological and@raeological framework.
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3.2 Material and methods

The sample includes hominin species ranging from lower Palaeolithic to modern humans of
mixed norEuropeans ppulations, and the data consist measurements on lower dentition

and mandiblesinformation cn sample size for robusticity index and dental measurements
are reported inTable 3.1 and 3.2 respectivelyhe dental metric data includgl61 individual

teeth divided into seven hominin and time groups: eadgmaq lower, middle and upper
Palaeolithic, Msdlithic, Neolithic and Middle Age®nly measurements on permanent lower
dentition were collected and canines were excludedbecause of the effect of sexual
dimorphism during human evolution (Brad®67. Jungers1978) and the concomitant lack

of exhaustive sex information for fossil and archaeological specir(sses Chapter 2 for
further details) BuccelLingual (BL) and MesDistal (MD) maximal diameters were used to
approximate dental size and to calculate dalrirea (BL x MD). A graphical representation of
the dental measurements is shownQ@mapter 2Figure2.1. The dental metric data is available
Ay GKS Gl dzYly hNAIAya 5FdGFolkasSeé FyR Ay (KS «a

Measurements of randibularcorpus height (H) and width (W) at the symphysis (SY) and at

each molar (M, M2 and Ms) were used to calculatéhe robusticity index (W/H x 100). To

include a broader hominin variability, the robusticity inadgxnodern humans and additional

fossil hominins wameasuredrom 3D scansThe entire procedure is described in Chapter 2,

Section 2.2, and iepresentedin Figure2.3. In addition, Section 2.2 includes an estimate of

the error of the procedure, which indicates a good reliability for this protadoémandibular
YSI&adz2NBYSyda dzaSR F2NJ NRPodzadAOAGe FNB | @l Af
sample used for extracting the robusticity index includes CT scaci CTscans and surface

models digitalized by using photogrammetifhe 3D models ohominin specimensvere

collected from mline database¢MorphoSource, NESPOS, the Africanfossils archivéhaend

Digital Archive ofFossil Hominoidg, museums(Natural History Museum in London, the
Muséumb I G A 2yl £ RQI ik BalissardENatiorialkiuzim 6f Kedyan Nairob),

or from the cast collections of.iverpoolJohn Moores University and the anthropological

Ydza SdzY aD® { SNHA¢ ow2Yl 0® -scéipBdddo flonFensEBl] A Yy Rf &
(www.peterbrownpalaeoanthropology.ngt For further details, see Chapter 2 and Appendix

1.
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Table 3.1Sample size for the robusticity indices used in the analyses. A full list of infomadtout individual
specimens iseportedin Appendix 1.

Sample size ofobusticity indices

M1 M2 M3 SY
Paranthropus aethiopicus 2 2 - 2
Paranthropus boisei 25 23 10 12
Paranthropus robustus 4 4 3 -
Australopithecus afarensis 11 7 - 4
Australopithecus africanus 4 3 1 2
Homo habilis 5 3 2 2
Homo rudolfensis 5 3 1 3
Homo ergaster 7 6 5 7
Homo erectus 4 3 2 4
Homo floresiensis 1 1 1 1
Homo heidelbergensis 3 3 3 3
Homo neanderthalensis 7 8 8 8
Upper PalaeolithidHomo sapiens 4 4 4 4
Modern Homo sapiens 18 18 18 18
Total 100 88 58 70

Table 3.2Sample size for MesiDistal and Bucchingual dental diameters. A full list of information about
individual specimens is reported in Appendix 1.

Sample size of dental diameters

I1 I2 Ps Pa M1 M2 M3 Total
EarlyHomo 2 2 4 6 7 9 5 35
Lower Palaeolithic 36 43 55 49 66 57 52 358
Middle Palaeolithic 21 30 35 37 43 40 33 239
Upper Palaeolithic 46 56 54 50 73 74 49 402
Mesolithic 238 261 279 277 274 278 260 1867
Neolithic 142 167 175 172 197 176 123 1152
Middle Ages 89 127 186 185 185 189 147 1108
Total 574 686 788 776 845 823 669 5161
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To test for differences in dental size and mandibular robusticity during Pleistocene and
Holocene, Kruskalallis rank sum testHollander et al., 201)3was performed The
Pleistocene trend is an inteapecies pattern, while the Holocene reduction involves only the
specieH. sapiensFor this reasorthe analysefor the Pleistocene and Holocene trends were
performed separately. The Robusticity data was grouped in ditegoriesaustralopithecines
(Australopithecusand Paranthropu¥ earlyHomo (H. habilis H. rudolfensisH.ergaster H.
erectusand H. floresiensisand laterHomo (H. heidelbergensisi. neanderthalensiand H.
sapien3. The dental data for Pleistocene hominins was divided in the groups dartyg
lower, middle and upper Palaeolithi@and the species included in these categories are
included in Appendix.IThe Holocene sample was divided in Upper Palaeolithic, Mesolithic,
Neolithic and Middle Agesand exch group was compared to the othefBhe Jonckheere
Terpstra test for ordered differences among classEm¢kheere, 1954was performed to
check for the statistical significance of a decreasing trend in the samples eshalyse

statistical level of significance accepted in the analyses was set at 0.05 (95% of confidence).

3.3 Results
3.3.1 Mandibularobusticity

For mandibular robusticitythere wasa pattem separating earhHomofrom later species
(Figure 3.1) Early Homo falls within the australopitlecine variability. For each of the
robusticity indices analysethere weresignificant differences between the group means of
australopithecinesearly and lateHomq as indicated by the results of the Kruskélis test
(Table3.3). A pairwise comparison showed tredrly and lateHomodiffer in all the indices
analysed, while earlidomodiffers from australopithecinegor the M. robusticity only (Table
3.4). The JonckheereTerpstra test confirmed a pattern of reduction in mean robusticity
between early and lateHomq and in the mean Mrobusticity betweenaustralopithecines

and earlyHoma The results of the Jonckheeferpstra test are shown in Tal8e3.
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Table 3.3Results and statistics of the Kruskdallis (KW) and Jonckheeferpstra (JT) tests for differences
between robusticity indices of the groupsistralopithecinesearlyHomoand lateHoma The pvalues achieving
statisticalsignificance are showin bold

DF KW CHhi KW pvalue JT (decreasing mean JT pvalue
Robusticity M 2 35.98 <0.001 689.5 <0.001
Robusticity M 2 44.58 <0.001 3325 <0.001
Robusticity M 2 29.04 <0.001 122 <0.001
Robusticity SY 2 13.58 0.001 554.5 0.006

Table 3.4Results of the KruskalVallis pairwise comparisons between robusticity indices of the groups
australopithecinesearlyHomoand lateHomop { Ay A FAOI yiG O2YLI NA&a2ya I NB t1068S
was set at 0.05 (95% confidence).

Australopith - early Homo Australopith - LateHomo  earlyHomo- LateHomo
Robusticity M - S S
Robusticity M S S S
Robusticity M - S S
Robusticity SY - - S
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neanderthalensisusp: upper Palaeolithi¢l. sapienssap modernH. sapiens
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3.3.2 Dental reduction durintpe Pleistocene

The two incisorgl: and b) sharel a common pattern of variation throughout the Pleistocene
The KruskaWallis and Jonckheef€erpstra tests confirmed the presence of an overall trend

of decrease in the BL dimension fo(JT p: 0.0043nd in bothMD and Bldiameters fo I (JT

p < 0.001)from lower to upper Palaeolithjalthough a significant increase is present for |
BLdiametersand area from middle to upper Palaeolith®ignificant changes occurred in the

I: and b area from lower to upper Palaeolithic, but thggothesis of a decreasy pattern is

not supported for the firsincisor(JT p: 0.182MD and Blof P decreased fronmiddle to

upper PalaeolithiqdT p < 0.001), whiles Rnderwent a significantreduction in both the
diameters from earlyHomoto lower Palaeolithic and from middle to upper Palaeolithic. Based
on the Jonckheerderpstra test, these changes account for a reduction in both MD (JT p <
0.001) and BL (JT p: 0.0t#gmeters The results for premolar area recall the trends observed
for the dental diametersThere wasa significant reduction of Milh M; (JT p < 0.001), with
remarkable changeBom earlyHomoto lower Palaeolithicand in M and Ms (JT p < 0.001)
from middle to upper Palaeolithic. Mand Mg do not exhibit an overall reduction in BL (JT p:
0.1 and 0.438 respectively), but lower Palaeolithic and later hominins display a significantly
smaller BLdiameter in all molars. During Pleistocene,1MM. and Ms areas reduced
significantly from earljHono to lower Palaeolithi@and from middle to upper Palaeolithic for

M2 and Ms only. The Palaeolithic trends in dental size are shown in Figures 3.2 and 3.3, and

the results of the analyses are presented in Tables 3.5 and 3.6.
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Table 3.5Results and statistics of the Kruskdallis (KW) and Jonckheeferpstra (JT) tests for differences
between dental measurements of the groups eaidgmaq lower, middle and upper Palaeolithic. Thegdues
achieving statistical significance are showiold.

DF KW CHhi KW pvalue JT (decreasing mean JT pvalue
Mesio-Distal b 3 5.00 0.172 1043.5 0.114
Mesio-Distal b 3 21.05 <0.001 1375.5 <0.001
Mesio-Distal B 3 72.14 <0.001 1196 <0.001
Mesio-Distal R 3 26.53 <0.001 2402 <0.001
Mesio-Distal Mu 3 22.64 <0.001 4065 < 0.001
Mesio-Distal M 3 43.66 <0.001 3093.5 <0.001
Mesio-Distal Ms 3 37.10 <0.001 1893 < 0.001
BuccoLingual 1 3 41.97 <0.001 1303.5 0.004
BucceLingual 3 37.47 <0.001 1869 <0.001
BuccoLingual B 3 48.48 <0.001 1599.5 <0.001
Buccolingual R 3 20.40 <0.001 2762.5 0.014
BuccelLingual M 3 11.97 0.007 5272 0.100
BucceLingual M 3 24.50 <0.001 4207.5 0.004
BuccoLingual M 3 19.79 <0.001 3178.5 0.438
Area b 3 22.82 <0.001 1053.5 0.182
Area b 3 27.30 <0.001 1414 <0.001
Area B 3 65.71 <0.001 1184.5 <0.001
Area R 3 24.08 <0.001 2421.5 0.001
Area Mu 3 17.58 <0.001 4326 0.004
Area Me 3 29.00 <0.001 3484 <0.001
Area Ms 3 24.43 <0.001 2404.5 0.006
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Table 3.6Results of the Krusk&Vallis pairwise comparisons between dental measurements of the groups early

Homo(EH, lower (B, middle MP) and upper Palaeolithit)P®

level of significance was set at 0.@5% confidence).
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3.3.3 Dental reduction durintpe Holocene

The Jonckheerg@erpstra testapplied on the Holocene trends reported significance in dental
size reduction in all teeth and variables analysed(310.001 in all the caseg)lthough size
increase occurre@fter Neolithicin some casedn k, MD and BL diameter decreased after
Mesolithic and upper Palaeolithic respectively, abdth increased significantly from
Mesolithic to Neolithicl. dental diameters decreased after Mesolithiic.addition the results
highlighteda trend of reduction in the area of both incisors from upper Palaeolithic to
Neolithic and a significant increase from Neolithic to Middle Ages Sinlilar patternswere
observed for thevariation in B and R. In both teeth, a reduction in MD occurred from
Mesolithic to Neolithic and in BL from upper Palaeolithic to MesolithicarRl R area
decreased significantly from upper Palaeolithic and Mesolithic respectivelystahdised

after Neolithic in both case§.he MD diameter of Mdecreased from upper Palaeolithic to
Neolithic and experienced a statistically significant increase after Neolithic, and its BL
dimension decreased from Mesolithic to Neolithic. The areaeffirst molar reduced from
Mesolithic to Neolithic and increased again after Neolithic. In the second nitbé&aeg wasa
continuous reduction of MD diameter from upper Palaeolithic to Neolithic, and a reduction
of BL and molar area from Mesolithic to Nig@k. In M, there were significant differences in

all the dental variables considered, which highlighted an overall decrease from Mesolithic to
Neolithic. Figure 34 and 35 report the trends of MD, BL and dental areaHomo sapiens

from upper Palaeolithic to middle ages. The results are shown in Jaf@land 3.8
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Table 3.7Results and statistics of the Kruskdallis (KW) and Jonckheeferpstra (JT) tests for differences
between dental measurements of the groups Upper Palaeolitti€),(Mesolithic Me), Neolithic Ne) and
Middle AgesNIA). The pvalues achieving statisticaignificance are shown in bold.

DF KW CHhi KW pvalue JT (decreasing mean JT pvalue
Mesio-Distal b 3 112.51 <0.001 8222.5 <0.001
Mesio-Distal b 3 111.18 <0.001 17915 <0.001
Mesio-Distal B 3 209.50 <0.001 37160 <0.001
Mesio-Distal R 3 159.48 <0.001 37526.5 <0.001
Mesio-Distal My 3 122.94 <0.001 52714 <0.001
Mesio-Distal M 3 118.00 <0.001 49731.5 <0.001
Mesio-Distal Ms 3 48.73 <0.001 34985 <0.001
Buccolingual 1 3 50.67 <0.001 20087.5 <0.001
BucceLingual 3 60.02 <0.001 31531.5 <0.001
BuccoLingual B 3 79.86 <0.001 52203.5 <0.001
Buccolingual R 3 52.40 <0.001 58406.5 <0.001
BuccelLingual M 3 245.35 <0.001 37303.5 <0.001
BucceLingual M 3 201.58 <0.001 42923 <0.001
Buccolingual M 3 161.98 <0.001 24785.5 <0.001
Area b 3 57.0755 <0.001 7084 <0.001
Area b 3 86.7732 <0.001 13930.5 <0.001
Area B 3 160.8016 <0.001 35691 <0.001
Area R 3 102.643 <0.001 38946 <0.001
Area Mu 3 190.86 <0.001 35382.5 <0.001
Area Me 3 177.3682 <0.001 41579 <0.001
Area Ms 3 111.5112 <0.001 27134 <0.001
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Table 3.&Results of the KruskaVallis pairwise comparisons between dental measurements of the groups Upper

Palaeolithic UP), Mesolithic e), Neolithic Ne) and MiddleAges KA). Significant comparisons are labelled

G{é¢d ¢KS fS@St 2F AAAYAFAOIYOS sFa asSid 4G nonp 6pp C
UP-Me UP- Ne UP- MA Me - Ne Me - MA Ne-MA

S S

()
2]

Mesio-Distal k -
Mesio-Distal b -

Mesio-Distal B - -
Mesio-Distal R -
Mesio-Distal Mu S
Mesio-Distal Mz S

Mesio-Distal Mz -

n o nu n nu on
(2]

Buccolingual 1 -

nw Ouno o nuno n nuoon

Buccelingual

S
BuccoLingual B S
Buccolingual R S
Buccelingual M -

Buccelingual M -

nw nu un

Buccolingual M -

Area b -
Area b S
Area B S
Area R -
Area Mu -
Area M -
Area Ms -

nu u nu n nuo n nno nu no no nununonononunonuonv
nu u nu no nuo n nnu nu no nonununonononunonuon
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3.4 Discussion

The study of mandibular and dental reductitvaditionally focused on two main aspects of
lower jaw morphology, which varied the most during human evolution: robusticity and tooth
size(Brace, 1979; Chamberlain & Wood, 198Several scholars joined the study of these
features in hominins and modetmumans, and few author&oon, 1955; 1962; Brace, 1967,
Brace & Mahler, 1971; Brace et al., 198 still influential about the subject of dental and
mandibular reductionNeverthelessour interpretationsof human evolution have changed in
the last few decades thanks to larger fossil and archaeological recorflse analysis
performed here, which is based on large datasets made available in online databases,

confirmedthe patterns previously described for both robusticity and dental size.

Chamberlain &/ood (1985) noticed marked variations in robusticity witthia genusHomq
with early Homo exhibiting largerindicesthan later species. Their findiagire based on
robusticityat the level of the first molgrwhose importance has been well recognisethia
study of human bite biomechanics (Ferrario et, &004). The results described above
confirmedthis pattern and extenddit to M», Mz and symphyseal robusticitfhe differences
between early fl. habilis, H. rudolfensis, H. ergaster, H. ereahdsH. floresiensisand later
species oHomo (H. heidelbergensis, H. neanderthaleresisl H. sapienswere larger than
thosebetween earlyjHomoandaustralopithecinegFigure 3.1, Table 3.4uggesting that the
most profound changes occurred within the gesHoma If we consider the inclusion of the
genusParanthropusn the group ofaustralopithecinesthis result is noteworthy. Indeed
link has been suggested betweéme robust masticatory apparatus éfaranthropusand a
diet based on tough foodé/Nood & Constanting 2007) Nevertheless, by considerirthe
dietary breadth and habitat preference in living species and in fossil homiNiosd & Strait
(2004)proposed a common generalist strategy Rairanthropusand earlyHoma which is in
contrastwith the findings based on the study of morphological trascordingly Ungar et

al. (2006)suggested that earljHomo might have adopted a flexible subsistence strategy,
rather than havingundergone a full transition from closediorest to openrhabitat foods.
Chamberlain & Wood (1985) underloshethat the differences in robusticity between
australopithecinesre not necessarily dependent on diet, brgther a byproduct of scaling
with bodysize Inthe genudHomaq robusticity does not scale with size (Chamberlain & Wood,

1985) Therefore, theaustralopith mandibularobusticity might have been retained iearly
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Homoas a result of the close shared ancestry between the two groups. Nevertheless, it is still
possible bat the differences in robusticity within the gend$omo were generated by
biomechanical requirementsAs highlighted by studies on primate jaw biomechanics
(Hylander, 1979; Smith, 1983), the craestional shape of the mandibulaorpusacts to

resist vetical, horizontal and torsional forces during mastication. This rote@torpusand
symphyseal shape has been confirmed in African apes (T&006) and in humans

(Daegling & Hylande1998).

Previous studies indicatednaiddle Palaeolithic increase incisor dimensions, whi¢in turn,
dropped againduring the upper PalaeolithicBrace, 196) The present resultstatistically
confirm an increase in theilarea during middle Palaeolithic, mostly as a resulbwéco
lingual variations (Figure 3.@nd 3.3).If hominin body size estimates are correct, the
differences between lower, middle and upper Palaeolithic (mainly representedd.by
heidelbergensisH. neanderthalensiand H. sapiensrespectively, in this analysis) are less
marked than observedn fact, Neanderthals exhibit a larger body size tHaheidelbergensis

and H. sapiensTherefore, the middle Palaeolithic increase in incisor size maguleeto
allometry. This view hdseen highlighted by Brace et al. (1987), who suggest that too¢h siz
differences between Neanderthals and modern humans may represent an allometric effect

of changes in body size.

Asignificant reduction ipostcaninedimensionssobservedhroughout the Pleistocene, with
steeper decreasesfrom early Homo to lower Palaeolithic and from middle to upper
Palaeolithic (Figure 3.2 and 3.®ental sizedifferences withinHomo appearremarkable
when we consider the changes in body size from habilines to later spé@egarlyHomaq
body sizeestimates reportsmallervaluesthan inH. heidelbergensisnd H. neanderthalensis
(JiménezArenas et al., 20L4Grabowski et al. 2015) This would indicatethat dental
reduction following earljHomomight be even steeper when accounting for body skzem
the traditional perspectiveon dental and mandibular reduction, such strong modification
derived from changes in dietary habits or food processing, but decades of stindies
emphassed the importance of noradaptive factors in phenotypic evolution (Web&011).
Phylogenetic constraints and behaviour do influence the dietary habits of primate species
(Silver & Marsh2003 Kamilar & Coope013).Homomost likely hadiccess to a large variety

of foods, which can be maodified in their texture and properties thanks torawvgd food
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processing skill&Zink et al., 2014 Foods made softer by slicing or cooking, hence behavioural
factors, do notnecessitatehe same biomechanical resistan@guired bytough food items
(Zink & Lieberman, 20)6 These lowered requirements may be a cause of dental and
mandibular diversification within the gendt$omq but it is not clear if hominin behaviour
drove the evolution of masticatory apparatus, and such a link mayliffecult to establish
While few hommin species may have been able to control fire, it is not sure if they could start
one at will (Roebroeks & VilJl2011, Sandgathe et gl.2011; Shimelmitz et a).2014).
Nevetheless, experimental evidenc&ink & Lieberman2016) suggestthat slicing ad
pounding modiy the biomechanical properties of meat enough to allaweducedchewing

cycle and bite force.

According to Brace (1967), dental size reduction accelerated at the end of Pleistocene,
showing an unprecedented rate during the Holocehkeresultspresented abovéighlight

a drop in dental size following the upper Palaeolittc2 y &8 A & 1 Sy 4 f & 4m (K
additionto that trend, an increase in incisor size during Neolithigs found It is possible that
differences in the sample affetite resultswith the medievalsamplegenerating frononly a

few populations from one European region. Nevertheless, the results sd@vcommon

trend in both incisors angostcaninedentition duringthe Holocene with major changes in
post-Mesolithic horizonsDental size variations durinipe Holocene have been commonly
attributed to changes in subsistence pattenetated tothe onset of agriculture (Larseb995
Pinhasi & Meiklejohy2011).The postMesolithictrend in dental reduction could be the result

of changes in subsistence, considered thest fundamentalinnovationsthat agriculture
imposed onthe human lifestyleslL@rsen, 1981; 1995 NeverthelessPinhasi et al. (2008)
noticed that the reduction in bith upper and lower dentition preceded crop domestication in

a temporal sequence of southern Levant populatiomsleed,the results presented above
suggest that thedecrease in dental size occurred earliercorrespondence with the upper
PalaeolithieHoloceneboundary(Figure 3.5 and Table 3.8 hese results suggest that dental
reduction may have preceded the onset of agriculture, even if the trend may have accelerated
during and after the transitiorFood processinglsomay have played a role in the ldoene
trend. As pointed out by Brace et al. (1987), the invention of potthuying the Neolithianay

have been a crucial stepgfor the possibility of reducing food to liquid or sesalid

consisteng. In support of this ideaBrace et al. (1987laimed the fact that no edentulous
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individuals are present in the archaeological record before the appearance of pottery.
hominin fossil recordhowever, now falsifieghis point of view: the hominin remains &f.
georgicus dated around 1.8 Ma, indlie the earliest case of completely edentulous
individuals in the hominin lineage (Martinérorres et al. 2008). This fact raises several

guestions about the importance of social structure and behaviour over adaptation.

Althoughthe drop in dental size fio upper Palaeolithic to the Neolithic runs parallel with
changes in subsistence, the possibility that this trend of reduction is the effect of changes in
body size should not be overlooked. Indeedjemeral trend ofeduction inhumanbody size

from 50 ky to the Neolithichas been documentedruff, 2002. The Holocene reduction in
tooth size may bat least in part the allometric bgroduct of body size reduction. This view
would support the results dPinhasi et al. (2008)vhonoticed thatdentalreduction preceded

crop domestication in souttrn Levant populations. Whether dental reduction was caused by
the food processing innovations linked to agriculture or by changes in bodytsizy have

had a positive impact on dental healtE@dlcagno & Gibsor,988. Calcagno (19861989)
suggested that the dental crown evolution in humans could be constrained by the advantage
of reducing enamel surface for avoiding caries and the necessity of large crown areas to
process abrasive foodsficiently, a point of view also known as tli€elective Compromise
Effect hypothesis Pinhaset al.(2008) analysed timseries dental data from the Levant and

foundresults thatsupportedthis hypothesis.

In the light of the results presentedbove and the large palaeoanthropologial and
archaeological evidengeve can no longer be sure about certain assumptions in the subject
of dental and mandibular reductiortechnological achievements during human evolution
provided a good explanatiofor the morphological sanges in teeth and mandible during the
early stages of the gentitomoand later during the Holocene. Neverthelelssdy size is likely

to have driven major allometric changes in the hominin and human dentifibie. major
obstacle to the interpretation athe trend of reduction ishe contemporaneity othe events
occurred during the Pleistocene and Holocene, whiadly conbund the relationshi of
causality. Understanding the timing of these events accurately will clarify the actual
relationships betweenlte improvements in food processing amebrphological variations in

the hominin and human masticatory apparatus.
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Chapter4

Mandibular and dental reduction: insigths from the

masticatory scaling itmnominins and other catarrhines

4.1 Introduction

A reduction in the masticatory apparatus is regarded as a major trend in human evolution.
The genusdomoexhibits a reduced size of the mandible relativeotber African apes and
australopithecinegLieberman, 1992; Wood & Aiello, 1998; Emes et al., 2&id e observe

a reduction in mandibular robusticity, or the corpus width/corpus height ratio, from early
Homoto later species (Chamberlain & Wood, 1985). In addittdoxnohas smaller molars

and premolars thamustralopithecinegSofaer et al., 1971;IBeam & Gould, 1974; Macho &
MoggiCecchi, 1992; Wood, 1992; McHenry & Coffing, 2000)oémer great apes (Andrews

et al., 1991), andhe postcaninedentition hasreduced within the genus (McHenry9&); a

drop in postcaninesize has been observed withihe genusHomoduring the Pleistocene
(Brace et al., 1987; De Castro & Nicolas, 1995; Franciscus & Trinkaus, 1995) and Holocene
(Pinhasi et al., 2008), while incisors increased during the middle Pleistocene and reduced
again after the late Pleistocene @®e, 1967). Concernigomo sapiensit has been argued

that a specific trend irpostcaninereduction occurred during the last 100 ka (Fitzgerald &
Hillson, 2005), with an acceleration over the last 10 ka of evolution (Brace et al., 1987; Quam

et al., 2009 Pinhasi & Meiklejohn, 2011).

The trend of reduction has been traditionally considered the result of a dietary shift or
improvements in food processing techniques, such as progress in lithic tool manufacturing
and/or the adoption of fire for cooking (Wrgham & ConkliBrittain, 2003; Wrangham,

2009; Zink & Lieberman, 2016). These events would have led to the consumption of softer
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foods and, as suggested, a relaxation of selective pressures on the masticatory apparatus
(Calcagno & Gibson, 1988Nrangham & Carmody, 2010 From this perspective,
morphological changes that occurred in the hominin masticatory apparatus are of greatest

importance to define how culture may have affected biological evolution, if it did.

Size is particularly relevant in the studf mandibular ad dental reduction in hominins
Variations in size are commonly accompanied by morphological changes affecting the general
proportions of skeletal parts, a phenomenon known as allometry (Mosimann, 1970). When
allometry operates on a certaiskeletal region, the morphology of that region changes as a
by-product of size variations. The robusticity of the australopithecine mandible, for example,
is reported to increase with mandibular corpus size (Chamberlain & Wood, 1985). In addition,
the sizeof teeth and mandibles is influenced by changes in b&idg which in turn can be
driven by ecological factors, such as diet (Gingerich et al., 1982; JirAéeras et al., 2014,
Meloro et al. 2015).

Although morphological variations due to the trendrefiuction are wekllstudied, a relative
guantification of its effects in hominins is missing. The reduction took place at different stages
during hominin evolutior(Brace, 1979McHenry & Coffing, 20QEmes et al., 201 PRinhasi

& Meiklejohn 2011). The relative proportions of the reduction elicited by each of these
events are of utmost importance in understanding the factors behind them. In addition, the
Ll2adaAoAtAGe GKFG GKS GNBYR 2F NBRdAzOGAZ2Y YI &
has never been addressed in the study of dental and mandibular reduction. A species
exhibiting an extreme variant of a trait€., lying well out of its own group variability), for
example, may indicate that the trait has undergone selection (Price et &3; Rueffler et

al., 2006). Quantifying the levels of reduction in dental and mandibular size could lead to a

better understanding of hominin lower jaw variability and its evolution.

¢t2 RSTAYS (GKS YIFIYRAOGdzZ I NJ I yR RBY4E 1 a@Ga BLIZNT
approach is needed, focusing on the relationship between hominins and their closest living
clade, theother catarrhine primates. A primate comparative approach has been extensively

and successfully applied in the study of human evolytifum example in studies about
encephalization (Leonard et al., 2003), cranial thickness (Copes & Kimbel, 2016), hominin diet

(Ungar et al., 2006) and dental morphology (JiméAemas et al., 2014).
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In this work, a comparative approach is used to quaritigy differences in mandibular and
dental size variability between hominins aather catarrhines. The scaling patterns of dental
and mandibular sizare analysedwith respect to bodysize and phylogenetic comparative
methods are adopted. The hypothedhat the trend of mandibular and dental reduction in
Homohas been driven by variations of the allometric scaling of the lower jaw or by changes
in the overall mandibular and dental size is tested. The main aim was to determine if the
reduction producedhominin speciedearingmandibles and teeth whose size lies outside the
non-hominin catarrhine variability. The results of this study are of great importance to
understand the variability of dental and mandibular size in hominins, especially for modern

humans whose lower jaw appears particularly gracile as an effect of the trend of reduction.

4.2 Material and methods
4.2.1 The sample and data collection

The sample is composed of mandibles and associated tooth rows of 63 species of primates
belonging tothe Catarrhin. The norshuman primate sample includes Cercopithecoidea and
Hominoidea, comprising Colobinae (9 species), Cercopithecinae (39 species), Hylobatidae (9
species) andion-homininHominidae (6 species). Only adult individuals from both sexes wer
selected. A fully erupted third molar was used to determine the adult@dgss. The hominin
sample includes 84 adult individuals from the genekastralopithecus(2 species),
Paranthropug2 species) antlomo(7 species), for a total of 11 species. Sex information was
obtained from Wolpoff (1971; 1979), Wood (2011) and Schwartz & Tattersall (2005), but it is
not known for all of the fossil hominins includeHlomo sapiensis represented by 20
mandibles from mixé nonEuropean populations, belonging to both sexes. Full information
about the primate and hominin sample are reported in Appendix 1. A summary of the sample

is shown in Tablé.1 and4.2.

The material in this study consists of linear measurements atghVispecimens available in
CTFscan andmicro CTscan format, or acquired through photogrammetry. The data

available from online databases and from museums (see Chapter 2 and Appendix 1 for further
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details) Peter Brown kindly provided the &€an oHomo floresiensisB1 ywww.peterbrown

palaeoanthropology.nét The hominin linear measurements were collected from the Human

Origins Database onine wfvw.humanoriginsdatabase.oyg and correspond to the

measurements in Wood (1991). For further details, refer to Chapter 2.

Table4.1 The catarrhine sample size divided into four taxonomic groups. Numbers of species, individual, female
and male speanens included in the sample are reported. A complete list is available in Appendix 1.

Individuals Females Males Species
Colobinae 25 14 11 9
Cercopithecinae 115 55 60 39
Hylobatidae 36 21 15 9
non-hominin Hominidae 106 46 60 6

Table4.2 The hominin sample size divided into species. Numbers of individual, female, male specimens and
specimens of unknown sex are reported.

Individuals Females Males uUnknown sex
Australopithecus afarensis 1 1 - -
Australopithecus africanus 4 3 1 -
Paranthropus boisei 22 - - 22
Paranthropus robustus 2 2 - -
Homo ergaster 7 - - 7
Homo habilis 4 - - 4
Homo rudolfensis 6 - - 6
Homo floresiensis 1 1 - -
Homo heidelbergensis 3 1 1 1
Homo neanderthalensis 14 4 4 6
Homo sapiens 20 10 10 -
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A series of 28 thredimensional landmarks was recorded on the surface models of-hemi
mandibles using the Amira software packagersion 5.4.5, FEI Visualization, Berlifhe
configuration of landmarks and a graphical representation of the measuremeatshawn

in Figure 2.2, and their definitions are presented in Appendix 1. The landmark configurations

of the specimens in the sample were aligned using Procrustes superimposition, and centroid

size (CS) was calculated as a pifexynandibular size. Thelignment and calculation of CS

GSNBE LISNF2NX¥YSR Ay (GKS w LI O1F3IS daz2NLK2é 0{C
of the fossil specimens, missing 3D landmarks were estimated. Estimation was performed by

a Thin Plate Spline (TPS) procedure implem@nteA y G KS w LI O1F 38 da2 NLK
For further details about the procedure, refer to Chapter 2. Full information on the amount

of landmarks estimated are reported in Appendix 1. Alveolar length was used as dgroxy

dental size. It was measutdy recording the minimum chord distance between midpoints of

the interalveolar septa for each tooth type, and it will be indicatedids P-Ps and Mi-Ms.

Canines were not included because their variability is highly linked to sexual dimorphism
amongprimates (Plavcan, 2001; 2004) and no complete sex information was available for

most of thehominin sample. Further considerations about the reliability and the use of these

data is available in Chapter 2.

Bodyweightinformation was incorporated in theralyses. For nchuman primates, values

of bodyweight wereaveraged by species and sex (Smith & Jungers, 1997; National Research
Council US, 2003). For hominin baie the most updated estimaswere used (McHenry

& Berger, 1998; Jiméne&renas et al., 2014; Grabowski et al., 2015). Beeight values for
catarrhines(including homining are reported in Appendix 1. As a preliminary step, CS,
alveolar length and bodyweight were averaged by species and sex, and weg |
transformed, to obtain separate datasets for males and females. Because of incomplete sex
estimation for the fossil hominin sample, specimens of undetermined sex were included in
both the male and female subsamples to increase sample size. All thesemalere run

separately on each subsample.

To account for phylogenetic relatedness in the sample, a primate molecular phylogeny
available from the online database 10ktrees was used (Arnold et al., 2010). For the hominin
sample, a phylogeny was built followg the topology published by Dembo et al. (2015).

Branch lengths were scaled to fit the time of divergence betwPeriroglodytesand H.
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sapiensn the primate phylogenetic tree. Thextantcatarrhine andossilhominin trees were
then merged. Thdossil hominin tree is shown in Figure 2.&hapter 2 and the extant

catarrhine phylogeny is displayed in Appendix 1.

4.2.2 PGLS and ANCOVA

Species exhibit phenotypic similarities as an effect of their shared ancestry and phylogenetic
information can be used taccount and correct for this effect (Diblriarte & Garland, 1996;

Freckleton et al., 2002; Blomberg et al., 2003). Phenotypic traits can evolve by following
different patternsand more than one evolutionary modedan be tested when applying a
phylogenetc correction. To determine the model of evolution to be used for the phylogenetic
O2NNBOUAZ2Y 2F 2dzNJ RIFGFE GKS FAGA 2F F2dzNJ Y2R
[ ' YORI ¢ <-UhtenbbacKJOB)aSdAEWrly Burst (EB). Under a BM model loftieno

traits evolve following a random walk after each event of speciation, and phenotypic
difference between taxa is proportional to the time of divergence from their common
FyOSadG2N) 6CSt aSyaidSAyZ mMpToOd® ¢KS ketrde2 RSt A
AYGSNYIFt oNIyOK fSy3dKa INB YdzZ GALX ASR o6& (F
aAdylrt Ay GKS RFEGIF ot 3ASES mpppod® LF < Sljdz €
it is 1 it then corresponds to a BM model. The OU modetmiess the evolution of traits

under stabilizing selectio(Butler & King, 2004 It corresponds to a random walk attracted

08 Ly 2LINAYdzYZ 6A0GK GKS FGONF OQUAZ2Y LINELI2NIA?2
h A& nX GKS h! YI UBD#&af &volution .acelerdt@sRob tiedeleratgs 9
depending on a rate parameterHarmon et al., 2010). Whans 0, the EB reduces to a BM

model. Phylogenetic Generadid Least Squares (PGLS) regressions were fitted assuming each

of the four evolutionary modls, by using mandibular CS and alveolar lengths (dependent
variables) andveighto A Y RSLISY RSy 0 OF NAF o6t Sod C2NJ 0KS <3
<3 hrwerg/dRtimated. The lolikelihood of each PGLS regression was calculated and a
log-Likelihoodratio test was applied for assessing statistical differences betveaeh model

and the null mode(BM). The models that resulted statistically more accurate than BM were
compared against each other to define the best fitting model. The resulting evadution

models and relative parameters that best fit the data were used for phylogenetic corrections

in the later steps of analysis. To account for the presence of fossil species in the phylogenetic
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tree, the PGLS regression was weighted on the diagonal ofpliydogenetic variance
O20I NALFYyOS YIGNREZ dzaAy3d GKS w LI O1F3S al LISE
dzaAy3d GKS w LI O1F3IS aGLKet2fYé o012 39 1 YySI HAM

females and males.

The null hypothesis tested isahHomodoes not differ fromother extant catarrhines in
mandibular and dental size and scaling, when bsidgis considered. Analysis of Covariance
(ANCOVA) was performed on mandibular CS and alveolar lengths (dependent variables) and
bodyweight (independent variable) to analyse the differences in slope and intercept among
groups, by following the phylogenetic ANCOVA method proposed by Smaers & Rohlf (2016)
YR SYOSRRSR Ay GKS w LI O1F3IS aS@2YFLX o6{YIS
ANCOVA was scaled accordingly to the results obtained in the previous step of the analysis,

08 dzaAy3a GKS w LI O 3S TadetSrnidehedifferéntes iNdopey S |
two phylogenetic ANCOVA were performed, one including all homininarmwitier including

only Homa For testing differences in intercepts, four tests were used by holding the slope
constant: (1) differences amorapstralopithecinesHomoand other extantcatarrhines, (2)

Homo versus australopithecines while controlling for dferences with other extant
catarrhines, (3Homoversusother extantcatarrhines, while controlling for differences with

australopithecinesand (4) australopithecinesversus other extant catarrhines, while

controlling for differences witiHoma

To determne if mandibulaand dental reduction produced uniqy#henotypes in the genus
Homq hominin species deviations from the size scaling pattern of the catarrhine mandible
and teeth was tested. Again, the phylogenetic ANCOVA method developed by Smaers & Rohlf
(2016) was applied, this time on each hominin species in the sample, every time controlling
for differences with the other hominin species. The analyses of phylogenetic ANCOVA were

performed on male and female subsamples separately.
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4.3 Results
4.3.1Models of evolution and PGLS

The PGLS analysis indicated that mandibular and dental scaling witkibedges not evolve

in line with the EB model. The rate parametewas O in both females and males, for
mandibular CS and the alveolar length of allttotypes. Therefore, the EB models calculated

KSNB Fdz te O2NNBALRYRSR (G2 .a Y2RSta IyR #SI
Y2RSt FAGGSR GKS RIEOF @GFENAFIofes gAlK GKS <
(incisors) in females and 0.64mdlars) to 0.762 (incisors) in males. The OU model fitted the

RFGF gAGK @FftdzSa 2F h Nry3IAy3d FNRY nodmn 0O6Y2H
(mandible) to 0.154 (incisors) in males. TaWl& reports information relative to the
evolutionary moel fits and theirlogA { St AK22 R @I f dzSa ® @keliNdod 2 1 K <
was always greater than the values of the BM models, in both females and males. The log
A1StAK22R N}YdGA2 GSad FF@2dNBR (GKS < lyR h!
former than the null model of trait evolution (Tab%e4). Comparing loth { St A K22 R T2 NJ
OU suggested that the OU model should be preferred for premolars and molars in the female
subsample, and for molars only in the male subsample. NeverthelespeCet al. (2015)

showed that, in simulated phylogenies, the OU models are often favoured over BM-in log
likelihood ratio tests, even when the phylogeny itself is generated by assuming a BM model

of evolution. This is particularly common when sample ¢manber of tips in the tree)
includesfewer than 100 speciegCooper et al.2015. Unless otherwise specified, in the
Ftt26Ay3 FylftéasSa GKS NBadzZ da 20GFAySR 02y 3
the OU model are also discussedhose cases whereldy { St AK22R ¢l & KAIKSN
model. Nevertheless, results relative to the OU model should be interpreted with caution
because the sample includéswverthan 100 species. The results of the PGLS regressions are
reported in Able 4.5, and Figuré.1l shows the scatterplot dboth type sizeand mandible

sizeversus bodize The results of the PGLS regressions adopting the OU model are provided

AY 1T LWSYRAE uHd ff NBINBaarzya o6SNBs and | (A&
showed a negative allometric pattern. Isometry is expected at a slope of 0.33, since body
weight varies volumetrically (three dimensions, Wakat et al. 1971) while CS and alveolar

length act as linear measurements (one dimension).
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Table 4.3 Phylognetic Generaked Least Squares fits between mandibular Centroid Size (CS), iheigal (

premolar Ps-Ps) and molar 1-Ms) versus bodyveightt  dzy RSNJ RAFFSNByYy (G S @spécigi A 2 y I NB
the amount of phylogenetic signal, the attraction parameter and the rate of evolutionary acceleration
deceleration inPagel's Lambda@rnsteinrUhlenbeck and Early Burst models respectively.

Brownian Motion Pagel's Lambda  OrnsteinUhlenbeck EarlyBurst
Females logLik logLik < logLik h logLik r
Cs 45.49 62.23 0.649 56.19 0.179 45.49 0
l1-12 14.94 30.88 0.684 26.7 0.467 14.94 0
Ps-P4 10.64 34.41 0 34.83 0.745 10.64 0
M1-M3 31.46 34.37 0.51 39.93 0.14 31.46 0

Brownian Motion Pagel's Lambda  OrnsteinrUhlenbeck Early Burst
Males logLik logLik < logLik h logLik r
CS 42.05 50.77 0.685 46.36 0.085 42.05 0
l1-12 7.58 23.43 0.762 15.54 0.154 7.58 0
Ps-Ps 4.1 9.1 0.749 8.87 0.088 4.1 0
M1-M3 30.15 33.59 0.647 34.81 0.099 30.15 0

Table44] A1 St AK22R NI GA2 (Sada ¥F2N) 322 RyUdlanbecknde®. Aie dzy RS NJ
two models were tested against the Brownian Motion null model of trait evolution. All comparisons resulted
AAIAYATAOLYGSEZ AYyRAOL (i angd BrnsteiUhlénbezienioéels fitltha 8atachétter [thanYilieR |

simple Brownian Motion model.

Brownian Motion vs Pagel's Lambda Brownian Motion vs OrnsteidJhlenbeck
Females DF LikRatio p-value DF LikRatio p-value
CS 34 33.49 <0.001 34 21.41 <0.001
l2-l2 34 31.89 <0.001 34 23.52 <0.001
Ps-Ps 34 47.54 <0.001 34 48.39 <0.001
Mi1-M3 34 5.82 0.016 34 16.94 <0.001

Brownian Motion vs Pagel's Lambda Brownian Motion vs OrnsteidJhlenbeck
Males DF LikRatio p-value DF LikRatio p-value
Cs 34 17.45 <0.001 34 8.63 0.003
l1-12 34 31.34 <0.001 34 15.57 <0.001
Ps-P4 34 9.99 0.002 34 9.52 0.002
M1-M3 34 6.89 0.009 34 9.33 0.002
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Table4.5 Results of the Phylogenetic Genezall Least Squares regressions between mandibular Centroid Size

(CS), incisalifl2), premolar Ps-Ps) and molar i1-M3s) versus bodyweight>
evolution. The results obtained assuming @msteirUhlenbeck model of trait evolution are presented in

dzy RSNJ t I 35t Q&

Appendix 2.
Females intercept slope R < p-value
CS 2.405 0.289 0.83 0.649 < 0.001
l1-I2 0.042 0.216 0.65 0.684 <0.001
Ps-P4 0.595 0.215 0.65 0 <0.001
Mi1-M3 0.465 0.301 0.72 0.51 < 0.001
Males intercept slope R < p-value
CS 2.26 0.306 0.74 0.685 < 0.001
l1-12 -0.155 0.243 0.55 0.762 <0.001
Ps-P4 0.788 0.208 0.18 0.749 <0.001
Mi1-M3s 0.52 0.299 0.67 0.647 < 0.001

4.3.2 Phylogenetic ANCOVA
¢CKS LKe&eft23SySiAO0 !'b/ hx+!

of the phylogenetic ANCOVA using the OU modekhoavn in Appendix 2. The gendsmo

did not depart significantly from the slope other extantcatarrhines in mandible size, a

[ YOR

dza A Yy 3 46KaBd4. % ResEtR St & A

result repeated in both sexes-{@lues 0.863 and 0.17 for females and males respectively).

The opposite result was observed foremolars (pvalues 0.021 and 0.01 for females and
males respectively) and molars -¢plues 0.011 and < 0.001 for females and males
respectively), indicating a different scalingpafstcaninedentition in respect to bodgizein
Homoand other extant catahines The scaling of incisor sizeHomodiffered from theother
extant catarrhine pattern in males (palue 0.112), but not in females -¢@lue 0.019).
Australopithecinesseem to influence the results related to the mandible, while it did not
considenbly affect the rest of the lower jaw (Tabde6). The phylogenetic correction based
on the OU model produced the same resultitomaqg in those cases for which it was relevant

(female premolars and molars, male molars).
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Table 4.6 Results of the Phylogenetic ANCOVA for slope differences between the grofgssibfiominins,
Homoandother extantOl G F NNKAY Sas | aadzyAy3a | tI Q8B Q&/ [ & IWRIRK A yWE RE
to non-hominin extant catarrhinesSignificant pvalues are shown in bold.

Catarrhines vs Hominins Catarrhines véHomo
Females DF F p-value DF F p-value
CS 61 62 7.6 0.008 58 59 0.03 0.863
l1-12 62 63 2.929 0.092 58 59 2.604 0.112
Ps-P4 62 63 14 <0.001 58 59 5.655 0.021
Mi1-M3 62 63 25.693 <0.001 5859 6.820 0.011

Catarrhines vs Hominins Catarrhines véHomo
Males DF F p-value DF F p-value
CS 57 58 9.793 0.003 56 57 1.928 0.17
l1-I2 59 60 6.626 0.013 57 58 5.820 0.019
Ps-P4 59 60 17.891 <0.001 57 58 7.133 0.01
Mi1-M3 59 60 36.843 <0.001 57 58 17.963 <0.001

The null hypothesis of nedifference in size betweehomoand other extantcatarrhines

when bodysizewass taken into account was not rejected for the mandible and molars in
females (pvalues 0.072 and 0.816 respectively) and for the mandible, premolars and molars

in males (pvalues 0.18, gwalue 0.1 and 0.416 respectively). When corrected for phylogeny

by considering an OU model, results for the molars did not change Hamao and other

extant catarrhines did not differ for female premolars-{plue 0.892). There was no
significant difference itHomoandaustralopithecinesn incisor alveolar length for males and

females (@ £ dzS& nodydpd YR ndoon NBALISOGAGSteod 2
model,australopithecine@nd Homowere not statistically different for female premolar size

(p-value 0.679). Australopitheanes and other extant catarrhines showed significant
differences in the size of female incisorsv@gue 0.018), and female and male molars (p

gl tdzSa ¢ nodénnam YR ndnanno NBansteii heddSU nodel 6 KSy

left the results unalterd.
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Table 4.7 Results of the Phylogenetic ANCOVA for differences in intercepts between the grotjmsnaof

australopithecined Y R Ol G F NNXAy Sasx
shown in bold(Aus australopithecinesCat norrthominin extant catarrhines).

Homovs Aus vs Cat

FaadzyAy3 |t 3Stvaldes drek YO R

Homovs Aus | Cat

Females DF F p-value DF F p-value
CS 61 63 8.202 <0.001 61 62 16.328 <0.001
l1-12 62 64 3.688 0.031 62 63 0.016 0.899
Ps-P4 62 64 8.053 <0.001 62 63 14.213 <0.001
Mi1-M3 6264 15.151 <0.001 62 63 26.329 <0.001
Homovs Cat | Aus Aus vs Cat Homo
Females DF F p-value DF F p-value
CS 61 62 3.344 0.072 61 62 2.596 0.112
l1-I2 62 63 6.603 0.013 62 63 5.949 0.018
Ps-Ps 62 63 10.161 0.002 62 63 1.68 0.2
Mi1-M3 62 63 0.054 0.816 62 63 17.452 <0.001
Homovs Aus vs Cat Homovs Aus | Cat
Males DF F p-value DF F p-value
Cs 57 59 4.648 0.013 57 58 8.964 0.004
l1-12 59 61 2.704 0.075 59 60 0.956 0.332
Ps-Ps 5961 9.447 <0.001 59 60 18.731 <0.001
Mi1-Ms 5961 11.004 <0.001 59 60 21.553 <0.001
Homovs Cat | Aus Aus vs Cat Homo
Males DF F p-value DF F p-value
CS 57 58 1.815 0.183 57 58 2.62 0.111
li-I2 59 60 5.311 0.025 59 60 1.885 0.175
Ps-Ps 59 60 2.792 0.1 59 60 3.184 0.079
Mi1-M3 59 60 0.672 0.416 59 60 9.698 0.003
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Tables4.8 and4.9 list the results of the phylogenetic ANCOVA applied to the divergence of

each species from the scaling patternnain-hominin extantOl G F NNKA Y S& dzaAy 3
Results obtained by using the OU model are available in Appendhezhominin samples

were different for mandible and teeth and between sexes (Tl Therefore, the fact that

one species was an outlier for teeth budtrfor mandible, or for one sex only, makes sense

only if that species was present for both variables. Regarding the CS of the maRdilnesei

H. neanderthalensiandH. sapiensliverged significantly from the scaling patterns of female

other extantcatarrhines (pvalues < 0.001, 0.027 and 0.04 respectively), and Bnlyoisei

was confirmed as an outlier in the male subsamplegfue 0.004). For incisor alveolar length,

A. afarensigabsent in the male subsamplé), habilisandH. rudolfensisigniicantly diverged

from femaleother extantcatarrhines (pvalues 0.001, 0.03 and 0.009 respectively), bind
rudolfensiswas outside the variability of malether extant catarrhines (pvalue 0.002).

Although for thepostcaninedentition there were cases wine the OUbased phylogenetic
O2NNBOUAZ2Y LISNF2NX¥SR 06SGGSNI Ky GKS < Y2RSf
GKAa Y2RSt 06/ 22LISN) Si Ftftd nnmpud ¢KS NBa&dz
models are here reported. The premolar stdéP. boiseiH. neanderthalensiandH. sapiens

was outside the variability of femalether extantcatarrhines (pvalues < 0.001, 0.016 and

0.023), but when the OU model was used for phylogenetic correction, Bnlyisewas

confirmed as an outlier. Fanale premolars, the divergent hominin species Bréoiseand

H. sapiengp-values < 0.001 and 0.024).

Paranthropus boisei P. robustus H. floresiensisand H. neanderthalensisdeparted
significantly from the femalether extantcatarrhine pattern of molar size scaling\glues
0.001, 0.008, 0.045 and 0.008 respectively), Butrobustusvas within theother extant
OF G NNKAYS Y2t NI aATlS GFINRIOAfAGE HPKoSisei agA i C
andH. neanderthalesisdiverge fromother extantcatarrhines for male molar size-fyalues

< 0.001 and 0.005), and this result does not change under OU phylogenetic correction.
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Table4.8 Results of the Phylogenetic ANCOVA performed on the female sample. Tesisftitominin species

divergence from the scaling trajectory other extantOl i F NNKAyYy SazX | aadzyiAy3
evolution. Significant{values are shown in bold.

CS l1-I2

DF F p-value DF F p-value
A. afarensis 61 62 0.951 0.333 62 63 11.573 0.001
A. africanus 61 62 3.715 0.059 62 63 3.266 0.076
H. ergaster 61 62 0.087 0.769 62 63 0.068 0.795
H. floresiensis 61 62 3.369 0.0713 62 63 0.238 0.6271
H. habilis - - - 62 63 4.915 0.03
H. heidelbergensis 61 62 0.138 0.711 62 63 0.332 0.567
H.neanderthalensis 6162 5.164 0.027 62 63 0.149 0.7
H. rudolfensis 61 62 0.009 0.926 62 63 7.274 0.009
H. sapiens 61 62 4.386 0.04 62 63 0.668 0.417
P. boisei 61 62 23.461 <0.001 62 63 0.432 0.513
P. robustus - - - 62 63 0.784 0.379

Ps-Ps Mi1-M3

DF F p-value DF F p-value
A. afarensis 62 63 1.219 0.274 62 63 0.031 0.862
A. africanus 62 63 0.24 0.626 62 63 1.595 0.211
H. ergaster 62 63 0.014 0.907 62 63 0.397 0.531
H. floresiensis 62 63 1.237 0.27 62 63 4.169 0.045
H. habilis 62 63 0.798 0.375 62 63 1.474 0.229
H. heidelbergensis 62 63 1.44 0.235 62 63 1.874 0.176
H. neanderthalensis 62 63 5.441 0.023 62 63 7.466 0.008
H. rudolfensis 62 63 0.003 0.96 62 63 0.01 0.919
H. sapiens 62 63 6.162 0.016 62 63 2.738 0.103
P. boisei 62 63 35.529 <0.001 62 63 11.177 0.001
P. robustus 62 63 2.267 0.137 62 63 7.6 0.008
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Table4.9 Results of the Phylogenetic ANCOVA performed on the male sample. T&stdithhominin species

divergence from the scaling trajectory other extantOl i F NNKAyYy SazX | aadzyiAy3
evolution. Significant{values are shown in bold.

CS l1-I2

DF F p-value DF F p-value
A. afarensis - - - - - -
A. africanus - - - 59 60 0.754 0.389
H. ergaster 57 58 0.011 0.917 59 60 0.367 0.547
H. floresiensis - - - - - -
H. habilis - - - 59 60 3.762 0.057
H. heidelbergensis 57 58 0.001 0.973 59 60 0.149 0.701
H. neanderthalensis 57 58 2.089 0.154 59 60 0.86 0.358
H.rudolfensis 57 58 0.121 0.729 59 60 10.024 0.002
H. sapiens 57 58 2.695 0.106 59 60 3.806 0.056
P. boisei 57 58 8.964 0.004 59 60 0.108 0.743
P. robustus - - - - - -

Ps-Ps Mi1-M3

DF F p-value DF F p-value
A. afarensis - - - - - -
A. africanus 59 60 0.646 0.425 59 60 2.681 0.107
H. ergaster 59 60 0.009 0.924 59 60 0.454 0.503
H. floresiensis - - - - - -
H. habilis 59 60 0.128 0.721 59 60 1.747 0.191
H. heidelbergensis 59 60 0.4 0.529 59 60 1.327 0.254
H. neanderthalensis 59 60 3.769 0.057 59 60 8.552 0.005
H. rudolfensis 59 60 0.077 0.783 59 60 0.02 0.889
H. sapiens 59 60 5.392 0.024 59 60 3.082 0.084
P. boisei 59 60 21.017 <0.001 59 60 14.575 <0.001
P. robustus - - - - - -
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4.4 Discussion

The genuslomounderwent important transitions charactegd by cultural and technological
developments, events that had a remarkable impact on the hominin lifestyle and are assumed
NBalLR2yaraotS F2NJ YIFI1AyYy3d dz&a aKdzYryé¢ o6& FFFFSOGA
2009; Pinhasi & Meiklejohn, 2011; Zink & Lieberman, 2016). A particularly small and gracile
lower jaw is part of this human anatomical uniqueness and, although the factors that drove

the trend of reduction have never been fully demonstrated, differencethe masticatory

apparatus within hominins are undeniable. Understanding the place of hominins in the
natural variability of the lower jaw can help in understanding the traits that were modified

most in response to the trend of reduction. In additionjsitimportant to understand the
mechanisms that allowed the changes observed in the morphology of the masticatory

apparatus irHoma

4.4.1 Phylogenetic signal

The results stress the importance of using phylogenetic methods to study human
morphological evaltion. In fact, the scaling patterns of mandibular and dental size were
variably influenced by the phylogenetic relationships among the taxa analysed here. The
LIK&f23SySGiA0 ardaylt < AYRAOFIGSR (KIFGXZ TFT2NJ Y?
tooth size increased with the time of divergence, thus likely being subject to neutral drift after
speciation. Interestingly, the phylogenetic signal for thestcanine dentition diverged

between sexes and the difference was remarkable in the size of presadPnylogenetic
RSLISYRSYyOS 41 a FoaSyid FNBY LINBY2FtI NI aAl S Ay
This result suggests that changes in premolar size may follow an evolutionary pattern that is
different from the other tooth types. In addition, therwere sex differences in the scaling
patterns of incisors, despite no remarkable results about the phylogenetic dependence were
found in this case. Pragmatically, these findings highlight the need to consider sexual
dimorphism as an influential element the interpretation of dental reduction, in particular

for what concerns incisors and premolars.
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4.4.2Homoand the catarrhine variability

When considered in relation to bodsize the mandibular and dental size &f. sapiens
appeared unusual. If we congr the trend toward a larger body size that charactedi the
evolution ofHomo(Ruff, 2002; Grabowski et al., 2015), we would expect this to have at least
partially counterbalanced the reduction in the masticatory apparatus. Indeed, the results
indicatedthat the size of the catarrhine lower jaw grows with baglgeand an increase in

body sizein Homowould have driven an increase in mandibular and dental size. An overall
decrease in the mandibular and dental size at the dawn of the géfmmowould be a
plausible explanation for the unexpectedly small size of the human lower jaw. The results on
slopes differences reject this possibility: fowstcaninesize, the genuslomodid not depart
substantially from the observegixtantcatarrhine variability. Baskontheseresults, changes

in the allometric scaling pattern in hominins would provide a more solid mechanism for the
onset of the reduction, at least for what concerpestcaninedentition. In fact, the genus
Homodiverged sigificantly from the slope othe extantcatarrhine sample fopostcanine

size, and no differences in intercepts were present. This showsithtaie genusHomag some

event occurred that modified its catarrhidie scaling trajectory, rather than the dimensgn

of it. Furthermore, he results obtained for the single hominin species divergence indicated
H. sapiensndH. neanderthalensias outside theacrosscatarrhine variability fopostcanine

size. These findings suggest that changes in the allometric scaling of premolars and molars
may have been stronger in the upper Palaeolithic and Holocene than earlier in the evolution
of the genusHoma Sex differences seemed to confound this result enpolars, which are
known to be highly sexually dimorphic in certain groups of primates (Harvey et al., 1978;
Fleagle et al., 1980). Nonetheless, when the data was phylogenetically corrected by using the
h! AyadSIR 2F GKS < Y2thld, hdicatiKghadpossitleEadapikeT T S NB
significance of the premolars, as supported by the OU mddwicerns have been raised

however,over the use of OU in phylogenies of low species counts (Cooper et al., 2015).

Mandibular scalingvith body sizan the genusHomoshares both similar slope and intercepts
with the acrosscatarrhine trajectory. These results suggest that the factors driving dental
reduction may have not caused modifications in mandibular size, although other
morphological features could hav been affected, such as mandibular robusticity

(Chamberlain & Wood, 1985H. sapiensand H. neanderthalensigppeared somewhat
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peculiar in these respectgijth resultsoutsidethe acrosscatarrhine variability for mandibular
size. As for thgostcaninedentition, this may be seen as the effect of a more pronounced
reduction occurred in the late Pleistocene and Holocene than in the lower and middle
Palaeolithic. In this perspective, the modifications of the lower jaw that took place in
Neanderthals anttumanswould be unique in considerably affecting the size of the mandible,

and not just thepostcaninedentition.

For mandibular angbostcaninesize few species oiHomodiverged from theother extant

catarrhine variability:H. neanderthalensignd H. sapiensdeparted from the allometric

pattern acrosscatarrhines because of their smaller dental size, and this was particularly
evident for Neanderthal molars. An opposite pattern was observe®.irboisei whose

mandible ancpostcanineteeth resulted larger thaexpected from its bodgized ¢ KS- & K& LIS
NEB o0 dza (i ¢ a1 dzf P. bowse(\NAIKEr 2tfaR, A9W6; Walker & Leakey 1988; Wood &
Costantino, 2007) has been usually ascribed to its masticatory adaptations, and its large
mandible, premolars and molaeye part of this robusticity. This suggests that dietary and
biomechanical factors may have played an important role in the trends of mandibular and

postcaninereduction during upper Palaeolithic and Holocene.

The literature about dental reduction describesizesincrease in incisors during the middle
Pleistocene followed by a size reduction (Brace, 1967). Our results confirmed those
differences between earlidlomoand later species. IndeeHi. habilisandH. rudolfensisvere

the only species departing from thacrosscatarrhine variability after phylogenetic
correction. Nevertheless, the results for incisors seemed to be influenced by sexual
dimorphism in the catarrhine sample. In the female sampiigmo and other extant
catarrhines shared the same incisor s&mling slope while differing in the intercept. This
would indicate thatfor incisorsthe hypothesis of a net decrease of dental size in the genus
Homo should be preferred over the possibility of a change of allometric trajectory.
Nevertheless, in the masamplean opposite result for the slope was found. It is also possible

that the sex differences in bodyzehave influenced the result.

Theresults suggest that for earjfomoand middle Pleistocene hominins, bosigechanges

can explain a large part of mandibular gmolstcaninesize variability. The drop in dental size
following earlyHomomay not have been as dramatic as the reduction seen from the Upper
Palaeolithic torecent times as highlightedabove H. neandeihalensisand H. sapiens
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experienced stronger mandibular apdstcaninesize variations than in earlitfomospecies,
reaching a phenotype that is unique in size within #oeosscatarrhine variability. The hard
object feeding habit oP. boise{Smith etal., 2015) and its concomitant extremal position in
primate mandibular angbostcaninesize variability may suggest a role of biomechanical and
dietary factors in thgostcaninereduction during Upper Palaeolithic and Holocene. A net size
decrease at the dan of the genusiomodoes not seem a plausible explanation for the gracile
appearance of the modern human mandible and teeth, for which alterations in the allometric
rates of change between the lower jaw and the baggeare more likely to explain the

observed patterns of reduction (Pilbeam & Gould, 1974).

These results suggetttat the direction and mode of dental and mandibular reduction is not
homogeneous within hominins, and different causes should be investigated to explain the
trends that occurred adifferent times during human evolution. In addition, the results
confirmed that mandibular and dental size are distinctive features of late Pleistocene and

modern humans.
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Chapter5

Size, robusticity and diet in catarrhines: a comparative look

at dental and mandibular reduction itHomo

5.1 Introduction

Dental size and mandibular robusticity reduced during the evolution of the gdoaosand
these changesnay have had a major influence on several aspects of hominin life history
(Brace, 1963; Chamberlain & Wood, 1985; McHenry & Coffing, 2000; Bastir et al., 2004; Emes
et al., 2011) The hypotheses put forward to explain the trends of dental and mandibular
reduction in the genugiomo(including modern humang)epictthe mandible and teeth as
conforming to changes in subsistence stratedi&angham, 2009; Zingt al, 2014). Dental

and mandibular differences among hominins have been ascribed to dietary shifted
processing. The big chewing surfaces, thick enamel and the 4il@apremolars of
australopithecinesin particularParanthropugTeaford and Unga200Q Wood and Straijt
2004) are hypothesized tde the result of the consumption of herbaceous vegetation and
vegetal underground storage organs, following the transformation of forests into grasslands
and savannahgingston et al., 1994; WoldeGabriel, 199/ith the genusgHomq achange

in ecologicé nicheprobablystarted: the consumption omore meat (Speth1989 Stanford

and Bunn 2001). It has been proposed thaicreased exploitationf this resource was made
easier by improvements in food processing skills, such as the use of stone todisifigr s
meat and the ability to control fire for cookingndsomeexpelimental evidencesupport this

view Wrangham, 20097ink & Lieberman, 20)6As a result, the ecological niche adopted by
early Homo and its food processing skillsave beenconsideredresponsible for the
mandibular angostcaninesize reductionBrace, 1963; Calcagno & Gibson, 1988; Wrangham

& Carmody, 2010; Zink & Lieberman, 2p1Bental and mandibular variations duritige
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Holocenewere thoroughly debated duringhe 19%c nd FyR Wtnas> FyR GKS
agricultural subsistence strategies has been considered the reason for tooth size decrease in
Homo sapienéPinhasi & Meiklejohn, 2011)

From this perspective, mandibular and dental reduction in bo#farly hominins and
anatomically modern humans could be seen as the result of the relaxation of selective
pressures because of lowered functional requiremefsace, 1968 Therefore, we should
expect smaller, more gracile lower jaws in hominins adapted to consume foodsatéat
intrinsically softer or that are made softer because of processing, such as slicing or cooking.
Although this view may sounatonvincing it is based on th€untested assumption that
differences in size and robustness in mandible and teeth reflectiomal dissimilarities, thus
adaptation. Every species, including humans, is adapted to its environment, but evolution
follows a toruous way and two facts may overpowtre role of adaptation. First, species
share ancestry because of their common evaln#ry history, thus displaying traits appearing
similar simplyt & | NXB adz & SN dlbdbeérgo® Galah& apSecdnd, a
single species may appear or behave differently in different environments, or different
species may respond similarily the same environment, regardless of their adaptations
because ophenotypic and behavioural plasticifhapnan & Chapman, 1990; Brockman &
Van Schaik, 2005

The phenomena of phylogenetic inertia and plasticity are well describegrimates.
Phylogenetic constraints have been found to influence body size (Cheverugl&8d) and
patterns of sexual dimorphism (Leigt®92) in a broad range of primateall primates, from
Strepsirrhini to great apes, exhibit different levelgptdsticity in morphology, probably as an
adaptation to survive on fatback foods when the main resource is not availalkled this

plasticityalsohas been observed in the masticatory apparafiusmbert 2009).

Primates have been divided tm four main feeding categories (frugivores, folivores,
gummivores and insectivoresjepending on the main source of food each species relies on
(Nunn & Van Schaik, 20p2Vieloro et al. (2015have shown that primate mandibular
morphology shows distinguishable adaptaitsoin terms of feeding whea large samplef
non-human primatesis analysed Nonetheless, at smaller taxonomical scales, differences
between species appeanclear, in part because of plasticity and phylogenetic inertia. Among
catarrhines where we obser mainly frugivorous and folivorous primates, many spedees
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not fall into one diet category, being somewhere betwedimem (National Research Council

US, 2003 Therefore categorisatiormaynot be sufficientto define dietary patterns, and the

use of less strict criteria is prudent. In addition, several primates, including many species of
catarrhires developed tobuse skills to access sources of food otherwise difficult to exploit
(Van Schaik et al., 199®Ithough for many species tooke is occasional, others exhibit this
behaviour on a regular basBéader et al., 20)1Few authorsTeleki, 1974; Parker & Gibson,
1977 have addressed the role of tool use on primate subsistence, but an associaticeeetw
tool use, subsistence and masticatory anatomynon-hominin primates has never been
claimed, as it has been proposed for hominiBailjit & Firedlaender, 1966To state that the
differences in mandibular and dental robustness in hominins have aifuratmeaning, we

should test this assumption in catarrhines, both focusing on diet and food processing.

To addresghe issue of dental and mandibular reductionHlomqg here we use primate
comparative framework. In particulathe aim is to test the assmption of dependence
between size, robusticity and function in the masticatory apparatus of catarrhines, to make
inferences on the patterns of reduction observed in hominiisicludingH. sapiens A
phylogenetic comparative methodvas applied to studymorphometric descriptors of
mandible and teeth, by comparingemto feeding and tool use variables. Thisrk highlights

the difficulties in relating anatomy, diet and behavipand suggess that certain changes in

the hominin lower jaw may have beénggered by dietary factors

5.2 Material and methods
5.2.1 The sample and the morphological data

The sample includedolobinae § species), Cercopithecina89 species), Hylobatidae9 (
species) andHominidae § speciesyor a total of63 speciesOnly adult individuals of both
sexeswere included in the sampjend a fully erupted third molar was used to determine the
adult ageclass. The sample was divided in female and male subsampiesther
specifications for the catarrhine sample are reported’able 2.1, Chapter 2, and in Appendix

1. Few fossil hominin species were included in the sansplé in6 species and belonging to
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the generaAustralopithecug2 species)Paranthropugq?2 species) andHomo(2 species). Sex
information was obtained trm Wolpoff (197; 1979, Wood (2011) and Schwartz & Tattersall

(2009. Individuas of unknown sex weréncludedin both the female and male subsamples.

Modern humanswere included in the sampldy collecting data on20 mandibles from

individuals oimixed ron-European populationsf known sexA summary of the primate and

hominin samplsis shown in Tablb.1. Complete information about the sample are dalale

in Appendix 1 The material in this study consst of measurementscollected on real
specimenscastsand virtual specimengd he virtual sample waavailable in Cmicro CTscan

and photogrammetry formatslhe data was available from online databases (KUPRI, NESPOS,
MorphoSource, the Africanfossils archive and the digital archive of fossil homjinaiifrom

museums atural History Museuli y [ 2y R2y X (KS adzaSdzy iml GA2Y I
Paris,the National Museum of Kenya in Nairpthe Museum of Comparative Zoology at

Harvard, the Royal Museufor Central Africa in Tervuretihe cast colletons of Liverpool

W2KyYy a22NBa | YABSNEAGE FyR GKS I)ylieknbdidz £ 2 3 A (
human sampldelong tothe skeletal collectiomf the Smithsonian Institution, andagmade

available by Copem CT format(2012) For furtherdetails refer to Chapter 2The Inear
measurements fothe hominin sample were collected frothe Human Origins Database

(www.humanoriginsdatabase.oy@gnd correspond to the measurements in Wood (1991).

The morphological data analysed included mandibular size, robusticity and dental size.
Mandibular size was estimated as the Centroid Size (CS) of a configuration of 28 landmarks
recorded on hemmandible 3D surfaces. The landmarks were collected usingAthga
software packagéversion 5.4.5, FEI Visualization, Berland the configuration is displayed

in Figure 2.2, Chapter 2. The definitions for the landmarks are reported in Appendix 1. Dental
size for each tooth type was approximated by the alveaagth of incisors, premolars and
molars.Alveolar lengths were measured as the minimum chord distance between midpoints
of the inter-alveolarseptafor each tooth typeSince teeth are frequently missipgstmortem

in mandibles of museum specimens and falss alveolar length was used as a préxytooth

size to maximize sample size. part of thefossil specimens, measurements were collected
from the onlinedHuman Origins DatabaseAlveolar lengths argresented in Figure 2.1,
Chapter 2Robusticitywas measured on the mandibular corpus at the level of the symphysis

(SY), first (M), second (M) and third molars (N). It was calculated as a ratio between width
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(W) and height (H), providing threbusticity index (W/H x 10@Ppaegling, 1980 Height and
width of fossil hominin mandibles were available in tiuman Origins Databa&éd-or other
specimenstherobusticity index was measured on virtual specimens by simulating the action
of Vernier callipes. The virtual protocol used to extract robusticitycatarrhine mandibles is
discussed in Chapter 2 and displayed in Figure RuBher considerations on the use of
alveolar length andhe error ofvirtually extracted robusticity indices can be found in Chapter

2.

Body size information for each primate r&d fossil homininwas included. For nofhuman
primates, bodyweightaveraged by species and sex was available from the literature (Smith
and Jungersl997 National Research Countli5,2003). For hominin bodgizevalues, the
best estimations from studiesf relevant complete fossilsvere usedMcHenry and Berger
1998 JiménezArenas et al.2014 Grabowski et al., 20)5Further information about body

sizeisprovidedin Appendix 1.

5.2.2 Feedingand behavioural data

Data from several sourcesasgathered focusing on aspects of diet, subsistence strategies
and tool use in catarrhines. In particular, four different types of datated to ecology and
behaviourwere collected diet percentages, dental microwear, feedidgration and feeding
behaviair. These variables are intrinsically affected by high levels\e@dsurementerror
(Freckleton, 201l Exceptmicrowear, they rely on field observations of populations or
captive animalsMicrowear patterns refer to the last meadf an individual Teaford& Oyen,
1989, thus reducing the dietary spectrum observable. Desthitgr limited accuracy, these
data have been successfully used in other stu(Ress et al., 2009a; Reader et al., 2011; Scott
et al., 2012;JiménezArenaset al., 2014, and are well aiited to test hypotheses about

mandikular and dental reduction.

Diet percentages refer to the relative amount of certain food type categories in the diet of a
speciegNational Research Council US, 2068uit/seed, plant soft materials, plant fibrous
materials, tree gum, fungi and animal matterere usedas food categories, assuming these
groups account for the complete (100%) diet for each species. These percentages were used

to calculate the diet quality index (DQ) and an index of diet evenness ¢@Dldiet
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heterogeneity. DQ was calculated following the equation in Sailer et al. (1985), previously

applied in other works focusing on primate morphology (A8eikay 2011):

DQ =%+ X +3.3

where s represents the percentage of structural plant parts,is the percentage of
reproductive plant partsa is the percentage of animal matter in the diet, and the constants

1, 2 and 3.5 account for the relative energetic values per unit mass ahda respectively.

51 gl a OFftOdzZ I § SR lyandexi ®#®), cdmmyrLid ecyldidal skudigd S NBA A {
(Pielou, 196%

DH =11 n/dN)?

Heren/ Nis the proportion of each food category inthe digKS { A YLJA2y Q& RA SN
was usedo account for the prevalence of certain food types in the diet, so that DH becomes
a measure of dietry specialisationDiet percentages of 56 species were included in the

female sample and 55 species for the male san(idigional Research Council USQ20

Dentalmicrowearanalysis is commonly performed to infer aspects of diet in mammals and it
has been extensively applied to primates and homin8wo(t et al., 2012; Ungar et al., 2012;
DeSantis et al., 20)3It relies on the inspection of theatterns of scratches and pits left on
tooth enamel after the contact with food during masticati¢8cott et al., 2006 Through

time, microweardata haveproven successful in discriminating between different di&tsoft

et al., 2006. Microweardataincluded variables describingental surface roughness (Area
Scale Fractal Complexity, @&sfg, the anisotropy of surface properties (Lengshale
anisotropy of relief, oepLsaj), heterogeneity of surface properties (heterogeneity of Area
scale fractal compkity, orHAsfc9 and textural volume patterns (Textural fill volume;Tdv).
Further details on these measurements can be found in Scott et al. (2006). Dental microwear

data was retrieved foit 8 species (femalegnd 17species (maldyom Grine et al. (206), Scott
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et al. (2012) and Ungar et al. (2@2and include6 fossil hominin species he data were

produced using the same parameters and, therefore, were comparable.

Data on feeding time (FT) and chewing cyl@egth (CCLWwas obtainedfrom Ross et al.
(2009a)). Feeding timésthe proportion of time spent by a species on feeding activifibss
variable does not account for foraging activities other than moving food into the mouth,
chewing and swallowing (Ross et, &@009a). Feedingime, as used here, derives from
observations performed on wild animalRoss et al., 20@f). The duration of the chewing
cycle refers to the length of time between successive maximum jaw gapes. Ross et d) (2009
found that food physical properties halittle impact on the chewing cycle duratioalthough
such a correlation wouldbe expected Nonetheless, this variablevas includedsince
information about the relationship between lower jaw morphology and chewing cycle may
provide useful insights on thevolution of the primate mandible. The values for chewing cycle
duration were measured on animals in captivity (Ross et280%). Feeding timewas
collected for22 speciesfemale) and23 speciegmale). Chewing cycle lengthformationwas

available fo 9 and 10 speciedor females and males, respectively

The behawural data is based on evidenoé tool use (TU) or extractive foraging practices
(EF) ircatarrhinesin Reader et al. (2011The data consistf frequencies of observations of
tool use and extractive foraging behaviours availatstan about 4000scientific articles
(Reader et al., 2091 The data are expressed as the total number of reported examples and a
protocol was used to correct for thefterential research effort on specieBhe esearch effort

was measured as the total number of papers in behavioural researchwibig published
about each species in a specified time spaa number of international journals (Reader et
al., 2011). Thecorrection was performed by modifying the protocol provided in the reference
paper. The authorg§Readers et al., 20)ZExtracted the orthogonal residuals fro@rdinary
Least Squares (OL®&gression linesforced throudh the origin between the reported
exanples of behaviour and the total number of behavioural studies per spediBs
correction presentswo major drawback First, despite the causality between the two
factors, there is anutual influenceand OLS does not account fo(Markovsky & Van Hudf,
2007). Second,forcing the regression through the origin means assuming, tfat any
amount of papers published about any behaviour of a species, there must be some paper

published abougxtractive foraging or tool usavhich is not necessarily tru€o solve these
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issues, the datavas correctedby applying Total Least Squares (TLS) not forced through the
origin. Following Reader et al. (2011), orthogonal residuals were calculated. The behavioural

data include47 species.

To account for phylogenetic legedness in the sample, a primate molecular phylogeasg
obtainedfrom the online database 10ktrees (Arnold et @010). For the hominin sample, a
phylogenywas builtfollowing the topology published by Dembo et al. (2015), as shown in
Figure 2.8. Brach lengths in the hominin phylogeny were scaled to fit the time of divergence
betweenP. troglodytesand H. sapiensn the primate tree. Thextant catarrhine andossil

hominin trees were then merged. Further details are provided in Chapter 2.

5.2.3Thecorrelation procedure

The analyses were performed for females and males separdtelgach correlation, each
subsample was reduced to include only the species available for the morphological trait, the
phylogenetic tree and the independent variable. Themier of species included in each
correlation is reported in TablB.1. To test for the dpendence between morphological,
ecological and behaviourakoxies in primates, Phylogenetic Genesedi Least Squaresas
performedét D[ { 0  addzYAy3a | tI3SftQa [ YORIFI 6<0 Y2
Sg2tdziA2ys (KS o0NI}yOK fSy3aika 2F GKS GNBS I N
of phylogenetic signal in the data (Pageldpcpdp0 @ L F < Sl gegnfleat om > R
phylogeny. TK S LJ- NJ WwaS és8rhatedfor each correlationby using the R package

a LIK e f Hbf& Xrée, 2014 MandibularCentroid SizeGSlog-transformed) alveolarlengths
(logtransformed) and the robusticity indiceswere used as dependénvariables, the

ecological and behavioural proxie®re considered as independent ond® account for the

effect of bodysizeon the other variabledyody weightwas includeds a covariatéChristians,

1999. To improve interpretability and avoidver-parametrization and multicollinearity
(Lehmann & Dunbar, 2009 each independent variablewas analysedseparately.Each

correlation was testedby 29 degree orthogonal polynomial fitting thus, each regression

consisted ofan intercept andhree additional terms 15t degree term (slope) and"2degree

term (curvature) for the independent variabéand alst degree term for the covariate (slope
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for bodyweight). These terms are indicated as XaKd B and the full model is describduly

the following eauation:

y=j 0+j 1X +i 2)(2+j 3B

gKSNBaI (0 KS A yida8eNdd SokfficiertsyofRhe bquation termBegressions were
not performedto find a predictor model for the mandibular and dental variables in relation
to dietary and tool use proxiebutto detect the presence da significantstatisticaleffect of

the independent variables on the dependent ones. Therefore, testing multiplatéeon terms

is useful to isolate the effects, reducing the errdhe significance of each term was tested
adopting a level 0B5% of confidenc€" Y )n Borthe regression exhibiting a significant
effectof X or X, asemipartial R was calculateésan indication of the variance explainbegt

the sole independent variableX+X). The sempartial R was calculated as the difference
between the total R (from the regression including X? Xnd B) and the Rcalculated by

excluding the variables X and Kutner et al., 200b The regressions were performed by

using the RLJF O | 3 SHaradidetdf, 200> o Pihhéi®&talg2015 | yR G LIK&f 2 f

(Ho & Ané, 2010
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Table5.1 Sample size. The number of species included in each correlatieported.For the meaning ofags,
refer to the main text, paragraph.2.

Female DQ DH Asfc  epLsar Tfv HAsfc9 CCL FT TU EF
Cs 56 56 16 16 16 16 9 22 47 47
l1-I2 55 55 13 13 13 13 9 22 46 46
Ps-P4 55 55 15 15 15 15 9 22 46 46
Mi1-Ms 55 55 14 14 14 14 9 22 46 46
Rob SY 56 56 17 17 17 17 9 22 47 47
Rob Mu 56 56 18 18 18 18 9 22 47 47
Rob M 56 56 18 18 18 18 9 22 47 47
Rob Ms 56 56 17 17 17 17 9 22 47 47
Male DQ DH Asfc  epLsar  Tfv HAsfc9 CCL FT TU EF
CS 55 55 13 13 13 13 10 23 47 47
l1-I2 55 55 12 12 12 12 10 23 47 47
Ps-Ps 55 55 13 13 13 13 10 23 47 47
M1-M3 55 55 12 12 12 12 10 23 47 47
Rob SY 55 55 16 16 16 16 10 23 47 47
Rob Mu 55 55 17 17 17 17 10 23 47 47
Rob M 55 55 17 17 17 17 10 23 47 47
Rob Ms 55 55 16 16 16 16 10 23 47 47
5.3 Results

There weresignificant regressions for several dependent variables in both females and males,
but not necessarily for every term of the correlation. In many cases, only the Wweht
(covariate) achieved significance over 95% of confidence, and these results are not discussed
here.In addition, several regressions displayed negative adjustesi&ning the absence of
correlation because of poor statistical power, and gbe too, were not considered.The
significant regressiongdisplayedvarious leved of phylogenetic dependence, as indicated by

the lambda values ranging from O tafhd in most cases very close to the two extrenidse

97



values of sempartial R calculated on each significant regression are showainle5.2. The

regression terms anddjusted R for eachregressiormare reported in Tablé.3 and5.4. The

p-valuesare available in Appendix 2.

Table5.2 Semipartial R of the independent variables calculated for the significant regressions. Thepsetiail
R for X (X+% is the difference between the?Rf the full regression (including all the independent variables and
covariates) and the f the regression perfored excluding X#XFor the meaning of tags, refer to the main

text, paragraptb.2.

Female Partial R (X+%)  Total R Male Partial R (X+%)  Total R
l1-12- DQ 0.13 0.778 CS Tiv 0.05 0.925
l1-12 - Asfc 0.05 0.652 l1-12 - Asfc 0.09 0.794
l1-l2 - Tfv 0.12 0.724 l1-I2 - epLsar 0.02 0.723
l1-l2 - HAsfc9 0.15 0.756 Ps-P4 - HAsfc9 F n 0.635
Ps-Ps - Tfv 0.03 0.874 Ps-Ps-TU 0.02 0.382
Ps-Ps - HAsfc9 0.01 0.854 M1-Ms - DH 0.02 0.765
Mi1-M3 - Asfc 0.07 0.849 Mi1-Ms - HAsfc9 0.09 0.937
M1-M3 - epLsar 0.07 0.854 RobMs - Tfv 0.51 0.51
RobM: - epLsar 0.5 0.599 RobMs-CCL 0.5 0.575

In femalesdiet quality DQ and microwearvariables showed a significant effect ortisal
alveolar length ¢H.), with the X term reaching over 95% confidenceath case. DQ (4

1 020SF1ANE Dserfiy
partial R (spR) of 13.5%o0f the total variance(Table5.2). Similarly, increases iAsfc(p X
0.012) Tfv(p X 0.025)andHAsfc9p X< 0.001)accounted for rises ind2 6 4: 0.46, 0.57 and

0.02) accounted for a positilimeareffecton I-b> ¢ A K

0.62 respectively)in addition, the three variables explain 5%, 12.2% and 15.4% of the total
variance inil2. Microwearvariablesverefoundto influencealveolar premolar length ¢HPs)

in females although explaining e&elatively small variance (Table NJfv (p X< 0.00) and
AA3IYATAQLOYE) an8 KT iS-0.833 ter@dsF
respectively.There wasa significant effect ofAsfc(p X?: 0.025) andepLsar(p X?: 0.02) on

HAsfcO(p X2 0.045) A K2 g SR
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female molar alveolar length (MM3), relating to the X S NJ¥ 0.38land 0.34 respectively)
although these variables account for a small part of the variance:#tMMspR: 7%) The
variableepLsar(p X: 0.019) accounts for a negati&¥ ¥ S:01B.52) dbn M robusticity in
females with a large amount of variance explained (50%), although the contributiofisf X
not relevant and mayletermine an overestimation ahe spR. In each case, a significant

effect of bodysizeexplained variations in the dependent variab(€sgure5.2, Figureb.1).

There weresignificant effects oimicrowear on several morphological traits in the male
subsample. Mandibular Centroid Size (CS) was positively correlatedfwih @Y n dmnop X |
0.24). {-l was associated tAsfco LIY md0BpandEpLsan LIY  n1$0134)pwehileiB

P and Mi-M3s were significantly influenced bjlAsfc9(p XY n ®z;1-0.37Z&ndip X: 0.005,

i 1:-0.35 respectively). Mrobusticity was found in a positive correlation wiflfv (p X: 0.047,
i1:25.06and p% n dn3@.21) Besidmicrowear other independent variables produced
significant effects on the morphological traits analysegPP(p XY n ®a /0.513 wa
significantly correlated with Tool Use (TU). The effect of Diet Evenness (DHMsréached
95% significance ("X n & 0.81% Fihallythere wasa significant effect of Chewing Cycle
Length (CCL) ondWXR 6 dza G A OA (i 2-168Land PpRY n D dnls.B2Y. The effect of
body sizeon the correlation was high in most cases, as shown in Figdrelhe variance
explained by the independent variables was small in many cases, but high fobdticity
(Tableb.2).
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Table5.3 Terms and adjusted Ror the regressiongerformedusing the female sample. The significant terms
are shown in bold, except for regressions with poor statistical power, indicated by a negdjisstedR. The
p-values for each term are available in Appendix 2.

DQ DH Asfc  epLsar Tiv HAsfc9 CCL FT TU EF

CS X 0.039 0.023 0.003 -0.06 0.19 -0.058 0.287 0.043 0.011 -0.025
X¢ -0.011 002 0.173 0.165 0.11 -0.088 -0.067 0.025 -0.042 0.029
B 0299 0292 0317 0.289 0.313 0.285 0.209 0.322 0.309 0.299
R 081 0.82 0.8 0.85 0.86 0.82 0.84 0.77 0.75 0.76
l1-I2 X 0501 0.188 0.459 -0.247 0.565 0.623 0.4 0.283 0.269 0.042
X2 -0.006 -0.01 -0.395 0.094 -0.053 -0.092 -0.053 -0.214 0.042 0.138
B 031 0211 0306 0.261 033 0.349 0.239 0.314 0.247 0.224
R 078 0.63 0.65 0.56 0.72 0.76 0.81 0.72 0.65 0.62
Ps-P4 X 0186 0.008 0.07 0.058 0.275 0.099 0.132 0.043 0.022 -0.12
X2 0.055 0.035 -0.183 -0.069 0.008 -0.225 0.105 0.109 -0.169 0.034
B 0287 0257 0.269 0.285 0.295 0.273 0.222 0.249 0.284 0.262
R 078 0.76 0.81 0.8 0.87 0.85 0.56 0.8 0.69 0.69
Mi-Mz X -0.002 -0.066 0.1 -0.093 0.234 -0.155 0.248 0.032 -0.086 -0.148
X2 0.013 -0.048 0.327 0.338 0.253 -0.122 -0.123 0.217 -0.059 0.033
B 0347 0352 0.283 0.273 0.285 028 0.198 0.341 0.367 0.363
R 0.59 0.56 0.85 0.85 0.85 0.78 0.79 0.58 0.57 0.56
RobSY X 5352 -4.339 -4984 -2.091 17.354 -1419 1.706 -1.945 -6.198 -16.01
X2 0474 022 -6.969 -9.051 1316 -3.769 -1.513 3.959 -0.196 -1.041
B 4409 4797 2154 3.097 0.166 2.455 0.251 0.822 4.158 4.924
R 004 -005 -0.07 -004 -0.26 0.05 -0.54 -0.13 -0.04 -0.06
RobMi1 X 24189 -9.293 5.837 -1852 1.162 -0.466 11.644 -3.627 4.74 1.29
X2 6.771 -8.546 -10.09 -13.02 -14.88 -10.44 5.802 2.751 3.091 -1.581
B 212 0.003 0.614 4712 -0.955 1504 2191 0.798 -1.342 -1.312
R 005 -005 -0.13 0.6 -0.65 -0.17 0.19 -0.22 -0.13 -0.2
RobM2 X  4.716 -11.98 -0.159 -4596 3.366 -5.841 -5.862 -13.54 -6.756 -13.4
X2 9.606 0591 3.851 0.569 2.238 -1525 9.736 -4.735 1.995 9.336
B -0103 -0.81 -4.697 -4259 -4.177 -7.861 4782 -0.697 -1.781 -1.651
R -0.2 -0.06 -111 -0.87 -1.02 -219 0.07 -0.34 -027 -0.16
RobMs X 6.75 -4948 -1.699 -7.752 11.911 -7.294 -4985 -1.89 -5114 -7.622
X2 3508 -3.098 9.005 3.614 7.687 -16.36 4.923 -2.523 6.543 4.299
B 0401 -0.191 -4.968 -3.295 -1.954 -9.839 3.861 -1.949 -1.759 -0.988
R -008 -006 -099 -052 -0.37 -2.4 -0.19 -042 -0.12 -0.08
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Figure 5.2 Scatterplots of thesignificantcorrelations for the male subsampl@he red line represents tl
predictions based on théull model (X+%B)between dependent and independent variables. The blue
represents the predictions based on baglgeonly. The prediction linesreapproximated by a Beziér polynor
curve.A marked overlap of the lines indicates that body size accounts for a large part of the variance e
by the full model.
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Table5.4 Terms and adjusted?for the regressions performed using the male sample. The significant terms are
shown in bold, except for regressions with poor statistical power, indicated by a negative adjudted R
Information about intercepts, standard errors anéralues for each term are available in Appendix 2.

DQ DH Asfc  epLsar Tfv HAsfc9 CCL FT TU EF

CS X 0.03 0.096 -0.129 -0.024 0.168 -0.097 0.356 -0.167 0.012 -0.09
X2 -0.022 0.173 0.186 0.126 0.238 -0.032 -0.178 0.091 -0.22 -0.001
B 0315 0303 0.308 028 0284 0.278 0.186 0.324 0.326 0.318
R 073 0.76 0.88 0.87 0.92 0.86 0.79 0.71 0.69 0.68
l1-I2 X 0226 0.079 0.303 -0.338 0.244 0.208 0.502 -0.262 0.209 0.074
X2 0.003 0.003 0.301 0.139 0.327 0.141 -0.211 -0.07 0.031 0.156
B 0272 0.248 0321 0.276 0.279 0.305 0.159 0.247 0.265 0.269
R 0.68 0.65 0.79 0.72 0.78 0.66 0.86 0.58 0.62 0.64
Ps-P4 X 0119 0.155 -0.123 0.19 0.036 -0.16 0.346 -0.231 0.073 -0.122
X2 -0.115 0.145 0.033 0.014 -0.101 -0.167 -0.226 0.303 -0.515 -0.141
B 0292 0278 0255 0256 0.274 0.248 0.086 0.292 0.325 0.302
R 0.38 0.42 0.6 0.6 0.51 0.63 0.15 0.4 0.38 0.37
Mi-Ms X -0.19 0.013 -0.203 0.212 0.195 -0.345 0.157 0.086 -0.029 -0.116
X2 0.008 021 0.066 0.113 0.078 0.108 -0.056 0.1 -0.159 -0.067
B 0301 0305 0.264 0.281 0.276 0.252 0.302 0.3 0.325 0.32
R 072 0.76 0.85 0.86 0.85 0.94 0.67 0.71 0.69 0.7
RobSY X -3.035 2897 -12.04 -3.004 17.414 -21.45 4585 -2.72 9.347 5901
X2 -4376 -0.325 -17.37 -15.77 7.432 -1.669 -11.21 7.434 -0.749 1.49
B -1.43 -1.128 0.565 2.898 4.462 1.887 -0.146 0.003 -0.367 0.862
R -015 -0.19 -010 -011 -0.09 -0.05 0.47 -0.1 -0.03 -0.02
RobM:1 X  0.202 -10.77 11595 -7.306 4.558 5.058 -15.53 9.627 184 -2.715
X2 6.494 -9.15 -7.834 -2.938 -9.133 -8.172 26.482 0.185 2.362 6.915
B 0.667 1.023 2942 4271 1371 2316 6.605 1.212 0.201 0.348
R -013 -0.01 0.26 0.25 -0.19 -0.09 022 -0.02 -0.16 -0.16
RobM2 X -0.649 -5.932 1.219 -8.241 4481 4144 -4.091 -5487 -1.773 -5.719
X2 3.324 -1.405 8.006 2.601 4.947 -7.028 11.072 13.746 14.044 6.351
B -1.258 -1.218 -6.176 6.4 -5221 -6.743 1339 -2.307 -2.625 -1.647
R -033 026 -142 -125 -122 -189 -023 -022 -017 -0.23
RobMs X 20.529 -10.79 4.294 -15.10 25.06 3.512 -16.31 17.953 -3.946 -8.008
X2 17.706 -9.007 4.8 -6.381 33.21 -9.174 1552 -5.642 4.482 1321
B -0436 -1.929 -4353 -4351 5559 -8803 522 -4109 -2557 -2.057
R  -013 -011 -0.81 -0.5 0.51 -1.93 058 -0.03 -0.17 -0.17
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5.4 Discussion

Being primarily involved in processing food, the lower jaw is clearly adapted to resist the
stresses ofmastication, and evidenclas been gatheredo support the biomechanical
interpretation of mandibular shape in primate@lylander, 1979,1985; Humphrey et al.,
1999. In conformity with the assumption that differences in tooth size and mandibular
robusticity account for differences in biomechanical profiles of the lower jaw, the trend of
mandibular and dental reduction iHomo(including modern humang)as been consgted

to be the effect of food texture alterations in the diet of our ancestow§réngham and
Carmody, 2010; Zink & Lieberman, 2RIy means of its improved food processing skills, the
genusHomohad the chance of modifying the mechanical propertiesofabd, thus releasing

the selective pressures ats ownmastication. This hypothesis assumes a close link between
feeding habits and masticatory anatomy, in particular concerning dental size and mandibular

robusticity.

Acrosscatarrhines, e link between the anatomy of the lower jaw and dietary adaptations

seems elusiveat least concenmg dental size and mandibular robusticitAmong the
independent variables tested, most failed to predicte and robusticityTables 5.3 and5.4).

In a number of cases, significant effectsdadtary and behavioural proxiesere observed

although theseaccounted only for small amounts of the total variance of the morphological

traits analysed(less than 10%, Tab?2). It is possible that changes idental size and

Y YRAOdzZE  NJ NPodzAaGAOAGE 200dzNJ 'd | GOKNBAK2T
regime Roff, 1996, rather than following a continuous variability. This would explain the
absence of strong and consistent correlations in theaddevertheless, a dietary component

is undeniably affecting the variability of dental size and mandibular robusticity.

Microwearwas foundto correlatewith dental size andits effectsexplainedaround 10% or
more of the variance of the dependent vaslas although only in fewnstances Variations

in the size of incisors were associateith changes imicrowearpatterns whenAsfg Tfvand
HAsfcOwere used as predictors. These variables recordphtterns ofdental wear due to
contact with food and abrasiorthey can reveal the types of foods consumed and their
toughnesqScott et al., 2005; 2006)\sfcand Tfvarehigher in primates eating seedsd fruit,
and lower in species consumitgaves while high values ofpLsarindicate a diet made of
tough food. Therefore, they are representative of food textural propertiés reported
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above the size of the incisors increases witkfcand Tfvbut drops whenepLsarincreases
These results indicate thamallerincisors are characteristic of speciggh adiet based on
tough foods.Hylander (197B) observed that colobines are well adapted to a {eafing
strategy and bear incisors that are comparatively smaller than cercopithecines, which forage
mostly on frui. Furthermore when papionins switch to a more folivorous diet following
environmentalchanges they make extensive use of front dentitiodo(ly, 1970Hylander,
1975, supporting a possiblevolutionary meaningf small incisors in the consumption of
leaves A similar pattern is suggested by the correlation between incisal alveolar length and
diet quality (DQ), which revealed a significant effect of the latter on the formvéh small

DQ indices (typical of folivorous primates) associated to smakesors

The regressions on mandibular robusticity produced the highest associations between
morphological traits and dietary proxies, although oalfew correlationswere significant
(Tabless.3 and5.4). Surprisingly, ymphyseal robusticity is not sigicantly influenced by any

of the independent variables, a fact that contradicts the uspeddictions about this
mandibular region. Indeed, the symphysis has often been considered as shaped to support
the biomechanical stresses of incisal biting in ptesafHylander, 1975b; 1985; Daegling,
2001). Nevettheless, the robusticity index may not be enough to justify such a role: other
factors may be dominant, such as its thvéenensional shape and orientatioMicrowear
(epLsaandTfv) and Chewing Cycle Length (CCL) displayed relatively high power in predicting
robusticity at the level of first and third molar, explaining about 50% of their variances (Table
5.2). Studies on the morphology of the mandibulaorpusin primates suggestedhat
robusticity may beinvolved in counteracting torsional and bending stresses during
mastication(Hylander, 1979and, in general, it is believed to resist masticatory straiine
results described here confirm that robusticity has a biomechanical mgan the mandible.
Indeed, M robusticity changes positively witffvand negatively with CCL, indicating that less
robust mandibularcorpora are required when chewing hayrdrittle foods, which require
shorter chewing cyclethan tough food, but higheforces applied(Ross et al., 2009b
Nevertheless, a contradictory result is found fof Mbusticity in females, which decrease

whenepLsaincreases.

In the light of whatwas observedacrosscatarrhines, links between diet and anatomy are

difficult to find and trying to estimate the diet of a fossil hominin based on its masticatory
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morphology may be misleading and inaccurdtievertheless, certain features seem to be
correlated with food proprties rather than diet itselfAccording to the results described
here, weshould expect a trend of stasis or increag¢h time for incisal size irlomq which
has actually occurred. Indeethile the size ofpostcaninedentition reducedduring the
Pleigoceng incisors underwenimore complexmodifications andincreased in sizeluring
middle PalaeolithicMicHenry, 198% Thanks to advanced food processing skills, the genus
Homocould modify the mechanical properties of foods making them softer to clr@ed
softening would result in a reduction of the time needed for chewangl to more gracile
corpora In this case, the changesfeeding habits iHomowould have probably released its
masticatory apparatus from the need to perform long chewing, therelycing the selective
pressures for maintaining a robust mandible. Therefore, the gsattdn of the mandibular
corpus by relaxation of selective pressures on masticatidalojagno & Gibson, 1988;

Wrangham & Carmody, 201 in line with the currentasults.

Thepatternsobserved for incisors and robusticityaynot necessarily result from changes in
diet or feeding habits, but they coulge a byproduct of othermajor structural changes in
mandible andcranium This would be consistent with the fact that different results are
obtained using the female and male subsampldssmay bedue to sexual distinction ithe

diet. Although differences in feeding habits between males and females of the same species
have ben reported Harrison, 1983; Rose, 1994his is not a common situatioand it is
difficult to believe that it could have produced differential masticatory adaptations in the two
sexes of one speciesiowever, exual dimorphism accoustfor major variatims inthe

morphology of the catarrhine craniur®avcan, 2001).

The patterns observedcrosscatarrhines support the hypotheses thabk atfood processing

and the consequent food softening to explain the onset of mandibular and dental reduction
in the gsmmusHoma Nevertheless, the relationship between anatomy and dietary proxaes

not consistent among morphological traits and sexes, suggesting that these factors may have
had a limited role in the trend of reduction, confined to the major dietary leapsd by our
ancestors. Considering the major modifications occurred in the hominin skull, it is necessary
to check if allometry aneé&ncephalizationrmay have had a major part in determining the

variance in dental size and mandibular robusticity.
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Chapter 6

Neuro-mandibular integration inhnumans and other African

apes

6.1 Introduction

The human skulk the result of millions of years oforphologicalevolution thatinvolved all

its parts. The cranial base modified to fit the anatomical regments of bipedal locomotion
(Lieberman et al., 2000; Russo & Kirk, 20I3)e hominin face underwent a progressive
flattening (orthognahism) from the condition of marked progrtasm inaustralopithecines
(Trinkaus, 2003; Pearson, 2008; Holton et @11). The neurocranium expanded to fit the
extreme enlargement of the brairR{ghtmire, 200 Finally, the lower jaw reduced in size
and robusticity,and appeas to beparticularly gracile in modern human€t{amberlain &
Wood, 1985; Emes et al., 201RAthough eachskullregion evolved under the influence of
different factors some of these changes occurreosnultaneouslyand may be intefrelated
(Lieberman, 1995 Bilsborough & Rae, 2015Since the skull regions are anatomically
connected to each othernt is plausible to assume a reciprocal influence between them.
Indeed, structural modifications in orskeletalregion may produce changesather regions,

a phenomenon that goes under the name rabrphological integrationCheverud, 1982;
Klingenberg2008. When integration occurs, the evolutionary meaning of morphological
varnability is difficult to assesghe changes in one region may be simplepogducts of
changes in a contiguous regioanda trend that appears to be adaptive asside effectof
structural modifications on adjacent regionslihgenberg, 2008 The increase in braisize

or encephalation, and the consequent changes in the size and shape of the neurocranium
are the most prominent transformations in the hominin sktdbmo sapiesexhibits a brain

sizeto bodysizeratio that is unparalleled among mammalse(tenegger, 1982; Herculano
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Houzel, 200% In addition,a morphological reorganisation from the elongated appearance of
the brain in primates and Pleistocene hominins to a mgiabular shapéas occurredn H.
sapiengLieberman et al., 2002This reorganisation is believed to twee of themain factors
contributing to the cognitivelistinctivenessof modern humansRruner, 2004Roth & Dicke,
2005; Holloway et al., 2009and some authors argued thancephalizationmay have
severelyconstrained the evolution of the skulLi€berman, 1995Bruner & Ripani, 2008;

Bastir et al., 2010

Besidesencephalization other trends in the evolution of the skull contributed to human
uniqueness The reduction in dental and mandibular dimensions and robusfigigce, 1963;
McHenry, 1982; Chamberlain & Wood, 1985; Emes et al.,)20df particular importancéor
understandng hominin interactions with their environment. Food procegs skills and
changes in subsistence strategies have been proposed as pivotal to the onset of the trend of
reduction Wrangham & Carmody, 2010; Zink & Lieberman, 203#hce the main role of the
masticatory apparatus is food processing, it is not suigishat the main hypothesesbout
the trend of dental and mandibular reductiare linked todiet. Nevertheless, the lower jaw
is connected to the craniuroy the temporanandibular jointitherefore, mandible and teeth
are potentially prone to the structural changesaused by encephaidtion (Bookstein et al.,
2003; Bastir et al., 2005)The ideaof mandibular and dental reduction as a-psoduct of
brain evolution is supported from a developmental point of view. Indee@ntogeny,the
mandible is the last region of the skull imish morphological development, following the
cranial base, neurocranium and facespectively (Bastir et al., 2006 Therefore, the

neurocraniummaysubstantialy constrainthe development of tke mandible

To determine if thetrend of reduction is affected bgncephalization it is necessary to
guantify thelevel ofintegrationbetween thelower jawand the neurocraniunand to test for
dependence between neurocranium morphology and lower jaw shape, size and robusticity.
Analysing the patterns of neurmandibular integration only irH. sapiensvould not be
sufficient to infer the causal relatiahip between dental/mandibdar reduction and
encephalizationA comparison between humans and related species is fundamental to reject
the possibility that the reduction in jaw robusticity and dental size is the structural effect of
neuro-mandibular integration in all hominoidafrican apes are the closest living relatives of

humans Wildman et al., 2003; Mikkelsen et al., 20Gd have been previouslysed in
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studies of human skull integratioBéstir & Rosas, 2004; Bastir et al., 208Bgh et al., 2012
AlthoughH. sapiensand P. troglodytesare genetically more simildo each otherthan the
latter is to gorillasRuvolo, 199y, there are more craniofacial similarities among ffarman
African apes than between those and humakstieroecker et al., 2004 This is mostly due
to differences in cranial ontogeny betweéh sapiensand other African apesdVitteroecker
et al., 2003. Nevertheless, differences in ontogeny, allometrnyd sexual dimorphisr{Shea,
1983;Leigh & Shea, 1998996 exist among noshuman African aped herefore, the use of
both gorillas and chimpanzees can hétp clarify the influence of allometry and sexual

dimorphism on the pattern of neurmandibular integration.

In this work, the patterns of morphological integration between the neurocranium aed t
lower jaware analysed by adopting a Geotrie Morphometricapproach. The hypothesis of
interdependence between neurocranium and mandibular shiggested on a sample &fan
GorillaandH. sapiensto determine if the covariation between the two skrdbions is shared
amongAfricanapes. The relativenfluencethat neurocranium, sex and allomethaveon the
morphological variability of the lower jaig assessedn addition, the correlations between
the mandibular integration pattern, robusticity artkntal sizeare analysed to evaluate the
level of dependence betweethe neurocranium and traits associated with mandibular and
dental reduction.The resultsuggesthat the neurocranium significantly affects the evolution
of mandibular morphology in African apes, and suggest that the globular reorganisation of
the brain may have been important in shaping the gracile morphology of the lower jaw in

sapiens but notin fossilhominins.

6.2 Material and methods
6.2.1 The sample

The sample used in this study consst 64 mandibles and matching cranigelonging to the
speciessorilla gorilla22individuals 8 females and 14 malg®an troglodyte$22individuals
13 females and 9 malgand Homo sapien$20 individuals, 10 females and 10 malékhe

specimens used belong to adult individuals of known sex. A complete summary of the sample
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is presented in Table 6.1. The eruption of the third madarsed to estima¢ adulthood. The
specimensare availabldrom the online database of the Primate Research Institute at Kyoto
University (KUPRI) and the primate and human skeletal collections hosted at the Smithsonian
Institution. Further details about the sample are pbed in Chapter 2 and in AppendixAll

the specimens were available in-€3an format.

Table 6.1Sample size divided per species and sex. The specimens were availabseamn @rmat.

Individuals Females Males
Gorilla gorilla 22 8 14
Pantroglodytes 22 13 9
Homo sapiens 20 10 10
Total 64 31 33

The data used conssof 3D coordinateslinearmeasurementsand metric indicesneasured

on the virtualreconstructions A series of 28 landmarks was recorded on tirtual 3D
surfaces ofthe mandibles and 15 landmarks were collected on the neurocranilime. 3D
landmark configurations were recorded using the software Anfirarsion 5.4.5, FEI
Visualization, Berlinland were chosen to describe the overall morphology of the anatomical
regions analysed. A graphical representation of the landmarks is shown in Figure 2.2, in
Chapter 2, and their definition is provided in Appendix 1. The landmarks df bot
configuratiorswere alignedhrough a Generalised Procrustes Analysis (BBiAYy Procrustes
superimposition (Zelditch et al., 2012 thus minimising the effect of size and spatial
orientation. The resulting aligned configurations were used to extract size and shape
information for mandibles and neurocrania of each individual in the sample. Centroid Size
(CS) was used as a prdgy mandible and neurocranium siZBryden & Mardia, 1993 and
shape was approximated by thaligned 3D coordinatesAlveolar length and indicesf

mandibular robusticity were measured on the virtuagconstructions following the
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procedures described in Chapter 2. Alveolar length was used to approxdeatal sizeof
incisors(li-l2), premolars(Ps-Ps) and molardM1-M3s), and robusticity indicesere measured
at the symphysigRob SY)nd below each molgRobM1, M2 and M.).

6.2.2 Quantifyingneuromandibularintegration

The aligned 3D landmarks tbfe mandible and neurocraniurare usedto analyse the main
pattern of morphological integration between the two anatomical regions. As a preliminary
step,the effects of size (allometry) and s@imorphism)on the morphological variability of
each speciesre assessedlhe aligned coordinatesre tested forallometry, sexrelated
differencesand sexallometry interactionby means of Procrustes ANOWirigenberg &
Mclintyre, 1998. This method fits a linear model to quantify the amount of shape variation
that can be attributedto one or more independent variables (categorical or continuous).
Statistical significancs calculated by randomizatioof residualgCollyer et al. 2015)V/hen

a significant effect of sex or siie found, the shape datare corrected accordingly, by
extracting the residuals of the linear model fitted by the Procrustes ANOVA. The corrected
and raw dataare used in the following integration analysis to define if sex and size are

significantin determining the pattern of neurmandibular integration.The Procrustes

lbh+! YSUGK2R LI ASR KSNBX Aa SYRSERASR hyit NER

Castillo, 2018

Singular Warp(SW) analysis was performedot quantify the morphological integration
between neurocranium and mandibl&W is a Partial Least Sges performed within a
morphometric context Bookstein et al., 2003 It computes the linear combinations of two

sets of variables (two landmarketg that have the highesmutual predictive powerSW
produces vectors of shape variaticarsd individual sa@sthat maximise covariation between

the two sets of landmarks analyseshd provides an estimate of covariatidhere referred

toas Rplsp I @SR 2y t S| N& 2 yHolanded &t MINBOI TH sakylatedh8 a & 6
significance of the integration test, thestimated value of integratioms compared to the
distribution of valuesobtained by randomly permutingL000 times)the individuals When

the estimated covariation is largehan the permuted digibution, integration is significant

(Bookstein et al. 2003The first singular warjgused to visuake the major shape covariation
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patterns between neurocranium and mandible. For each spedies,mandiblelandmarks

were aligned by Procrustes superiogition: the individualsshowing the smaller Procrustes

distance from the mean shapaf their speciesvere chosen for the visuaition. The 3D

surfaces of these individuaége warped to fit the landmark configuration of the mandible

and neurocranium meashapeby using Thin Plate Spline (TB8pkstein, 198P The warped
surfacegnow representing the species mean shap®warpedalong the first singular warp

using TPSThe resulting surfaces represent the shape covariation of mandible and
neurocranium along the first singular warphe Singular Warps analysis and the TPS warping
areLISNF 2NXYSR Ay (KS w! RF ORI 3Sh (6 BB 2yYRa NildERENTLIKE 22¢
(Schager, 2013 respectively.

6.2.3 Redundancy analysis

Redundancy Analysis (RORegendre & Legendre, 208 a statistical ordination method
used to extract the relative and joined contributions of a setiradependentvariables
(explanatory on a set oflependentvariables (esponseg. It uses multiple linear regressions

to extrapolate a matrix opredicted values thaaire then ordinated byPrincipal Component
AnalysigLegendre & Legendre, 200LRDA provides the joined and unique contributions of
the independent on the dependent variables as values of adjustéBdmer, 1998 RDAis
performed on each species to determine the relative influenceexX, size anthe neuro
mandibular covariationpattern to the variance of mandibular shape. The shape of the
mandible consigtof a matrix ofindividual PGcoresextracted fromthe PCA performed on

the mandibular landmarks aligned by Procrustes superimpositionmBmelible SW scores of
the first singilar warpare used to describe thpattern of neuremandibular covariationSex

and mandibular sizare used as additional independent variables. The statistical significance
of the neuremandibular integration patteris assessed by applyirgndom permuations of

the dependent variables. To understand if the integration between mandible and
neurocranium could affect mandibular and dental reduction, Rperformed on alveolar
lengths and robusticity indices (dependent variables). Sex and mandibulaarsiznsed as
additional independent variableShe RDAZ LISNF 2N SR o0& dzaAy3 (KS
(Dixon, 2003
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6.3 Results
6.3.1 Shape allometry and sexual dimorphism

G. gorilla and H. sapiensshow a significant correlatiobetween shape and size in ot
mandible and neurocranium. I@orilla Procrustes ANOVA between shape and sizesyeld
R of 0.15 (p: 0.001) for the mandible and adR 0.25 (p: 0.00)Lfor the neurocranium. Iik.
sapienssizeis significantly correlateavith mandikular (p: 0.002) and neurocraali(p: 0.022)
shape, but itdoes not explain a large amount of the total variance?(R.12 and 0.1
respectively)Sexrelated differences @ found in the mandibular shape Gf gorilla(R: 0.09,

p: 0.013) andH. sapiengRe: 009, p: 0.015), but not in the neurocranium. Mandibular shape
differences betweelthe sexesare not the result of sexual dimorphism in size, as indicated by
the nonsignificant sexsize interaction terms in the models tested in the Procrustes ANOVA.
No signficant allometric signal or serelated differencesare found in the mandible and
neurocranium ofP. troglodytes Tables 6.2 and 6.3reports the resultsof the Procrustes
ANOVA for the three species.

Table6.2 Results of the Procrustes ANOVA for the shape of the mandible. The relationship between shape, size
(Centroid Size of the landmark configuration), sex and their interaction (Size + Sex) is reported. Significant p
values are shown in bold.

Gorilla gorilla DF F R p-value
Size 1 3.841 0.15 0.001
Sex 1 2.239 0.09 0.013
Size + Sex 1 0.803 0.03 0.564
Pan troglodytes DF F R p-value
Size 1 1.091 0.05 0.356
Sex 1 0.904 0.04 0.442
Size + Sex 1 0.852 0.04 0.456
Homo sapiens DF F R p-value
Size 1 2.458 0.12 0.002
Sex 1 1.893 0.09 0.015
Size + Sex 1 0.621 0.03 0.765
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Table 6.3Results of the Procrustes ANOVA for the shape of the neurocranium. The relationship between shape,
size (Centroid Size of the landmark configuration), sex and their interaction (Size + Sex) is reported. Significant
p-values are shown in bold.

Gorillagorilla DF F R p-value
Size 1 7.14 0.25 0.001
Sex 1 1.481 0.05 0.111
Size + Sex 1 1.339 0.05 0.130
Pan troglodytes DF F R p-value
Size 1 2.042 0.09 0.071
Sex 1 1.667 0.07 0.087
Size + Sex 1 0.724 0.03 0.544
Homo sapiens DF F R p-value
Size 1 2.09 0.11 0.022
Sex 1 0.824 0.04 0.532
Size + Sex 1 0.618 0.03 0.748

6.3.2 Shape integration

Singular Warp analysis revea significant pattern of integration between mandible and
neurocranium in all the species here tested. The results of the analysis are reported in Table
6.4. The shape variations associated with the first singular warp are shown in Figurés2.1

and 63. The Partial Least Squares performed on the aligned landmagksgurillareturned

an Rpls of 0.88 (p: 0.005). The reduction of parietal breadth and cranial length, as well as the
shortening of the zygomatic arch in the neurocraniuntofgorilla areassociated with the
decrease ofamusbreadth andcorpusheight in the mandible, with aizeablereduction in

the buccaelingual dimensiorof the molar row (Figure &). InP. troglodytesthe integration
betweenthe mandible and neurocranium (Rpls: 0.80, p: 0.02EXxplained by the covariation
between the major axesof the cranial vault (length and breadth) and changescampus
height,ramusbreadth and the condyles in the mandible. In particular, a narrower \zmdt
shorter zygomatic arch are accompanied by an increasmandibular corpus height, a
narrower ramus displaying a reduced gonial angle and a less robust appearance of the

condyles (Figure 6.2). kh sapiensmandibularcorpusandramusheight are assaated with
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modifications in the overall geometry of the neurocranium (Rpls: 0.88, p: 0.011), in particular
in the shape of the lambdoid region. Lambdoid flattening, resulting in a lowered position of
the opisthocranion is associated with reduced heightrfboth corpusand ramus of the
mandible. In theramus this pattern is determined by a less upward projecting coronoid
process, which is instead more developed in cranial vaults with rounded appearance and less
elongated (Figure 8). When corrected for th effect of size, the covariation between
mandible and neurocranium shape in bdagh gorillaandH. sapienstays significant(p:0.025

and p: 0.039 respectively). This integration was found to besignificant inG. gorillawhen

the dataare corrected fa the effect of sex.
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Figure 6.JFirst Singular Warp maximising the covariation between neurocraftYuaxispnd mandibulafX axis
shapes irGorilla gorilla The shape variatioraf mandible and neurocranium along the first singular warp (¢
are shown as ThiPlateSpline warped surfaces, and are displayed along the respective axes. The
differences along one axis represent the shape variations associated with the changes in shape along
axis. Each surface corresponds to the shapmiaimum and maximum of its axis. The warped surfaces

how changes in the neurocranium influence the shape of the mandiigle Section 6.3.2 for further descripti
of the shape variations. Variations are meaningful only for neurocranium and manadtléor face See Figu
2.2, Chapter 2, for landmark configurations.
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Figure 62 First Singular Warp maximising the covariation between neurocrafu@xisiand mandibular(X
axis)shapes irPan troglodytesThe shape variationsf mandible and neurocranium along the first singular warp
(SW1) are shown as THiiate-Spline warped surfaces, and are displayed along the respective axes. The shape
differences along one axis represent the shape variations associated with the chaslgagdralong the other

axis. Each surface corresponds to the shape at minimum and maximum of its axis. The warped surfaces show
how changes in the neurocranium influence the shape of the man8i&éeSection 6.3.2 for further descriptions

of the shape vaations. Variations are meaningful only for neurocranium and mangitdefor face See Figure

2.2, Chapter 2, for landmark configurations.
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