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Distinguishing Neanderthal and modern human incisors and canines can be
challenging in the case of isolated teeth found in museum collections, or from unclear
stratigraphic contexts. In addition, the crown morphology cannot be used in the case of
heavily worn teeth. A preliminary study based on limited samples and linear
measurements (Bailey, 2005) proposed that root length alone can taxonomically
discriminate Neanderthals from Upper Paleolithic and extant modern humans.

This thesis investigates whether this remains true for a broader chronological
and geographical sample of Neanderthals and modern humans, using micro-computed
tomography. In addition to the taxonomic interest of investigating root size and shape,
we discuss the functional implications of the anterior root morphology in the context of
the ‘teeth-as-tools’ hypothesis and of para-masticatory activities.

The first part was published as: Le Cabec, A., Kupczik, K., Gunz, P., Braga,
J., and Hublin, J.J. (2012). Long Anterior Mandibular Tooth Roots in
Neanderthals Are Not the Result of their Large Jaws. Journal of Human Evolution,
63, pp. 667-681. DOI: 10.1016/j.jhevol.2012.07.003. This part validates root length as
a taxonomical tool to distinguish late Neanderthals from Upper Paleolithic and recent
modern humans. Despite the absence of correlation between root size and symphyseal
size, Neanderthals have large roots for the size of their jaws. It is hypothesized that the
short roots of extant modern humans result from a negative allometry.

The second part was published as: Le Cabec, A., Gunz, P., Kupczik, K.,
Braga, J. and Hublin, J.J. (2013). Anterior Tooth Root Morphology and Size in
Neanderthals: Taxonomic and Functional Implications. Journal of Human
Evolution, 64, pp. 169-193. DOI: 10.1016/j.jhevol.2012.08.011. Root morphology is
explored across a chronologically and geographically large sample of fossil and extant
hominids. Longer roots in Neanderthals may have resulted from the retention of an
ancestral condition. The debated taxonomic attribution of some specimens is discussed
in light of anterior tooth root morphology and shows that root length alone should not
be sufficient for taxonomic diagnosis. The frequent presence of hypercementosis and its
non-homogeneous distribution around the root apex in Neanderthal anterior teeth could
reflect the loading regime exerted on the front teeth, likely used as a third hand.
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GENERAL INTRODUCTION

Based on skeletal and dental remains, Neanderthals are known to have occupied
the Eurasian continent until ca. 30 ky ago. Morphological evidence clearly distinguishes
them from modern humans (e.g., Vandermeersch, 1991). However, both groups
sometimes occupied the same areas relatively closely in time and it becomes
challenging to ascertain the taxonomical status of some fragmentary human remains
(e.g., Bailey and Hublin, 2006). Furthermore, gene flow between groups, i.e.
hybridization, cannot be discounted by the structure and the history of the Neanderthal
and modern human genomes (Green et al, 2010) and recent analyses of ancient DNA
have revealed that the modern human genome may have received a contribution of
approximately 2.5% of Neanderthal DNA (Reich et al., 2010). It has been argued that
some specimens present an ambiguous morphology and cannot be clearly attributed to
Neanderthals or to modern humans (e.g., Hershkovitz et al., 2011; Hublin, 1998; Krause
et al., 2007; Quam and Smith, 1998; Schwartz and Tattersall, 2000).

Teeth are the most commonly found hominid remains in sites, since they are the
best preserved parts of the skeleton during the fossilization process, due to their high
degree of mineralization (96% of calcium hydroxyapatite). The anterior Neanderthal
teeth are generally described as large and robust, showing a distinctive combination of
features (shoveling, lingual tubercle) that are seen much more frequently than in modern
humans (e.g., Smith and Paquette, 1989). Morphological studies have focused on the
metric and non-metric features (such as shoveling, marginal ridges and lingual tubercle)
of the dental crown (e.g.: Tillier et al, 1989). Nonetheless, these types of criteria are of
limited interest when dealing with heavily worn or taphonomically damaged crowns. A
lot of dental remains are not found with associated jaws or craniofacial skeletal
elements that would provide further morphological arguments for taxonomical
diagnosis. This is especially the case for the anterior teeth (incisors and canines), which
easily fall from jaws since they are single-rooted. Isolated and damaged teeth can also
be found out of any clear stratigraphic context (e.g., Chech et al., 2003). Attributing
these dental remains confidently to one taxonomic group or another is therefore
sometimes problematic. In this situation, tooth root morphology may represent a

valuable source of information. Root morphology is also essential to analyze from a
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functional point of view and considering the differences in masticatory apparatus
morphology between Neanderthals and modern humans, anterior teeth root morphology

is of obvious interest.

Some scholars have already observed that the Neanderthal anterior tooth roots
are markedly longer and more robust than those of modern humans (e.g., Koby, 1956;
Trinkaus et al., 2000a). However, most of the time, these observations remain
qualitative. To date, this statement is supported by only one quantitative study that
compared root lengths in Neanderthals and Upper Paleolithic humans (Bailey, 2005). In
this study only one linear measurement made with a caliper was taken into

consideration and the analysis involved limited samples of fossils.

In this thesis, we intend to test whether Bailey’s conclusions about root length
are confirmed with larger samples, and can be extended to other root dimensions (linear,

surface and volumetric measurements, as well as root shape).

Documenting the variability in anterior tooth root morphology will assess to
what extent Neanderthals, early and recent modern humans can be distinguished. This
study will involve a larger sample of Neanderthals, early modern humans, and recent
modern humans. Our fossil samples should cover a larger geographical area and a
broader chronological period to address the question of the polarity of the anterior tooth
root morphology. Do modern humans display derived conditions in having presumably
short roots? Are the large roots of Neanderthals derived? Or alternatively, could these

large roots be the retention of an ancestral morphology?

It has been hypothesized that the overall larger teeth in Neanderthals could be
linked with their overall larger dimensions (Trinkaus, 1978; Bailey, 2005). However,
studies on recent humans have yielded conflicting results (Anderson et al., 1977 contra
e.g., Henderson and Corruccini, 1976; Perzigian, 1981). Therefore comes the question
whether longer roots in Neanderthals could result from their overall larger facial size. Is
the anterior root size correlated with symphyseal size? Or with the overall mandibular
size? We need to test whether long roots in Neanderthals could be a by-product of their

jaw size.

Crevecoeur and Trinkaus (2004) already noticed that Neanderthal and modern

humans do not differ significantly in terms of symphyseal height and width. Then
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considering the dental development and the difference in size of the anterior tooth
germs between Neanderthals and recent modern humans, raises the question of how to
accommodate the larger Neanderthal anterior tooth germs in a symphysis of similar
dimensions to modern humans? Are teeth governing the growth of the mandible? Do the
mandible and the space available in the jaw influence the dental development? (e.g.,
Dean and Beynon, 1991).

Aside from the taxonomic and developmental aspects of anterior root
morphology, the functional significance of this morphology in the anterior tooth root of
Neanderthals is still poorly investigated. Several hypotheses have attempted to interpret
these large teeth and the cranio-facial architecture in Neanderthals. For some scholars,
the establishment of part of this cranio-facial morphology could result from genetic drift
without having much adaptive significance (Hublin, 1998; Weaver et al., 2007; Rae et
al., 2011). Others (Couture, 1993) invoke morphogenetic processes as main driving
factors. Purely adaptive hypotheses propose the adaptations to dry and cold climate
(e.g., Coon, 1962; Franciscus and Trinkaus, 1988; Churchill, 1998). Finally, a purely
functional hypothesis — the ‘anterior dental loading hypothesis® — provides an
interpretation for both craniofacial and dental morphology. This hypothesis states that
Neanderthals would have used their anterior dentition as a tool, or as a third hand (e.g.,
Demes, 1987; Trinkaus, 1987; Smith and Paquette, 1989). This would be to perform
para-masticatory (e.g.: cutting a piece of meat held between one hand and the front teeth
while the other hand manipulates a stone tool), or non-masticatory activities (e.g.:
tanning a piece of animal skin held between one hand and the front teeth). Recent
microwear studies (Krueger, 2011) confirm that those activities would have been
performed by Neanderthals, and not by early modern humans. This thesis aims to
investigate whether differences between Neanderthal and modern humans in root size
and shape could bring support to this hypothesis. Can we identify features in root
morphology that could directly result from this supposed use of the anterior dentition as
a third hand?

In this work, we intend to test whether Bailey’s conclusions about root length
are confirmed with larger samples, and can be extended to other root dimensions (linear,
surface and volumetric measurements, as well as root shape). We will assess the quality
of the separation between Neanderthals, early and recent modern humans. Furthermore,
we will address the questions of the polarity of the root characters in the human lineage,

3
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of the relation between root size and jaw size, and of the functional significance of the
root morphology observed in Neanderthals. The variability in anterior tooth root
morphology will be documented using micro-computed tomography, linear, surface and
volumetric measurements, as well as geometric morphometrics techniques. This will
involve a larger sample of Neanderthals, early modern humans, and recent modern
humans. Our fossil samples cover a large geographical area (from Spain to Siberia, and
from Germany to Israel and Morocco), and the modern samples involve many
ethnicities from Africa, Eurasia and North America. All the samples span over a broad
chronological period (from MIS 15 to MIS 1), including a few specimens from the
lower and middle Paleolithic. We will finally discuss the functional significance of the
anterior tooth root morphology in Neanderthals in the context of the ‘anterior dental

loading hypothesis’.
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ABSTRACT

Tooth root length has been shown to taxonomically distinguish Neanderthals
from modern humans. However, this may result from differences in jaw size between
both taxa, although most previous studies have revealed a very low or non-existent
correlation between tooth size and jaw size in recent modern humans. We therefore
investigated, within a broader taxonomical frame, to what extent measurements on the

anterior tooth roots and the symphyseal region covary.

Our samples comprise permanent mandibular incisors and canines from Mauer,
Neanderthals, and extant and fossil modern humans sensu lato. Using micro-computed
tomography, we took linear and cross-sectional surface area measurements of the roots
and the symphyseal region and calculated the root volume. We also measured 3D
landmarks to quantify the overall size of the mandible using centroid size. Furthermore,
we analyzed the relationship between root size and symphyseal shape, based on

Procrustes shape variables of semi-landmarks along the symphyseal outline.

Our results show that Neanderthals have significantly larger anterior tooth roots
than recent modern humans in terms of root length, mid-sagittal surface area and
volume, even after correction for mandibular size. In contrast, symphyseal height and
width do not differ significantly between both taxa, whereas, without scaling, the mid-
sagittal symphyseal surface area and the centroid size of the mandible do differ.
Importantly, no significant correlation was found between any of the root and
symphyseal measurements after correction for overall mandibular size. The shape
analyses revealed that Neanderthals have a vertical symphyseal profile with an evenly-
thick symphysis, whereas recent modern humans display an unevenly-thick symphysis,
comprising a pronounced incurvatio mandibularis and a bony chin. These results
suggest a negative evolutionary allometry for the recent modern human anterior root
size. Therefore, root length and other root dimensions can be considered taxonomically

relevant for distinguishing Neanderthals from modern humans.

KEYWORDS

Incisor, Canine, Mandibular symphysis, Micro-CT, Allometry, Pleistocene Homo.
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INTRODUCTION

Neanderthal tooth roots are often described as strikingly longer than those of
recent modern humans, especially in the anterior dentition (e.g., Patte, 1962; Smith,
1976a; Wolpoff, 1979; Paquette, 1985; Trinkaus, 2004). Anterior tooth root lengths of
Upper Paleolithic humans fall within the range of the geographically diverse recent
modern human samples mentioned in Bailey (2005). Therefore, root length has been
proposed to taxonomically distinguish Neanderthals from modern humans (Paquette,
1985; Smith and Paquette, 1989; Bailey, 2005). It has been suggested that longer tooth
roots in Neanderthals might be a by-product of their larger jaws or of their larger overall
body mass, in comparison with modern humans (Trinkaus, 1978). Furthermore, Bailey
(2005) hypothesized that root length and alveolar height might be strongly correlated.
However, the hypothesis of a correlation between tooth size and jaw size in
Neanderthals has been based on recent modern human studies (e.g., Smith et al., 1986,
1989). In the present study, we investigated whether longer anterior tooth roots in

Neanderthals are a by-product of their mandibular size.

Empirical studies report surprisingly low correlations between measurements of
the tooth crown (bucco-lingual and mesio-distal crown diameters, as well as height of
the tooth crown) and the mandibular corpus in primates (Plavcan and Daegling, 2006).
More specifically, focusing on modern humans, Anderson et al. (1977) have found
correlations between body weight and the size of the anterior mandibular dentition
(mesio-distal crown diameter). Other modern human studies have looked for
correlations between tooth size (crown diameters) and diverse proxies for body size,
such as stature (Garn and Lewis, 1958; Filipsson and Goldson, 1963; Wolpoff, 1971;
Henderson and Corruccini, 1976), cranial measurements (Filipsson and Goldson, 1963,
Kieser and Groeneveld, 1988; Plavcan and Daegling, 2006), femur length (Perzigian,
1981), and jaw size (Smith et al., 1986, 1989, one of the rare studies involving root
length). Ozaki et al. (1987, 1988) have predicted that total tooth length and root length
would be a reflection of stature. These studies reveal consistently a low correlation or an
absence of correlation between ‘tooth size’ and estimates for body size. In most of these
cases, tooth size is restricted to the size of the crown (diameter). However, there is little
evidence for a strong correlation between crown size and root size in postcanine teeth
(Smith et al., 1986, 1989), and there has been even less research done on the anterior

dentition. Therefore, in the context of testing how useful root length is as a taxonomic
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character to distinguish Neanderthals from modern humans, it appears that the most
relevant approach is to investigate whether anterior tooth root size and symphyseal and
mandibular sizes are significantly correlated in modern humans and in Neanderthals.
We expand the study of root size to include cross-sectional surface and volume

measurements.

Considering that Neanderthals are described as having large mandibles and
anterior teeth, one might expect to observe a positive correlation between tooth root size
and symphyseal/mandibular size in this taxon. In the case where no correlation could be
found, we expect to find that root length could still be validated to distinguish
Neanderthals from modern humans if the two distributions in root length are separated
enough. The questions remain of how to accommodate large tooth roots in jaws that
tend to be smaller than expected. Only a change in shape would enable the distribution
of bone differentially within the same dimensions. It has been shown that Neanderthals
and modern humans differ in symphyseal shape. Neanderthals tend to have a receding
symphysis, whereas modern humans typically have a fully developed chin (e.g.,
Nicholson and Harvati, 2006; Mounier et al., 2009). We investigate whether the noticed
differences in symphyseal shape are related to the observed differences in root length in

Neanderthals and recent modern humans.

To test whether longer anterior roots in Neanderthals are a by-product of jaw
size, we used high-resolution micro-computed tomography (micro-CT) to investigate
the correlation between root size of the mandibular permanent incisors and canines and
overall mandibular and symphyseal size in Neanderthals and modern humans. In
addition, we analyzed the relationship between symphyseal shape and anterior tooth

root size.

MATERIALS AND METHODS
SAMPLE

The fossil sample includes 13 Neanderthal mandibles, including eight adults and
five subadults (see Tables 1 and 2). The Middle Pleistocene Mauer mandible
(Schoetensack, 1908; Wagner et al., 2010) is included in this study as an attempt
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Table 2. Dental developmental stage of the Neanderthal juveniles using recent moderm human standards.

Specimen Dental stage Dental age at death derived Reference
from modern human standards

Krapina 53 Right first and second permanent molars 11 years old Walpolf, 1979
(Krp 33) in functional occlusion (wear [acets).

Third permanent molar still in its crypt

with a fully formed crown and no root

formed vet. Right deciduous  second

molar is still present in the jaw.

Krapina 54 Third molars not erupted 15 years old Waolpoft, 1979
(Krp 54)
Krapina 35 Third molars not erupted, but their roots 15 years old Wolpoff, 1979
(Krp 55) estimated to be “partially complete”
according to the size of its erypt
Ehringsdorf Gl The left M3 has pierced the bony crypt. - Wieck, 1993
Le Moustier | Both M; erupting but not fully occluded 15.5 = 1.25 years Bilshorough and
vel (no wear facets). (real age at 11.6-12.1 years, Thompson, 2005

Smith et al, 20109

to understand the ancestral condition in terms of the tooth size-jaw size relationship. In
our study, early modern humans contemporaneous with some of our Neanderthals are
represented by Qafzeh 9 (Vandermeersch, 1981) and Temara (Grotte des
Contrebandiers; Vallois and Roche, 1958). The Magdalenian individual Oberkassel
D999 (Henke, 1986) and the Mesolithic Combe-Capelle (Hoffmann et al., 2011) are
also included for comparative purposes. Our modern comparative sample includes 22
recent modern human mandibles from the anatomical collection housed at the
University of Leipzig, Germany. Information about sex, ethnicity and age estimated
from dental and skeletal maturation is based on the records of the collection. For some
specimens, calendar age was provided. Sex attribution of most crania was based on
anthropological criteria, and may therefore not be fully reliable. While we labeled all
specimens for which sex information was available as males and females in our figures,
all statistical analyses were conducted on pooled-sex samples to avoid biasing our
results. Although sex attribution is not reliable in fossils, we wish to report this
information to assess if sexual dimorphism can contribute to the observed variability in
root and jaw size within the recent modern humans. The individuals selected also
represent various ethnicities (see Table 1). Only one extant individual (Hs 659) is a
subadult with erupting M3s (bony crypt pierced by the tooth crown). Specimens were
selected based on the state of preservation of the symphyseal region and on the
formation of the roots of the incisors and canines (fully closed root apices). We also

12
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avoided studying specimens showing any pathological conditions (e.g., visible
osteological deformation of the mandibular symphysis or root resorption). Only adults
(third molars in functional occlusion) and subadults (third molars not fully erupted, but
second molar in functional occlusion) were selected to minimize the impact of major

size and shape changes occurring earlier in jaw ontogeny.

MICRO-CT IMAGE ACQUISITION AND 3D MODEL GENERATION

The mandibles were scanned at the Max Planck Institute for Evolutionary
Anthropology (Leipzig, Germany) on a BIR ARCTIS 225/300 industrial micro-CT
scanner. Two types of acquisition were performed for most specimens (isotropic voxel-
size ranging from 25.5 to 148.1 um). An overview scan at a relatively low resolution
allowed imaging of the complete mandible, while a high resolution scan focusing on the
dentition was done for a more accurate quantification of dental tissue surface areas and
volumes. Data for Spy 1 were produced on a Siemens Somatom 64 CT-scanner with an
isometric pixel size of 0.299 mm and a slice thickness of 0.1 mm (NESPOS). The dental
tissues (enamel, dentine, pulp) were segmented on the micro-CT data to obtain 3D
models of the teeth. Each model was virtually cut at the cervical plane to isolate the
crown and the root. Segmentation and 3D model processing protocols are provided in
SOM 1. Fig. 1 illustrates the root and mandibular measurements taken.

ANTERIOR TOOTH ROOT SIZE

Root size was quantified by measuring the root length (RL) on the 3D models of
the individual roots as the linear distance between the root apex and the center of the
cervical plane of the tooth (using the ‘3D measurement’ tool in Avizo 6.2, Fig. 1B).
Furthermore, the cross-sectional surface area of the root (CSRA) was computed from a
mid-sagittal labio-lingually oriented section of the root through a plane defined by the
root apex, and the labial and the lingual points of greatest curvature of the cemento-
enamel junction (SurfaceCut module in Avizo; Fig. 1C). Root volume (RV) was
obtained by adding up the root pulp volume and the volume of radicular dentine (Fig.
1D).

13
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aots (A): root
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area (G) and
narks (H).

SYMPHYSEAL AND OVERALL MANDIBULAR SIZE

Symphyseal size was estimated on a cross-section of the symphysis using a
plane defined by infradentale, gnathion and genion (see Figs. 1E and 2). On this section,
we measured the symphyseal height (SH) from infradentale to the lowest point of the
symphyseal contour, and the symphyseal width (SW) as the largest dimension
perpendicular to SH (Fig. 1F).

Three-dimensional curve semi-landmarks were collected along the outline of this
mid-sagittal cross-section of the symphysis. The cross-sectional surface area of the
symphysis (CSASy) was computed from the 2D surface enclosed by the semi-
landmarks and generated by a Delaunay triangulation (De Berg et al., 2008; Delaunay

2D module in Avizo 6.2, see Fig. 1G and SOM 2 for details). In the event of damage to
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the specimen, the missing parts of the symphyseal outline were visually estimated on
the mid-sagittal cross-section by checking the portions of the symphysis through the

micro-CT slices of the anterior portion of the mandibular corpus.

For each specimen, we computed its centroid size (CS) as an overall and
absolute size measures, based on three-dimensional landmark coordinates (Table 3,
Figs. 1H and 2, and see SOM 3 for details).

f the
ion of

CORRELATION BETWEEN ROOT SIZE AND MANDIBULAR SIZE

The possible correlation between root size and symphysis/mandible size was
tested by comparing the linear, surface and three-dimensional measurements of both
anatomical entities, that is, root length with symphyseal height, cross-sectional area of
the root with the cross-sectional area of the symphysis, root volume with the centroid
size of the mandible (which gives an estimate for the overall size of the mandible) and,
finally, root length with the mandibular centroid size. Correlations were computed
separately within Neanderthals and recent modern humans to test for an intraspecific
pattern, and with both samples pooled to look for an interspecific correlation. In
addition, we computed these correlations after correction for centroid size. In the case of

the interspecific correlation, the recent modern humans were scaled to the Neanderthal
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size (using the ratio of the means of the centroid sizes of the late juveniles and adults of
each taxon, see formula in Tables 5a and 5b), whereas each individual was scaled by its
own centroid size when looking for an intraspecific correlation between root size and

jaw size (each investigated variable was divided by the individual’s centroid size).

SHAPE ANALYSIS OF THE CONTOUR OF THE SYMPHYSEAL CROSS-SECTION

Another set of 3D curve semi-landmarks was measured along the outline of the
mid-sagittal section of the symphysis to quantify the shape variation using geometric
morphometrics (Bookstein, 1991; Mitteroecker and Gunz, 2009). To provide the same
number of homologous points for each specimen, these data points were resampled (to
get 100 semi-landmarks per cross-section) and allowed to slide along the curve to
minimize the bending energy between each specimen and the Procrustes average shape
(Bookstein, 1997; Gunz et al., 2005). Datasets were then superimposed during a
Generalized Procrustes Analysis, which means that all of the sets were translated,
rotated and rescaled (Rohlf and Slice, 1990). A principal component analysis was then
performed on the Procrustes coordinates of the specimens (i.e., in shape space). To
illustrate the shape and size differences, we multiplied the Procrustes shape coordinates

by the respective centroid size.

We used a permutation test (Good, 2000) based on Procrustes distance between
the group means (Mitteroecker and Gunz, 2009) to test for significant shape differences

between recent modern humans and Neanderthals.

STATISTICAL ANALYSES

Descriptive statistics are provided for all investigated taxa and variables. Since
Neanderthals and recent modern humans are the largest samples, they were subjected to
three kinds of statistical analyses. We emphasize that since we expected to find bigger
roots for Neanderthals following the observations of Bailey (2005) on root length, we
will use the term ‘root size’ generally to refer to root length, surface cross-sectional

surface area, and volume. In other words, “larger root’ is used when all three dimensions
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are considered, if not stated otherwise. As for the mandible and the symphysis, ‘overall
larger’ will imply that the mandible/symphysis is larger for all three kinds of
measurements (height and width of the symphysis, cross-sectional surface area of the
symphysis, and centroid size of the mandible), and any other pattern will be specified.
First, mandibular and root variables were compared between samples using the non-
parametric Mann-Whitney U test (exact, two-tailed, o = 0.05, Uy, reported) to test
whether Neanderthals have significantly larger anterior tooth roots and/or a larger
symphysis than modern humans. This was first performed with unscaled data, and then
using the recent modern humans scaled to the Neanderthal size using the ratio of the
means of the centroid sizes for each taxon (see above). Then, for each tooth type, we
tested whether anterior tooth root size was correlated with jaw size, within recent
modern humans and within Neanderthals, for the linear (RL versus SH), surface (CSRA
versus CSASy) and 3D (RV versus CS) measurements using the Spearman rank order
correlation test (exact, two-tailed, a = 0.05, rs reported, p values Bonferroni corrected).

As explained above, we scaled the data to look for intra- and interspecific correlations.

Finally, and as described above, shape analyses were carried out on the semi-
landmarks and landmarks datasets of the symphysis cross-sections, and of the overall

mandible, respectively.

Statistical analyses and graphics were generated in R 2.12.1 (Calenge, 2006;
Dray and Dufour, 2007; Peng et al., 2010; R Development Core Team, 2010; Hothorn
and Hornik, 2011). Shape and form analyses, as well as the permutation tests, were

performed in Mathematica (Wolfram, Inc.).

RESULTS
ANTERIOR TOOTH ROOT SIZE

Recent modern human males and females have anterior tooth roots of similar
sizes (Figs. 3-5). Neanderthals have significantly absolutely larger mandibular incisor
and canine roots than recent modern humans in terms of root length, surface area and
volume (p < 0.001, Tables 4 and 5a). The separation is even much higher for the surface
areas and volumes than for the root lengths (Figs. 3-5). This remains true even after

correcting for mandible size (see Table 5a, results for scaled data). Figs. 3a-c highlights
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the overlapping distribution of the two taxa in terms of root length. This is mainly due
to the relatively shorter roots of Le Moustier 1 (Fig. 3) compared with most of the other
Neanderthals. The separation between taxa is more clear-cut regarding the root volumes
(Fig. 5) and even more so for the mid-sagittal cross-sectional surface area of the roots
(Fig. 4), where little overlap is observed for the lateral incisor and the canine (p < 0.01;
Tables 4 and 5a; Figs. 4a-c). For all root measurements, Mauer plots close to the
Neanderthal mean (Figs. 3-5). Regarding the early modern humans, the root lengths of
Qafzeh 9 fall in the upper range of the recent modern human variation (Fig. 3), while
root volumes and cross-sectional surface areas overlap with those of Neanderthals and
recent modern humans (for the canine), or fall within the lower range of the Neanderthal
variation (for the incisors). The Aterian specimen, Temara, shows anterior tooth roots
with cross-sectional surface areas and volumes falling in the upper end of the recent
modern human range of variation. Temara’s canine root length falls within the lower
half of the modern human variation. Oberkassel D999’s root lengths, cross-sectional
surface areas, and volumes fall overall in the lower half the modern human range. The
Mesolithic Combe-Capelle plots in the middle of the modern human variation for the
root volumes and in its upper end for the root length and cross-sectional root surface

areas.

SIZE OF THE SYMPHYSIS AND OVERALL SIZE OF THE MANDIBLE

Overall, Neanderthals do not differ from recent modern humans regarding
symphyseal height and width, even after correction for overall mandibular size (p >
0.05; Tables 5b and 6; Figs. 3a-c). Recent modern human males have overall larger
mandibles and a larger and more variable symphyseal height than females, while both
sexes have a comparable range of root length (Fig. 3). Although the cross-sectional
surface area of the symphysis is significantly larger in Neanderthals than in recent
modern humans, both taxa do not differ after correction for overall mandibular size
(Tables 5b and 6, Fig. 4). Male and female recent modern humans display no
differences in the cross-sectional symphyseal area. The Neanderthal subadults cluster
next to each other, in the lower end of the Neanderthal distribution. Mauer falls right in
the middle of the Neanderthal distribution. Temara and Oberkassel fall within the recent
modern human distribution. Combe-Capelle falls outside of the recent modern human

distribution, having both larger symphyseal height and surface area for the size of its
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(3¢)

Figure 3. Scatterplot of the symphyseal height and the root length for the central incisor
(a), lateral incisor (b) and canine (c). Convex hulls delineate the total Neanderthal
(darker green outline), the fully adult Neanderthal (filled convex hulls with dashed
outline) and recent modern human (purple) ranges. Male and female recent modern
human ranges are represented as solid lines (convex hull shaded in blue and red,
respectively). Krp 53, 54 and 55 are the Krapina subadults, Ehr. G1 stands for the
Ehringsdorf G1 individual, Ehr. FO9 for Ehringsdorf FO9, LM1 for Le Moustier 1 and
Hs 659 for the recent modern human subadult. While having larger anterior tooth roots,
Neanderthals have a symphyseal height of comparable size with recent modern humans.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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(4c)

Figure 4. Scatterplot of the cross-sectional symphyseal surface area and the root surface
area for the central incisor (a), lateral incisor (b) and canine (c). Convex hulls delineate
the total Neanderthal (darker green outline), the fully adult Neanderthal (filled convex
hulls with dashed outline) and recent modern human (purple) ranges. Male and female
recent modern human ranges are represented as solid lines (convex hull shaded in blue
and red, respectively). Neanderthals have significantly larger symphyseal and root
surface areas than recent modern humans. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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(5¢)

(5d)

Figure 5. Scatterplot of the overall mandibular size (centroid size) and the root volume
for the central incisor (a), lateral incisor (b) and canine (c). Convex hulls delineate the
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total Neanderthal (darker green outline), the fully adult Neanderthal (filled convex hulls
with dashed outline) and recent modern human (purple) ranges. Male and female recent
modern human ranges are represented as solid lines (convex hull shaded in blue and red,
respectively). Neanderthals have significantly larger overall mandibular centroid size
and root volumes than recent modern humans. After correction for overall size (using
the ratio described for Tables 5a and 5b), Neanderthals and recent modern humans still
differ significantly in terms of root volume (d). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

anterior tooth roots. Regarding the overall and absolute size differences estimated from
the centroid size of the mandibles, modern humans and Neanderthals differ significantly
(p = 0.00022; Table 5b, Figs. 5a-c) with an overlap of one-third between the two
distributions. This remains true after correction for size (Fig. 5d).

CORRELATION BETWEEN ROOT SIZE AND JAW SIZE

When Neanderthals and recent modern humans are pooled into one sample
(Table 7a), root and symphyseal cross-sectional surface areas are significantly
correlated. The same is true for the centroid size of the mandible, which correlates
significantly with the root volume and the root length. However, when corrected for
size, all correlations fail to reach statistical significance, meaning that there iS no

interspecific correlation between root size and jaw size.

In light of our results on root and jaw size, we computed ordinary least squares
regressions of root dimensions on centroid size in this pooled sample of Neanderthals
and recent modern humans. Although the results reach statistical significance, only 39-
52% (the coefficient of determination) of the root size variance is explained by
relationship to jaw size (Table 7a). Most of the Neanderthals have overall larger roots

than expected (i.e., the Neanderthals plot above the regression line).

Intraspecifically, anterior tooth root size does not correlate significantly with
symphyseal or overall mandibular size, neither within Neanderthals nor within recent
modern humans (Table 7b). Although the cross-sectional surface areas of the
Neanderthal mandibular canine root and of the symphysis correlate significantly (p =
0.04), the correction for individual size returns a non-significant correlation. Results

remain unchanged whether we include or exclude the most juvenile specimens from our
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analysis. To assess the effects of static allometry, we computed ordinary least squares
regressions of log transformed root dimensions on log transformed
mandibular/symphyseal dimensions in Neanderthals and in recent modern humans. For
both taxa, our results show that measures of mandibular size explain only a small

percent of the variation of root dimensions (Table 7b and SOM 4).

SHAPE ANALYSIS OF THE CONTOUR OF THE SYMPHYSEAL CROSS-SECTION AND OF THE
MANDIBLE

Regarding the shape of the symphyseal cross-section, Neanderthals are much
more variable than modern humans, and the ranges of both taxa overlap (Fig. 6). The
subadult Neanderthals cluster close together, except for Krp 55. In terms of shape,
Mauer falls within the cluster of subadult Neanderthals. Qafzeh 9 plots with the most
robust recent modern humans and is close to Krp 58. Temara plots close to Qafzeh 9.
The Oberkassel mandible falls in the middle of the recent modern human cloud as does
the Hs 659 subadult, whereas Combe-Capelle is at the margin of this cloud, close to

Kebara 2 and Regourdou 1.

In form space (i.e., combining both size and shape), the main trends are the same
except that Krp 59 plots closer to Qafzeh 9, Krp 58, and the most robust recent modern
humans. Temara falls right within the recent modern human range of variation. Mauer

fits among the most robust Neanderthals, Kebara 2, and Krp 58 and 59.

Regarding the permutation tests for significance in symphyseal cross-sectional
shape differences between recent modern humans and Neanderthals, we found only
seven permutations (out of 10 001) that yielded Procrustes distances between the means
that were equal to or greater than the actual distance (p = 0.00069993). The same
statistic for the overall mandibular shape yielded 16 permutations out of 10,001 (p =
0.00159984). Both results confirm significant differences in shape for both symphyseal
cross-section and overall mandibular shape between Neanderthals and recent modern

humans (Figs. 6 and 7).
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Figure 6. Shape outlines of green),
Neanderthals (red, all superinr 'r), and
recent modern humans (gray, y thick
symphysis of Mauer, Neande ind the
local variation in symphyseal nposed
mean shapes of Neanderth . (For
interpretation of the references 1to the

web version of this article.)

Figure 7. Labio-lingual sections of the symphyseal region through the alveolus of the
central mandibular incisor in adult (A and B) and juvenile (C, D and E) Neanderthal and
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modern human mandibles. Note the tear-drop outline of the symphyseal section in
recent modern humans (adult ULAC 58: A, juvenile ULAC 81: C) and in the early
modern human juvenile Qafzeh 10 (D), in contrast to the pillar shaped symphysis of the
Neanderthals (adult Krapina 58: B; juvenile Gibraltar 2: E). This wider symphysis in
Neanderthals may accommodate the eruption of a large tooth germ (see the difference in
bicervical width between the modern human and Neanderthal). Gibraltar 2 and Qafzeh
10 (data publically available on the ESRF Paleontological Microtomographic Database
after Smith et al., 2010) have been flipped for this figure.

DiscuUsSION

Our research explores the validity of using anterior tooth root length as a
taxonomic tool to distinguish Neanderthals from modern humans (proposed by Bailey,
2005). Whereas previous studies, which have investigated the correlation between tooth
size and jaw size, have used only crown size as a proxy for tooth size and have been
restricted to recent modern humans (e.g., Garn and Lewis, 1958; Filipsson and Goldson,
1963; Henderson and Corruccini, 1976), our micro-CT data allows us to study the
relationship between root size and symphyseal size directly, and to extend this issue to

fossil specimens, especially Neanderthals.

Our results regarding root length (Tables 4 and 5a) are in agreement with
Bailey’s (2005) findings. In terms of overall mandibular size (as measured by centroid
size), our findings show that Neanderthals are significantly larger than recent modern
humans (Tables 5b and 6), which confirm Nicholson and Harvati’s (2006) results. This
difference in mandibular size is accompanied by a significant difference in overall
mandibular shape between Neanderthals and recent modern humans (see the results of
our permutation tests and Bastir et al., 2007; Mounier et al., 2009). Neanderthals have
large anterior tooth roots for the size of their mandibles, and, based on the observation
of Mauer, one can speculate that this would be the primitive condition of the root-jaw
size relationship. On the other hand and until the primitive condition has been
ascertained by the study of more early Homo specimens, the most parsimonious
statement we can make regarding the polarity of characters is that recent modern
humans may be derived in having significantly smaller tooth roots for the size of their

mandible.

Although Neanderthals and recent modern humans do not differ significantly in

symphyseal height or width (see Tables 5b and 6; for the symphyseal height, results
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confirmed by Crévecoeur and Trinkaus, 2004: Table 3), the results of our permutation
tests confirm a significant difference in symphyseal cross-sectional shape. Indeed, the
mid-sagittal symphyseal surface area distinguishes both groups. In addition,
Neanderthals have an overall evenly thick symphysis with a rather vertical profile
(Mounier et al., 2009), while in modern humans, the symphysis thickness is subject to a
localized variation (tear-drop shape of the section), with a relatively thin alveolar bone
(pronounced incurvatio mandibularis), and a basal bone thickened by the presence of a
chin (developed tuber symphyseos and central keel). Neanderthals show a greater
variability due to the presence of morphological traits that participate in defining the
modern human chin, such as in Amud 1, Krp 58, and Spy 1 as pointed out by Mounier
et al. (2009). Our results show that this is also true in Saint-Césaire and Krp 55, which
have a slightly developed chin yet different from the inverted ‘T’ shaped relief
classically observed in recent modern humans (Schwartz and Tattersall, 2000). In
addition, the MIS 7 Ehringsdorf F mandible, which shows a weak development of the
incurvatio mandibularis and of the tuber symphyseos as also observed by Mounier et al.
(2009), clusters close to those specimens. In a study including extant and extinct
hominoids, Guy et al. (2008) concluded that symphyseal shape is not affected by size
differences between males and females (except for Gorilla in their sample). It is
therefore unlikely that the difference in mid-sagittal symphyseal shape that we
document is related to sexually dimorphic differences within recent modern humans and
Neanderthals. Moreover, we speculate that the distribution of the subadult Neanderthal
specimens apart from the fully adult specimens might reveal an ontogenetic trajectory.
Bastir et al.’s (2007) study on the facial ontogeny in Neanderthals and modern humans
supports this hypothesis since it has shown that ‘the differences in spatio-temporal
aspects of postnatal ontogeny contribute to the establishment of differences in adult
form’ (Bastir et al., 2007: 1130).

After correction for overall mandibular size, we found no intraspecific or
interspecific correlation between anterior tooth root size and symphyseal size for
Neanderthals and recent modern humans. The results of our intraspecific regressions
suggest that there is no or a negligible effect of static allometry on root size in both
Neanderthals and recent modern humans. At the interspecific level, only the lower
canine cross-sectional root surface area correlates with the symphyseal cross-sectional

surface area in Neanderthals, with unscaled data. This may be due to sexual
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dimorphism, although this cannot be tested on our Neanderthal sample since sex
attribution is often debatable in fossils.

Whereas the symphyseal size becomes similar between both taxa after correcting
for overall mandibular size (Table 5b), the anterior tooth roots remain significantly
larger in Neanderthals than in modern humans (Table 5a). If Mauer is considered as a
representative of the common ancestor between Neanderthals and recent modern
humans (Mounier et al., 2009; Mounier, 2011; however see; Rosas and Bermudez De
Castro, 1998), and given the position of early modern human specimen Qafzeh 9 in the
area of overlap of both taxa for all measured variables, long anterior tooth roots are
probably the ancestral condition. This would suggest a negative allometry in root size in
recent modern humans. Alternatively or in addition, it is possible that within the
Neanderthal lineage there is a positive allometry for anterior root size, if the pre-
Neanderthals and early Homo show the same type of root size/jaw size than
Neanderthals. This question could be resolved in future studies by incorporating Middle
Pleistocene specimens, such as from Sima de los Huesos, testing whether there is a
significant increase of anterior root size independently from changes in jaw size within
the Neanderthal lineage. Overall, our results are in favor of using root length as a

taxonomic measurement to distinguish modern humans from Neanderthals.

While it is widely recognized that teeth and jawbones form a functional unit and
influence each other during development (Boughner and Hallgrimsson, 2008), there is a
long-standing debate about the relationship between size and morphology (i.e., overall

shape) of tooth and mandibular bone.

Some researchers have posited that the shape of the bone is not determined by
the shape and size of the dental crowns and roots alone (Lundstrém, 1951 for incisor
crowding; Richardson, 1970 for third molar impaction). In great apes, it has been shown
that early in ontogeny when dental development has not yet been completed, differences
in mandibular shape are already established at the genus level (see Daegling, 1996 for
comparison of Gorilla and Pan), as well as at the species level (see Boughner and Dean,
2008 for comparison of Pan paniscus and Pan troglodytes). In recent modern humans,
mandibular molar teeth often start to mineralize in the mandibular ramus (Boughner and
Hallgrimsson, 2008) and wisdom teeth sometimes emerge in the ramus due to lack of

space in the tooth row (Richardson, 1970). Similarly, incisor crowding is a common
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result of insufficient space in the jaw (Lundstrém, 1951; Howe et al., 1983). In addition,
debates are still ongoing regarding whether the modern human chin is a functional
adaptation to resist loads (Nicholson and Harvati, 2006; Groning et al., 2011; contra;
Dobson and Trinkaus, 2002). Whereas tooth development is complete once the root
apex is closed, the jaw bone is still subject to growth processes involving both bone
resorption and deposition, and later to remodeling due to aging (Coquerelle et al.,
2010a).

However, other researchers support the theory that the bone merely
accommodates the position, the size, and the shape of the developing tooth germs rather
than adapting to biomechanical constraints during the mastication process (Sofaer,
1973; Frayer, 1978; Fukase, 2011, 2012).

Interestingly, Shea and Gomez (1988) found no strong association between
postcanine tooth size (crown diameters) and body size (craniofacial measurements,
body height and weight) in groups of human pygmies compared with non-pygmy
groups, despite the fact that the mandibular first molar is often used as an estimate for
body weight. They propose that skeletal growth and dental development are under the
control of different growth factors, which would explain their relative independence. In
light of our results, showing that Neanderthals have larger anterior roots for the size of
their jaw in comparison with recent modern humans, the mandible would not be an
‘entity’ as such. Rather, it would be a group of modules that can independently develop
and evolve, such as the anterior and posterior portions of the dental arch (Moskowitsch
and Smith, 1993). This decoupling between the anterior and posterior part of the jaw
can be seen in Temara, which has a relatively small symphysis for such a large
mandible, and in Combe-Capelle, which shows the opposite pattern by having a large
symphysis in an overall small mandible. Indeed, the symphyseal region seems to be
stable in our study for the symphyseal height and width (see Table 5b) as opposed to the
postcanine portion of the mandible. Although this was not specifically tested in the
present study, Kupczik and Hublin (2010) noted that in general Homo sapiens has
relatively shallow corpora compared with the height of the anterior portion of the
mandible, which could be associated with the reduction of the postcanine dentition. In
contrast, in fossil Homo other than H. sapiens the anterior and posterior corpus are
roughly of equal height (Kupczik and Hublin, 2010). This previously discussed
mandibular modularity would result from different selective pressures (Wolpoff, 1979;
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Moskowitsch and Smith, 1993). On the one hand, interactions with the environment and
manipulation of food would exert selective constraints acting on the anterior part of the
mandible. On the other hand, comminution of the food particles would represent the
major selective factor on the posterior part of the lower jaw. Following the theory by
Moss and Rankow (1968), the teeth represent the functional matrix, which the growth of
the alveolar process depends on. This is in agreement with Daegling’s (1996) findings
on mandibular growth in gorillas and chimpanzees. In other words, and as stated by
Dean and Beynon (1991), the space available in the jaws for the developing teeth is
determined by the jaw growth pattern. Emphasizing how narrow the anterior portion of
the U-shaped mandible in great apes is, these authors explain how an increased antero-
posterior cross-sectional area of the symphysis allows for the accommodation of the
tooth germs in the alveolar bone. This has been investigated using Finite Element
Analysis on Macaca fascicularis by Cobb and Panagiotopoulou (2011), who
demonstrated that the spatial requirement for the developing incisors can constrain the
future adult morphology and the functional adaptation of the symphysis. In light of our
results in root size and cross-sectional symphyseal size, one could speculate that the
evenly thick symphysis of the Neanderthals is adapted to accommodate the
development and the migration of the anterior tooth germs that will eventually give rise
to permanent large-rooted teeth. This hypothesis is in agreement with Tillier (1996),
suggesting that the morphological variability observed in the posterior surface of the
symphysis in the Roc de Marsal and Pech de I’Azé Neanderthal children may be related
to the position of the developing permanent incisors in the bone. Bastir et al. (2007) also
propose that the observed differences in shape trajectories of the alveolar region of the
Neanderthal mandible could be related to ontogenetic differences in the maturation of
the teeth. Fig. 7 illustrates this hypothesis, showing juvenile and adult modern humans
with a tear-drop shaped symphyseal section, while the juvenile and adult Neanderthals
show a pillar shaped symphysis. Note the wider permanent tooth germ in the
Neanderthal child compared with the modern human, where the slender germ is located

in a well defined crypt, and underneath a noticeable amount of cancelous bone.

Coquerelle et al. (2010b) have described in detail the growth pattern of the
human mental symphysis. Prenatally, the symphysis is vertically oriented with a V-
shaped basilar bone and a U-shaped alveolar bone. Postnatally, the alveolar bone is

displaced backward while the mental region projects forward to give rise to the typical

41



PART 1

modern human chin. This differs from Neanderthals, who do not display a chin as it is
defined in modern humans: a central keel with bilateral mental fossae, lateral tubercles
and a protruding tuber symphyseos (Schwartz and Tattersall, 2000; Mounier et al.,
2009). In addition, Coquerelle et al. (2010a) observed that after two years of age, dental
mineralization and mandibular form evolve more independently. Although this
documented independence in growth could seem contradictory with the function that
jaw and teeth obviously perform together, Boughner and Hallgrimsson (2008) regard
the dentition and mandible as two functionally integrated modules, and argue that there
has been a strong selection to coordinate the developmental pathways of both bony
structure and teeth. These authors hypothesize that the timing of mandibular and dental
development would be an indirect consequence of the need for coordination of growth

trajectories.

In light of our results, Mauer essentially shows a Neanderthal-like morphology
for its anterior tooth roots and its symphysis. These results could be interpreted in two
ways. As suggested by some (e.g., Rosas and Bermudez De Castro, 1998), Mauer could
be simply seen as one of the oldest representatives of the Neanderthal clade.
Alternatively, if Mauer represents a common ancestor to modern humans and
Neanderthals (Rightmire, 1998), this implies that Neanderthals primarily retained the
primitive conditions observed in Mauer. We are aware that due to the composition of
our fossil samples and despite the inclusion of the Mauer specimen, the question of the
polarity of the studied characters remains difficult to answer. Including older
representatives of the genus Homo in this study could help to resolve the issue. The
literature provides some insight into symphyseal height and width of some early Homo
specimens (Guy et al., 2008). Unfortunately, to our knowledge, no micro-CT data of
lower jaw with a preserved symphysis and in situ permanent lower incisors and canines
are currently available for any adult or subadult early Homo. One noticeable exception
is KNM-WT 15000, whose symphysis and anterior teeth are preserved. However, the
specimen is a juvenile and its root apices are not fully closed. Despite the fact that the
early modern human from Temara shows a complex pattern, combining small anterior
tooth roots for a small symphysis and an overall large mandible, Qafzeh 9 is overall
more similar to Neanderthals than to recent modern humans regarding the size of the
anterior roots. This provides further support to the notion that Neanderthals essentially

retained ancestral conditions. Although both Neanderthals and modern humans likely
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display some proper derived conditions, this will need to be further investigated. The
results obtained on early modern humans suggest that there is a negative evolutionary
allometry in anterior root size developing within the modern human lineage. The oldest
modern humans may therefore display a ‘Neanderthal-like’ pattern, that is, in fact,
ancestral. This similarity may well be illustrated by the debate regarding the
taxonomical status of the Tabun C2 mandible (Schwartz and Tattersall, 2000).

CONCLUSION

This study aimed to test whether anterior tooth root length, which has been
shown to discriminate Neanderthals from modern humans, is a by-product of jaw size.
We have investigated the correlation in size between the incisor and the canine roots
and the symphyseal region in Neanderthals and modern humans, using micro-computed
tomography. Our results show that Neanderthals have larger roots than expected for the
size of their jaw compared with recent modern humans. Our results suggest that the
effect of static allometry on root size in Neanderthals and in recent modern humans is
negligible. Moreover, we have shown evidence for a negative evolutionary allometry in
root size of recent modern humans, compared with the presumed ancestral condition.
Therefore, root length and other root dimensions can be considered as taxonomically
relevant to distinguish Neanderthals from modern humans, at least for the terminal
forms of the clades. We have suggested that the significant difference in symphyseal
shape between Neanderthals and recent modern humans may be an adaptation for the
eruption and later accommodation of large permanent anterior teeth in Neanderthals. A
larger sample including Neanderthals from more diverse time periods and geographical
areas should help better understand the variability in root dimensions, in comparison

with modern humans.
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SUPPLEMENTARY ONLINE MATERIALS
SOM 1. Segmentation and 3D model processing.

Segmentation is an image processing step that consists of attributing each voxel
of a micro-CT dataset to a user-defined material (here: enamel, dentine, pulp, cracks in
the enamel and in the dentine). This attribution is based on the gray values of the
voxels. The user defines each material by a range of gray values (e.g. white for the
enamel, black for the air) and by his/her knowledge of the biological structure
investigated (e.g. bone and root can display the same gray values, but they remain

distinguishable if the periodontal space is preserved).

In order to facilitate the dental tissue segmentation in Avizo 6.2 (Mercury
Systems), the reconstructed high resolution micro-CT slices were filtered using a
median filter, followed by a mean-of-least-variance filter (each with a kernel size of
three) to reduce the background noise while preserving and enhancing the edges
(Kuwabhara et al., 1976; Schulze and Pearce, 1994). Dental tissues (enamel, dentine and
pulp) were semi-automatically segmented by thresholding and manual editing. Cracks
in the enamel and dentine have been processed as distinct materials when they were
clearly detectable on the scans, so as to avoid an overestimation of root volume and
surface area. All modern human teeth and some of the best preserved fossil teeth (with
good contrast) were segmented using a customized automated segmentation algorithm
based on the watershed principle (Beucher and Lantuejoul, 1979). Minor manual editing
was performed after running the algorithm, especially regarding cracks, which were
always detected. Following this segmentation process, 3D surface models of the teeth
were generated using a constrained smoothing algorithm in Avizo. Each tooth was then
virtually divided into crown and root(s), by cutting the 3D models at the cervical plane
defined by a best-fit plane between landmarks set on the uppermost enamel margins on

the labial and lingual sides of the cemento-enamel junction.

45



ParT |

SOM 2. Principle of the Delaunay triangulation used to generate the cross-
sectional surface area of the mandibular symphysis.

Three-dimensional curve semi-landmarks were set along the outline of the
midsagittal cross-section of the symphysis (Fig. A, example on Krp55, labial at the left
hand side, lingual at the right hand side). The semi-landmarks are internally projected
onto the plane (here the symphyseal cross-section) to generate a triangulated surface
(with a 2D topology since the projections occur on a plane, Fig. B). The cross-sectional
surface area of the symphysis (CSASy) is computed from this surface (Fig. C). The
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SOM.3. Centroid size computation.

Centroid size (CS) is defined as the square root of the summed squared distances
between each landmark and the centroid (the average landmark) (Dryden and Mardia,
1998). Centroid size is a measure of scale used in geometric morphometrics, which has
been shown to be uncorrelated with shape for small isotropic landmark variation
(Bookstein, 1991; Mitteroecker and Gunz, 2009). When landmarks were missing, we
estimated them following the protocol described in Gunz et al. (2009). Landmarks
missing on one side were estimated using reflected relabeling. This requires the
specification of paired (bilateral) and unpaired (“midsagittal”) points (Mardia et al.,
2000; Bookstein and Mardia, 2003; Bookstein, 2005). We reflected the landmarks along
the medio-lateral axis (x-axis) while swapping the labels (labels of left and right side
landmarks are interchanged); then these two configurations were superimposed with a
Procrustes fit based on the available landmarks. Missing landmarks were then replaced
by the mirrored landmarks. If missing data occurred on both sides of the specimen, or
along the midline, landmarks were estimated using “geometric reconstruction” via a
thin-plate spline (TPS) interpolation function (Gunz et al., 2009). A TPS interpolation
was computed based on the subset of landmarks available in the incomplete specimen.
This interpolation function was used to map the missing landmarks from the average
reference shape onto the incomplete target, placing the landmark estimates so that the
deformation between the reference and the incomplete specimen is as smooth as

possible (for more details see: Gunz et al., 2009; Mitteroecker and Gunz, 2009).
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SOM 4. Intraspecific ordinary least squares regressions of root size against
mandibular/symphyseal size showing a quasi-absence of static allometry for both
Neanderthals and recent modern humans. Data are not scaled and are log-log
transformed. Graphs and computations have been performed in PAST (Hammer et al.,
2001).
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ABSTRACT

Comparing modern humans and Neanderthals, we have previously shown that
recent modern humans (RMH) and Neanderthals differ in anterior root lengths, and that
this difference cannot be explained by group differences in overall mandibular size.
Here, we first document the evolutionary changes of root size and shape of the anterior
upper and lower dentition in a broad chronological and geographical framework. We
then use the size and shape differences between RMH and Neanderthals to classify
several isolated teeth from Kebara cave and Steinheim, and to interpret the anterior
tooth roots of the Tabun C2 mandible.

Our samples comprise permanent mandibular and maxillary incisors and canines
from early Homo, Neanderthals, as well as extant and fossil modern humans (N=359).
In addition to root length, we measured cervical root diameters and area, total root
volume, root pulp volume and root surface area from pCT scans. We quantified root

shape variation using geometric morphometrics.

Our results show that Neanderthals have not only significantly larger anterior
roots than RMH overall, but also different root shapes for each tooth type. In the context
of the ‘teeth-as-tools’ hypothesis, this could be an adaptation to better sustain high or

frequent loads on the front teeth.

We demonstrate that the two isolated incisors stored with the Steinheim skull are
very likely recent. Tabun C2 shows an anterior dentition similar in size and shape to
Neanderthals while its molar roots are non-Neanderthal. Two of the five isolated teeth
from Kebara are classified as Neanderthals.

Interestingly, early modern humans overlap with Neanderthals and RMH in root
size and shape. Anterior roots of the Lower and Middle Pleistocene specimens are at
least as large as Neanderthals, suggesting that Neanderthals retained a primitive pattern,

which should prompt caution in the assessment of the earliest forms of modern humans.

KEYWORDS

Micro-CT; Incisors; Canines; Ancestral condition; Teeth-as-tools hypothesis
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INTRODUCTION

Anterior tooth root length has been said to taxonomically distinguish
Neanderthals from recent modern humans (Paquette, 1985; Smith and Paquette, 1989;
Bailey, 2005). Descriptions of fossils have often remained qualitative, reporting ‘long
roots’, and only the few studies mentioned above have attempted to quantify how long
the Neanderthal anterior tooth roots actually are in comparison with modern humans. In
the present study, we aim to document the variability of the anterior tooth root
morphology in Neanderthals and modern humans in a broad geographical and
chronological context. This knowledge could contribute not only to the taxonomical
attribution of isolated teeth found during excavations or in museum collections, but also
to the discussion of the uncertain taxonomy of some specimens. For example, debates
are still going on regarding the taxonomic attribution of the Tabun C2 mandible
(Hublin, 1998; Quam and Smith, 1998; Stefan and Trinkaus, 1998; Schwartz and
Tattersall, 2000; Rak, 2002; Rak et al., 2002), five isolated teeth from the Kebara cave
(Chech et al., 2003), and two isolated maxillary incisors supposedly from Steinheim.

We will investigate how anterior tooth root morphology can contribute to this matter.

These large incisors have been related to the robusticity of the Neanderthal
craniofacial skeleton, which is characterized by the combination of mid-facial
prognathism and a large nasal aperture (Rak, 1986; Demes, 1987; Trinkaus, 1987;
Smith and Paquette, 1989; Anton, 1990, 1994, 1996; Hublin, 1998; Rosas et al., 2006).
However, we have recently shown that mandibular anterior tooth root size is not
correlated with jaw size in either Neanderthals or recent modern humans. In addition,
short roots in recent modern humans would result from a negative evolutionary
allometry, while the longer roots in Neanderthals could result from the retention of an
ancestral condition (Le Cabec et al., 2011, 2012). In comparison with earlier hominids,
the early Homo incisors and canines have been described as increasing the size of their
root and of their crown, which also display shoveling, labial convexity, marginal ridges
and a lingual tubercle, although more weakly expressed than in Neanderthals (Patte,
1962; Wolpoff, 1999).

Whether the previously mentioned traits of the Neanderthal craniofacial skeleton
have any adaptive significance remains debated. Although some authors have

emphasized the role of drift in craniofacial Neanderthal evolution (Hublin, 1998;
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Weaver et al., 2007; Rae et al., 2011), most explanations for the process of generating
morphological variation in the Neanderthal face relate to developmental or adaptive
issues. Churchill (1998) invokes mechanical and systemic effects on bone remodeling.
In her study on the changes of orientation of the maxillary part of the face in
Neanderthals, Couture (1993) argued that the Neanderthal face more likely results from
morphogenetic processes rather than solely from the masticatory function, as proposed

in many hypotheses discussed hereafter.

Purely adaptive hypotheses have been raised: adaptation to cold and dry climate
(Coon, 1962; Franciscus and Trinkaus, 1988; Churchill, 1998; Franciscus, 1999, 2003;
but see Rosas et al., 2006; Holton and Franciscus, 2008; Rae et al., 2011), or to an
abrasive diet (Puech, 1981).

Finally, a purely biomechanical hypothesis, known as the ‘anterior dental
loading hypothesis’, involves the dental and cranial morphology. The need for such a
large anterior dentition would have been related to the whole evolution of the
maxillofacial architecture of the Neanderthal face. This involves mid-facial prognathism
and the steepness of the naso-alveolar clivus, which would better stand vertical forces
exerted in a particular anterior dental loading regime (Smith, 1983; Rak, 1986; Demes,
1987; Spencer and Demes, 1993). Neanderthals would have used their anterior teeth for
purposes other than incision of food, such as a tool or a third hand for para- and non-
masticatory activities (Coon, 1962; Brace et al., 1964; Brace, 1975; Wallace et al.,
1975; Smith, 1976a, b, 1983; Demes, 1987; Trinkaus, 1987; Smith and Paquette, 1989;
Spencer and Demes, 1993; Fox and Frayer, 1997; Rosas et al., 2006; Rae et al., 2011).
Here, we aim to discuss this hypothesis in light of the documented variability in anterior
tooth root morphology. Regarding dental size, anterior tooth use and attrition,
Neanderthals are often compared with the Inuit and Australian Aborigines (Molnar,
1971; Barrett, 1977; Hinton, 1981), who show relatively larger anterior teeth and a
higher rate of attrition than other modern human populations. This pattern is thought to
be an adaptive response to para-masticatory activities (Smith, 1976a) involving the
processing of objects in contact with abrasive particles (sand), e.g., during skin
preparation (Hylander, 1977). Wang et al. (2010) demonstrate that the Inuit and
Neanderthals adopted two different morphological conformations of their mid-facial

skeleton to adapt to high and frequent loads on their anterior dentition.
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Since stable isotope studies portray Neanderthals as top-level carnivores
(Richards et al., 2000, 2001, 2008), this would argue in favor of a highly demanding
loading regime on the anterior dentition. As it has been documented in Arctic
populations (Merbs, 1968), this may involve pre-ingestion processing steps, for instance
slicing pieces of meat, following the ‘stuff-and-cut’ hypothesis (Koby, 1956; Brace,
1975), where Neanderthals would have clamped a piece of meat between their upper
and lower incisors with one hand, while the other manipulates a stone tool to cut off the

portion that sticks out from the lips (Patte, 1960; Ungar and Spencer, 1999).

The use of the anterior dentition as a tool has not only been suggested for
Krapina (e.g., Lee, 2006), but also for earlier stages of evolution of the Neanderthal
lineage, as well as for modern human hunter-gathers (e.g., the Natufians from Hayonim,
in Eshed et al., 2006). The Middle Pleistocene European hominin dental remains from
Boxgrove show considerable wear, secondary dentine and striations on the labial aspect
of the crown and root (Hillson et al., 2010). The use of the teeth as a third hand has been
suggested for Mauer and some teeth from Arago, based on complex microwear features
and polished enamel surfaces (Puech, 1979; Lozano et al., 2008). Likewise, in the Sima
de los Huesos dental remains, complex labial striations and microwear on the anterior
teeth also attest that para-masticatory activities certainly have been performed by this
population predating Neanderthals (Bermudez de Castro et al., 1988, 2003; BermuUdez
de Castro, 1993; Lozano-Ruiz et al., 2004; Lozano et al., 2008). It should however be
emphasized that, despite marked entheses and powerful bony structures in the
Neanderthal craniofacial skeleton (Rak, 1986; Demes, 1987), several studies suggest a
poor efficiency in generating powerful anterior bite forces (Anton, 1990, 1994, 1996).
Rather than being clearly more powerful in terms of muscular masticatory forces,
Neanderthals could have exerted more frequent anterior dental loadings (O'Connor et
al., 2005). Their anterior teeth are said to occlude in ‘edge-to-edge’ (Sakura, 1970;
Puech, 1981; Ungar et al., 1997). The wear pattern observed in the Sima de los Huesos
dental remains has led Bermudez de Castro (1988) to suggest that the occlusion of these
European Middle Pleistocene hominins was edge-to-edge. In this type of occlusion,
incisal edges are in direct contact, whereas in modern humans the lingual face of the
upper incisors covers the labial face of the lower incisors in an overbite. This mode and
frequency of occlusion likely account for the higher rate of attrition in Neanderthals,

without rejecting the possibility for para-masticatory activities. However, Kaifu and
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colleagues (Kaifu, 2000; Kaifu et al., 2003) propose that edge-to-edge occlusion would
have been the normal type of occlusion within the Homo lineage. They observe that in
recent modern human populations with a heavily abrasive diet, the occlusion changes
throughout life with a scissors occlusion in a mixed denture to an edge-to-edge
occlusion when wear increases with ageing, i.e., involving a decrease in overjet (incisor
lingual tipping) and overbite (occlusal wear). In this theory, occlusal wear would be the
cause of the edge-to-edge bite (Ungar et al., 1997; Kaifu et al., 2003).

The present study aims to document the permanent maxillary and mandibular
incisor and canine root size and shape in Neanderthals, in a broad chronological and
geographical framework. Using a large set of linear, surface and volume measurements,
as well as geometric morphometric techniques, we explore the taxonomic value of
anterior tooth root size and shape to distinguish Neanderthals from early and recent
modern humans. Finally, documenting anterior tooth root size and shape will contribute

to the discussion on the anterior dental loading hypothesis in Neanderthals.

MATERIALS AND METHODS
SAMPLES

The samples under study comprise a total of 359 permanent mandibular and maxillary
incisors (central and lateral) and canines from fossil and extant individuals from diverse
chronological and geographical origins (Tables 1 and 2). We compare the anterior tooth
root dimensions in a sample of 95 Neanderthal teeth, ranging from MIS 7 to MIS 3 and
covering a large geographical area from Spain to Siberia and from Germany to Israel,
with a sample of 26 teeth of penecontemporaneous (MIS 5) early modern humans
(EMH) from Israel and Morocco, represented by specimens from Qafzeh and Skhul,
and from Grotte des Contrebandiers (Temara) and Dar-es-Soltane 11, respectively. Two
isolated maxillary incisors are curated with the Steinheim skull (Gieseler, 1971; Adam,
2003; Street et al., 2006) despite the fact that, in the literature, there is no mention of
their discovery at the Steinheim Quarry. However, their affiliation remains unknown
since exploratory statistics have led us to question their taxonomic attribution, and even
their provenience from the Steinheim site itself. In addition, we study how root
dimensions position the Tabun C2 mandible, a specimen from the Levant, which is

subject to intense debates regarding its taxonomic attribution (Quam and Smith, 1998;
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Rak, 2002; Hublin, 2007) in our samples. Regarded as a Neanderthal by some
researchers (e.g., Stefan and Trinkaus, 1998), Tabun C2 is contrastingly labeled as an
early modern human by others (Rak et al., 2002). We also studied five isolated teeth
without clear stratigraphic context from the Kebara Cave (Israel). For three of them,
Chech and colleagues (2003) Ilimit the chronological attribution to ‘probably
Mousterian’. The two other Kebara teeth are labeled in the collection of Tel-Aviv
University as from ‘unknown provenience’, coming from the cleaning of the
stratigraphic profile for one tooth and from the excavations by Turville-Petre for the
other tooth. Taking advantage of our large comparative samples of Neanderthals and
recent modern humans, we will test and discuss a possible taxonomic classification for
these debated specimens, using a canonical variate analysis. A group of Upper
Paleolithic and Epipaleolithic modern humans (UPEPIH) from MIS 2 and 1 brings
together Ohalo Il and Oberkassel (Upper Paleolithic) on the one hand, as well as
Combe-Capelle and the Natufian Hayonim and Nahal-Oren (Epipaleolithic) specimens
on the other hand (See Table 1). The KNM-WT 15000 H. ergaster specimen, Sangiran
4 and a few isolated teeth from Sangiran 7, as well as the Middle Pleistocene Mauer
mandible (Schoetensack, 1908; Wagner et al., 2010), are included in our study to
understand the ancestral condition in root dimensions. Our recent modern human
comparative sample (RMH) comprises 167 teeth coming from clinical extractions and
anatomical collections. Information on sex, ethnicity and age were either documented
by the dental practitioners or are based on the records of the collections (estimations
from dental and skeletal maturation). The individuals selected also represent various
ethnicities (See Table 1). The comparative modern series were selected based on the
state of preservation and on the stage of formation of the roots of the incisors and
canines (fully closed root apices). However, we did include some specimens for which
the root tip has been taphonomically broken or damaged, or that are developmentally
incomplete. For these specimens, we computed an estimation of the root portion
missing as explained later in this section. For specimens having both antimeres, we
chose the best preserved side regarding the preservation of the root, of the cervical line
and finally of the crown. It should be noted that due to preservation, the crown
measurements for the Skhul 1V mandibular canine were taken on the right tooth, while
root measurements were performed on the left tooth. Specimens presenting pathological

conditions were discarded.
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Table 2. Sample sizes by tooth type and 1axonomical group.

Maxillary Mandibular
dentition dentition

¥ E & f L G Total
H. erectus l 2 1 4
H. ergaster | 1 1 1 1 1 6
H. heidelbergensis - - - 1 1 1 3
Steinheim I 1 - - - - 2
Neanderthals 17 18 12 17 15 16 95
Tabun C2 - - - I 1 1 3
Early modern humans 3 3 3 5 6 6 26
(EMH)
Upper Paleolithic and B 6 B H 10 10 49
Epipaleclithic humans
(LUPEPIH)
Kebara isolated teeth - . 1 - 2 1 4
Recent modemn humans 24 22 12 39 47 23 167
(RMH)
Total 53 51 19 73 84 59 359

Abbreviations for the tooth types: I' = maxillary central incisor; I’ = maxillary lateral incisor; C° = maxillary canine; [, =
mandibular central incisor; 1; = mandibular lateral incisor; C, = mandibular canine.

MICRO-CT IMAGE ACQUISITION AND 3D MODEL GENERATION

In situ and isolated teeth were scanned at the Max Planck Institute for
Evolutionary Anthropology (Leipzig, Germany) on a BIR ARCTIS 225/300 industrial
micro-CT scanner (most commonly used scan parameters: 130 kV, 100 pA, 0.25 to 0.5
mm brass filter, 0.144 degree of rotation step) or on a Skyscan 1172 micro-CT scanner
(most commonly used scan parameters: 100 kV, 100 pA, 0.5 mm aluminum and 0.04
mm copper filters, 0.12 to 0.25 degree of rotation step, 360 degrees of rotation, 2 frames
averaging). Acquisitions were performed to image the dentition at high resolution with
an isotropic voxel-size ranging from 13.38 to 148.1 um. This allows for a fine
quantification of dental tissue surface areas and volumes. The specimens that were
scanned at 13 pm were downsampled to 30 pm without compromising the quality of the
image data (Skinner, 2008). Data for Spy 1 were produced on a Siemens Somatom 64
CT-scanner with an isometric pixel size of 0.299 mm and a slice thickness of 0.1 mm

(NESPOS). The RMH “Mandible 9726° was scanned at 41 pm on the XtremeCT micro-
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scanner (Scanco) at the MEDES (Toulouse, France). To facilitate the dental tissue
segmentation in Avizo 6.2 (Mercury Systems), the reconstructed high resolution micro-
CT slices were filtered using a median filter followed by a mean-of-least-variance filter
(each with a kernel size of three) to reduce the background noise while preserving and
enhancing edges (Kuwahara et al., 1976; Schulze and Pearce, 1994). Dental tissues
(enamel, dentine and pulp) were first semi-automatically segmented by thresholding and
then the segmentation was manually edited. All modern human teeth and some of the
best preserved fossil teeth (with good contrast) were segmented using a customized
automated segmentation algorithm based on the watershed principle (Beucher and
Lantuejoul, 1979). Minor manual editing was performed after running the algorithm,
especially regarding cracks that may not have been well detected. Despite a very similar
radiodensity to dentine (Pinheiro et al., 2008), in some cases hypertrophic cementum
(conspicuous and irregularly thick accumulation of cementum on the surface of the
apical root third) was detected on the micro-CT scans (Fig. 1). The hypertrophic
cementum was thus segmented as a separate material following the segmentation
protocol described above. For most of the Abri Bourgeois-Delaunay teeth under study,
we identified demineralization on an even thickness of the root involving both dentine
and hypertrophic cementum, when present. This may be the result of taphonomic
processes. These demineralized tissues were segmented and attributed to dentine and
cementum, respectively. Cracks in the enamel and dentine were segmented, as well as
separate materials, when they were clearly detectable on the scans so as to avoid an
overestimation of root volume and surface area, and of root length in case of a large
transverse crack. Following this segmentation process, 3D surface models of the teeth
were generated using a constrained smoothing algorithm in Avizo. We define the
cervical plane by setting landmarks at the points of greatest curvature on the labial and
lingual sides of the cemento-enamel junction and computing the best-fit plane based on
a least squares criterion. Each tooth was then virtually divided into crown and root by

cutting the 3D models at the previously defined cervical plane (Fig. 2A and B).

MEASUREMENT METHODS

Estimation of the missing apical portion of the root in taphonomically broken or

developmentally incomplete specimens Some specimens with incomplete roots were

included in the sample if the missing apical portion of the root was small. The roots may
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have been incomplete for developmental reasons, due to post-mortem damage (during
fossilization, excavation or handling for fossils) or in the case of recent specimens,
because of damage occurring during clinical extractions. To avoid introducing biases
into our samples, we estimated the missing portion in terms of root length, surface area
and total volume. This was done by modeling the missing part as an elliptic cone. We
tested for the reliability of this method by artificially cutting intact roots of known
dimensions, and then estimating the missing portion. Our results (see Results section)
consistently show a small amount of underestimation of the root values. For detailed

explanations, see SOM Table 1.

Anterior tooth crown size (Table 3) Because occlusal and interproximal wear affect the

mesio-distal diameter of the crown, as well as its volume, we limited the estimation of
crown size to the maximum labio-lingual crown diameter (CrLL). This was measured
following Martin’s definition (M81(1) in Bréuer, 1988) as the maximal distance
between the lingual and labial sides of crown, perpendicular to the mesio-distal
diameter of the tooth (Fig. 2B). The volume of the pulp cavity in the crown is reported

as well.

Anterior tooth root size (Table 3) Root size was quantified by measuring the root length

(RL) on the 3D models of the individualized roots as the linear distance between the
root apex and the center of the cervical plane of the tooth using the 3D tool
measurement in Avizo 6.2 (Fig. 2C). The total root volume (RV) was calculated as the
sum of the pulp cavity and dentine volumes (as well as the volume of hypertrophic
cementum when this dental tissue has been segmented, Fig. 2D). The volume of the
radicular pulp (RPV) was reported as well (Fig. 2D). On the cervical plane, we
measured the cervical area (CA), as well as the labio-lingual and mesio-distal root
diameters (Fig. 2E). The root surface area (RSA) was measured as the surface area of
the radicular dentine (Fig. 2F). In addition, we measured the labial and lingual root
surface areas (RSA Lab and RSA Ling) by cutting the 3D models of the root using a
plane defined by three landmarks set at the root apex and at the point of greatest
curvature of the cervical line on the mesial and on the distal aspects of the tooth (Figs.
2F and G). When we want to refer to all of the root variables at the same time, we use

the term ‘root size’.

75



PART 2

Figure 1. Visualization of hypercementosis and secondary dentine on the root of the
Neanderthal maxillary canine BD15 (Abri Bourgeois-Delaunay, France). An iterative
median filter (kernel size of seven, three iterations) was applied to the original micro-
CT data (1A) to decrease the amount of noise in the pictures. Width and center of the
window of gray values of the filtered stack were then modified to better identify the
borders between materials, as shown on the mesio-distal slice (1B). Figure 1C gives the
location of the filtered slice on the tooth. This image processing allows for clear
distinction between the primary dentine and the overgrowth of cementum on the one
hand (1D), and between primary and secondary dentine on the other hand (1E).
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Table 3. Defintion of the metrics used n this siudy,

Complete definition

Dimension

[Descriptive statzsties

Metrics Abbreviation

Maximum labio- CrLL

lingual crown

daameter

Rt lenpth RL

Sesio-distal root R{MID)

dinmeter

Labbo-lingual roal R{LL)

diameter

Roat surface arca R5A

Labial rood surfice RSA Lab

aren

Limgual rool R%5A Ling

surfice arca

Cervical area CA

Rt volume RY

Roaw pulp volume  RPY

Crown pulp volume  CrPV
CrLL/RL
R{LLVR{MIN
HSA lab/ling
REANCA
CrPViRPY
RPVIRY

Muximal distance between the lingual and lobial
sides of crown, perpendicular 1o the mesio-distal
diameter of the tooth, following Manin®s definition
{MEL{1) in Brilwer, 1988),

Linear distance between ihe root apex and the center
of the cervical plane of the tooth using the 313 tool
menswrement m Avizo 6,2,

In the mesio-distal direction, largest dimension of
the root passing by the center of the cervical plane
and paraliel to this plane.

In the labe-lingual direction, largest dimension of
the mot passing by the center of the cervical plane
and paraliel wo this plane.

Chuter surfoce arca of the mdicular dentine,

Surface area of the labial aspect of the root
micasured by culting the 30D models of the root using
a plane defined by three landmarks el at the rool
apex. and ot the greatest point of curvaiure of the
cervical line on the mesial and on the disial pspects
of the tooth.

Surface aren of the lingunl sspect of the ool
measured by cuiting the 31D models of the poot using
a plane defined by three landmarks set at the root
apex and an the greatest point of curvature of the
cervical line on the mesial and on the distal aspects
of the 1ooth

Surface area of the previously defined cutting plane
between the erown and the rool.

Sum of the dentine and pulp volumes in the ool
Volume of the pulp cavity in the rot.
Volume of the pulp cavity in the crown

Ratio between the labio-lingual erown diameter and

the root bength.

Ratio between the labio-lingual and the mesio-distal
oot diameters af the cervix,

Ratio between the labial and the lingual root surfhce
areas.

Ratio between the root surface anea and the cervical
area.

Ratio between the volumes of the pulp in the crown

and of the pulp in the ool

Ratio between the root pulp volume and the total
ook valume.

mm

mm’

]

mm

dimenssonless
dimensionless
dimensionless
dimensionless
dimensionless

dimensionless

Tables 4m and 4

Tables 4a and 4b

SOM Tables 4a and 4b

SOM Tables 4o and 46

Tables 40 amd 4h
SOM Tables 4a and 4b

SOM Tables 40 and 4b

SOM Tables 4o and 4b

Tables 4a and 4
Tables 40 and 4b
SOM Tables 4a and 4b
SOM Tables 4o and 4h

SOM Tables 4a and 4b

SOM Tables 4a and 4b

SOM Tables 4a and 4h

S0M Tables da and 4b

SOM Tables 40 and 4b

Although a detailed study about hypercementosis is beyond the scope of this

paper, when hypertrophic cementum was identified on the uCT images and when a

manual segmentation could be performed, we reported the volume of hypertrophic

cementum for each specimen, and expressed its contribution to the total volume of the

root as a percentage.

Root surface and cervical line shape analyses We selected a subset of teeth with

complete roots, intact root surfaces and well preserved cervical lines (we work on the

3D models of the complete teeth). Small cracks were merged to the dentine as long as

they did not disturb the overall morphology of the tooth. Specimens that are

taphonomically distorted were otherwise discarded for this analysis. To investigate

whether Neanderthals and recent modern humans differ in root shape, we used
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geometric morphometric techniques, assessing shape differences using semilandmarks
(Bookstein, 1997; Gunz et al., 2005, 2009). Geometric morphometric analyses require
the analyzed points to be homologous (Bookstein, 1991; Mitteroecker and Gunz, 2009).
To distribute the same number of points in homologous locations on every specimen we
used the following protocol. For each tooth of interest, we first placed a landmark at the
root apex (enlarged blue point on Fig. 2H), then a sequence of point coordinates was
recorded along the cemento-enamel junction. Those semilandmarks were then
resampled to 50 initially equidistant curve semilandmarks. We then placed 499 surface
semilandmarks on the root surface of a reference specimen. This surface was delimited
by the cervical landmarks and by the apical landmark. Those 499 points were then
projected on the root surface of each tooth (following the protocol described in Gunz et
al., 2005). By resampling the complex root surface to 500 surface semilandmarks, we
are effectively smoothing the surface and thereby removing the confounding effect of
surface irregularities. However, as equidistance is an intuitive, yet arbitrary way of
distributing semilandmarks, this does not necessarily lead to geometric or biological
correspondence of the points across specimens (Bookstein, 1997; Gunz et al., 2005).
Likewise, the spacing of surface semi-landmarks is also arbitrary. Gunz et al. (2005)
have shown that equidistance can lead to serious statistical and visualization artifacts.
The semilandmarks were thus allowed to slide along their curve or surface to remove
the effects of the arbitrary spacing by optimizing the position of the semilandmarks with
respect to the average shape of the entire sample (average of the Procrustes shape
coordinates). Allowing the points to slide along the cervical outline and the root surface
then establishes geometric homology among the semilandmarks. For a technical

description of the semilandmark algorithm, see Gunz et al. (2005).

STATISTICAL ANALYSES

Descriptive statistics are provided for all investigated groups and dental
variables. Unless stated otherwise, we pooled the sexes for the RMH, since no reliable
information is available for our fossil samples. Despite the fact that parametric tests are
more powerful, non-parametric tests were preferred due to our relatively small sample
sizes. First, crown and root variables were compared using the non-parametric Mann-
Whitney U test (exact, two-tailed, a=0.05, Upmi, reported) to determine whether

Neanderthals have larger anterior tooth roots and/or larger crowns than RMH (our
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largest samples). Then, we tested whether root size is correlated with crown size, within
RMH and within Neanderthals, using the Spearman rank order correlation test (method:
approximate, two-tailed, 1000 permutations, a=0.05, rs reported; p values Bonferroni
corrected). To assess multivariate trends in the data, we performed a principal
component analysis (PCA) using the correlation matrix and a canonical variate analysis
(CVA, see Mitteroecker and Bookstein, 2011 for discussion about these methods). For
these multivariate analyses, we used all variables, except for crown pulp volume (since
apposition of tertiary dentine at the roof of the pulp cavity can affect the results in
Neanderthals).

TAXONOMIC AFFINITIES OF DEBATED SPECIMENS FROM ROOT DIMENSIONS

We used CVA to compute the likelihood of the anterior teeth of Steinheim,
Tabun C2 and the Kebara Cave of belonging to one of the three reference groups that
are Neanderthals, early and recent modern humans, using posterior probabilities. These
three reference groups are made up of taxonomically conclusive dental remains. We
used equal prior probabilities for all groups (p=1/3 to belong to each of the three
groups). Posterior probabilities were computed using the ‘leave-one-out’ cross-
validation technique.

All statistical analyses and graphics were generated in R 2.12.1 (Becker et al.,
1988; Ligges and Maechler, 2003; Murrell, 2005; Weihs et al., 2005; Calenge, 2006;
Dray and Dufour, 2007; Sarkar, 2008; Peng et al., 2010; R Development Core Team,
2010; Hothorn and Hornik, 2011). The cervical line and root surface shape analyses and

the associated PCA were performed in Mathematica (Wolfram, Inc.).

RESULTS
ESTIMATION OF INCOMPLETE ROOTS

Virtually breaking off various amounts of the root tip on complete teeth show
that overall all root variables remain underestimated in comparison with the actual
values (see negative percentages in SOM Table 1). Differences between the intact teeth
and the artificially cut teeth reveals a mean of -3.87% for the root length estimation, -
3.86% for the root surface area, and finally -1.97% for the root volume estimation. We

decided to include our total estimated values in the statistical analyses (only for root
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length, surface area and total volume), since this may be more informative than
reporting the actual measurements without reconstruction. Both corrected and non-
corrected values are nonetheless reported in SOM Tables 2a and 2b, with the proportion
of what is missing to the total corrected value. For some of the EMH (bolded and
underlined in SOM Tables 2a and 2b), the estimation reveals a non-negligible portion of
the root is missing (>15% for the root length and > 5% for the root surface area and
volume), we have nonetheless reported these corrected values to document these scarce

specimens.

ANTERIOR TOOTH CROWN SIZE

RMH males and females do not show significant differences in crown size
(maximum labio-lingual crown diameter) in our sample. Although this has been tested,
we remind that our samples are small and that various ethnicities have been sampled
and pooled together here (see results of Mann-Whitney U tests in SOM Tables 3a and
3b). Neanderthals have significantly larger anterior tooth crowns and crown pulp
volumes than RMH (Tables 4a, 4b, 5a and 5b, SOM Tables 4a and 4b). The range of
EMH in crown size overlaps with both Neanderthals and RMH (Tables 4a and 4b).

ANTERIOR TOOTH ROOT SIZE

As for the crown, male and female RMH do not show a consistent pattern of
sexual dimorphism in root dimensions (see results of Mann-Whitney U tests in SOM
Tables 3a and 3b). However, for the mandibular lateral incisors, males display
significantly larger root length, volume and surface area than females. For all root
variables, Neanderthals have absolutely and significantly larger roots than RMH (Tables
4a, 4b, 5a and 5b, SOM Tables 4a and 4b). Neanderthals have significantly larger
cervical root diameters than RMH. Consistently, in Neanderthals, the root surface area
is greater on the labial side than on the lingual side, for both maxillary and mandibular
teeth.

In recent modern humans, the canines and the mandibular lower incisors show a
similar proportion of root surface area on the lingual and labial sides, the lingual surface
being greater in central incisors, while the labial surface is larger in maxillary lateral

incisors.
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PART 2

Table Sa. Mann-Whitney L'test results for the comparison of the crown and root dimensions in the upper dentition between
recent modern humans and Meanderthals.

']

I P c
Mue=17  Np=24 Mu=18  Ny=22 M=12  MNy=12

CrLL [mm] Untin 13 0 0

p 4.92e-09 L7Ge-11 7.40e-07
CrPV [mm’] Uin 63 30 8

p 9.03¢-05 4.92e-07 4.960-05
R(MD) [mm] Untin 57 8 53

o 38005 I.16e-09 1.48e-05
R{LL) [mm] Utin 2 0 ]

p 5.28e-11 176e-11 7.40e-07
RL [mm] Ui 29 5 2

I 2.85e-07 326010 2. Qbe-IN
RSA [mm] Ui 24 0 1

p 9.58¢-08 L76e-11 1.48e-06
RSA lab [mn’] Ustin 7 0 1

P 5.94e-10 1.76e-11 1.48e-06
RSA ling [mm?] Ustin fil 2 9

p 6.89-05 7.06e-11 70705
CA [mm?] Ui 12 0 0

p 3.56e-09 L76e-11 740e-07
RV [mm’] Usiin 19 0 1

g 2.75e-08 L76e-11 1.48e-06
RPV [mm'] Ussin 29 i6 0

[ 2 88e-07 LGle-08 7.A0e-0F
CrLL/RL Ustin 81 150 38.5

P Fbe-d ns ns
R{LLYR{MD) Usia 201 192.5 46

”» s ns ns
RSA labvling Ustia 4 50.5 0.5

P 1.3%-10 7.280-05 0015
RSACA Untia 82 95 39

P 7.55e-iM o034 ns
CrPVIRPY Ui 125.5 133 51

P 0037 ns ns
RPVIRV Ui T4.5 113.5 18

P 368t a2y 1.02e-03

Minimal U values and p values [bold when statistically significant] are reported. Variables investigated are the maximum crown labio-lingual
diameter (CelL), the crown pulp velume (CrPV), the mesio-distal root diameter {R{MD)), the labio-lingual root diameter (RILL}), the roo
length (RL), the root surface arca (RSA), the surface areas of the labial and of the lingual aspects of the root (RSA lab and RSA ling
respectively), the cervical area (CA), the total root volume (RV), the root pulp volume (RPY) and their ratios,
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Table &b, Mann-Whitney {ftest results for the comparison of the crown and root dimensions in the lower destition between
recent modern humans and Meanderthals,

h I z,

Nw=17 N=39 Niw=1% My=47 Niw=16 M=23

CrLL [mm] Unia 0 9 i

Il 1.02e-14 1.89e-12 4. 7Te-06
CrPV [mm’] Usia 194 199.5 121

] Xk o2 s
RIMIZ) [mm] 17 45 53 56.5

] 2ie-13 X.150-008 0.6 3
R(LL) [mm)] Usiim 4 30 9

o L84e-13 Sdle-10 4. 2005
RL [mm] Ui 19 29.5 455

] 3 7Ge-11 4.8]e-10 24205
RSA [mm?] Ut 1 I 35

P 3014 4.300-14 I He-06
RSA lab [mm’] Usiia i 2 15

P 602014 B.6ile-14 F63e-08
RSA ling [mm’] Usiin 36 Se56 8

P 1.73e-08 4.37e-08 36505
CA [mm?] Uniin 2 34 55

o G.12e-14 1.29e-09 o.0001
RV [mm’] Ut i 1 ]

P L02e-14 4.30e-14 Libe-F
RPY [mm’] Ut 4 425 76

P L1909 5.83e-09 L1007
CrLL/RL Uniia 210 248.5 13

P 0.029 s o042
R{LLVR(MD) Usaia 2535 299 180

P ns s 15
RSA labling Ui 172 75 109.5

P Lo 5.989e-07 0033
RSAICA Usgia 88,5 86,5 it

P 1.88e-06 1006 3.7Te-M
CrPViRY Ut 145 145.5 114.5

o . 16e-04 1.190-03 o7
RPV/RPY U 2825 2335 184

P ns s %

Minimal U values and p values [bold when statistically significam] are reported. Variables investigated are the maximum crown labio=lingual
diameter (CrLL), the crown pulp velume (CrPV), the mesio=distal rool diameter (R{MIDN)), the labio-lmgual root diameter (RILL), the root
length (RL), the root surface area (RSA), the surface areas of the labial and of the lingual aspects of the root (R3A lab and RSA ling
respectively ), the cervical area (CA), the total root volume (RV), the root pulp volume (RPY} and their ratios.
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Root pulp volume is the most variable parameter measured (highest coefficient
of variations in Tables 4a and 4b). In the maxillary anterior teeth, the proportion of pulp
to the total root volume is significantly greater in Neanderthals than in RMH.
Neanderthals have proportionally a larger pulp cavity (SOM Table 5a). The ratio
CrLL/RL and the proportion of pulp in the crown and in the root only differ for the I,
i.e., compared with RMH, Neanderthals have a proportionally longer root for the size of
their crown and they have relatively more pulp in the root than in the crown. In the
mandibular dentition, the proportion of radicular pulp to the total root volume is overall
similar in both taxa (SOM Table 5b). In contrast, Neanderthals have a relative larger
radicular pulp for their coronal pulp volume, a relatively larger root for their crown size,
and finally a labio-lingually broader cervix (CA, SOM Tables 5a and 5b) for the surface

area of their root, compared with RMH.

The EMH from the Near East and Morocco are intermediate in root size between
Neanderthals and RMH. Since our sample sizes of EMH are small, we also ran the
Mann-Whitney U tests to compare EMH both with Neanderthals (SOM Tables 6a and
6b), and with RMH (SOM Tables 7a and 7b). The differences seem to be stronger
between the Neanderthals and EMH, and more visible for the root surface area and
volume in the lower dentition than for other measurements. Overall, the proportion of
CrLL/RL, CrPV/RPV and RPV/RV do not differ significantly between EMH and the
two comparative groups (RMH and Neanderthals, see Tables 4a, 4b, SOM Tables 5a3,
5a4, 5b3, 5b4, 6a and 6b). The UPEPIH always plot in the upper portion of the RMH

variation.

Figure 3 gives an overview of the variability in root length and root pulp volume
in our samples. Specimens represented are close to the mean of their taxonomic group.
A chronological trend can be identified in Figure 4 when the root length is plotted
against the maximum crown labio-lingual diameter. Neanderthals prior to MIS 4 are
more robust in size than the rest of the Neanderthal sample, with greater variability.
However, the fact that MIS 3 Neanderthals seem to have less variability in root and

crown dimensions could be due to small sample size.

CROWN SIZE-ROOT SIZE CORRELATIONS

Overall, root size (root length) does not correlate with crown size (labio-lingual
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diameter) in either Neanderthals or RMH (Table 6, p>0.05), except for the recent
modern human mandibular canine. Similarly, root length is not correlated with any of
the root diameters overall, except in the recent modern humans for the mesio-distal root
diameter in the upper and lower canines, and for the labio-lingual root diameter in the
central incisors and the lower canines. On the contrary, root length and root surface area
are highly correlated for each tooth type in both taxa. The signal is weaker for the
correlation between cervical and root surface areas (Table 6). In Neanderthals, only the
correlations for maxillary and mandibular lateral incisors reach significance, whereas
only the upper canines do not show significant correlations in RMH. Root pulp volume
and total volume are not correlated (except for the lower canines in RMH) in either of
the taxa tested. Neanderthals, having overall more voluminous anterior roots, show a
much larger variability in their root pulp volumes than RMH. The volume of the pulp in
the crown is correlated with the pulp volume in the root, except for the lower canines in
both taxa, and for the lower lateral incisors in Neanderthals.

TOOTH WEAR AND ROOT PULP VOLUME

As explained in the Method section, Figure 1 highlights the deposition of an evenly
thick layer of secondary dentine on the walls of the pulp chamber in some of the
Bourgeois-Delaunay teeth. This phenomenon could possibly account for the large
variability in pulp volume, observed in our samples. This could be related to the amount
of wear found in our Neanderthals. To test this hypothesis, we scored the wear in our
total sample following Smith (1984), and computed again the descriptive statistics for
RPV, excluding from the samples the teeth with a considerable amount of wear (only
stages 1 to 4 were kept, SOM Tables 8a and 8b). We are aware that the Neanderthal
teeth are worn faster (in the frame of the teeth-as-tools hypothesis) over a shorter
lifespan than in recent modern humans. Moreover, whereas the daily secretion rate of
dentine is approximately the same between both taxa, the formation of the dentine in
Neanderthals is faster (i.e., the root grows faster, Smith et al., 2010). This means that for
a given stage of wear, a Neanderthal would have less secondary dentine deposited than
an extant human. Our results show that Neanderthals still have significantly larger pulp
volumes than RMH, for all tooth types, while only their lateral incisors are significantly

more worn (p<1.0e-3 and p<0.05, respectively, SOM Table 8c).

89



*21qissod 10U SEM S|RLIDIEL [RIUIP Y10 UIIMIDG



PART 2

—

20

Figure 4. Pattern suggesting a chronological trend in our crown and root size data. A
gradient is clearly visible, from the older specimens (at the right) toward the more
gracile recent modern humans (at the very left). Note the smaller variability of MIS3
Neanderthals (this is possibly due to small sample size).

HYPERCEMENTOSIS

Hypercementosis was identified only (and in almost all specimens) in
Neanderthals, in both upper and lower teeth. However, we were able to segment the
cementum in eight maxillary teeth (six canines and two incisors) from Krapina, La
Chaise-Abri-Bourgeois-Delaunay and Combe Grenal. We have however observed that
the layer of cementum has often certainly been taphonomically broken, for instance in
the Krapina specimens (Fig. 5), which implies that our preliminary quantifications
underestimate the real amount of hypertrophic cementum developed on these teeth.

These findings have been confirmed by direct observations on the original specimens
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from La Chaise and on pictures of the Krapina teeth. The proportion of hypertrophic
cementum to the total volume of the root varies from 2% to 21% (Table 7). To better
visualize the distribution of hypertrophic cementum, we computed the distance between
the surfaces of underlying dentine and the layer of extra cementum. In Figure 5, the
thickness of hypercementosis is expressed using a colormap. The scale is the same for
all specimens to allow for an easier comparison. We observe a greater accumulation of

hypertrophic cementum on the lingual and mesial aspects of the apical third of the root.

MULTIVARIATE STATISTICS

The results of the PCA and CVA analyses performed on our crown and root data
(PC1 plotted against PC2 in Figs. 6a, 6b, 6¢, SOM Fig. 1a, 1b and 1c) show a gradient
from the robust early Homo, and progressing gradually towards the Neanderthals to the
EMH, the UPEPIH and finally to the more gracile RMH group. For each tooth type,
PC1 represents ‘size’ as the PC1 loadings are fairly similar for all of the variables
considered in this analysis (Table 8). When PC2 is plotted against PC3, all groups
overlap (Figs. 6 and SOM Figs. 1).

SHAPE OF THE CERVICAL LINE AND OF THE ROOT SURFACE

Since our data mainly reveal differences in overall size, the cervical shape
analysis attempts to detect a morphological difference in shape at the cemento-enamel
junction and on the root surface among our Neanderthal, EMH and RMH samples.
Group mean differences in cervical shape and root shape reach statistical significance
for all tooth types. The same pattern seems to emerge for all tooth types from the
comparison of the Neanderthal and RMH mean root shape. For all tooth types, the mean
shapes are different in shape space, but there is an overlap between groups even for
tooth types for which separation is the best, such as the upper lateral incisor (Fig. 7).
Therefore, we will limit the presentation of our results to this tooth type. Neanderthals
have a more infero-superiorly convex root labially, with visibly more dentine spread on
this surface, and a more infero-superiorly concave lingual root surface. We clearly
noticed a greater curvature of the mesial and distal aspects of the RMH cervical line.
This may be correlated with the fact that the cervical two thirds of the lingual aspect of

the root are broader in RMH, more markedly than for the other tooth types. Despite the
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PART 2

Table 8. Loadings of the first principal component [PCI1] revealing a size gradient from
Neanderthals to recent modern humans,

I I* (55 Iy I C,
R(MD) -0.28908 0302567 -0.29914 031113 -029104  -0.30773
R(LL) -0.32824 0326882  -0.31775 033042  -0.32835  -0.32621
RL 031737 0305195  -0.30391 -0.29788  -0.30449  -0.31148
CrLL 031305 0320843  -0.31889 032247  -031654 -0.31078
RPVA(1/3) 0.26658 0266626 -0.31116 024614  -0.26416  -0.25226
RVA(1/3) -0.34226  0.332664  -0.34524 -0.33994  -0.34254  -0.35221
RSAM(1/2) 0.33876 0332566  -0.33996 033726 -0.34025  -0.31863
RSA lab’(1/2)  -0.32625  0.324471  -0.32464 -0.32307  -0.33051  -0.31878
RSA ling*(1/2)  -0.30986  0.313871  -0.30026 -0.31056  -0.30452  -0.32418
CA™(1/2) -0.32334 0330704  -0.29726 -0.33256  -0.33123  -0.33069

* 1/2) = the square root of a variable.”(1/3) = the cubic root of a variable.

fact that differences in root shape reach statistical significance and mean shapes do
differ, the distinction among isolated teeth of Neanderthals, EMH and recent modern
humans remains difficult, as distributions of the three groups in the PCA in shape space

display a large amount of overlap for the other tooth types.

TAXONOMIC AFFINITIES FOR DEBATED SPECIMENS

Two isolated incisors labeled as ‘Steinheim’ at the Staatliches Museum fur
Naturkunde in Stuttgart, Germany, and stored in the same box as the Steinheim skull are
in fact of uncertain origin. There is no mention in the literature of their discovery at the
Steinheim quarry (Gieseler, 1971; Adam, 2003), and no manuscript record of their
possible association with the Steinheim skull (personal communication from Reinhard
Ziegler, curator at the Staatliches Museum fur Naturkunde). Our results show that the
two isolated incisors from Steinheim are clearly classified as recent modern humans
(Fig. 6b and SOM Fig. 1a), questioning the suggestion that they belong to the Steinheim
skull, and even to the Steinheim site. Even in the root shape analysis (Fig. 7), the upper
lateral incisor from Steinheim plots in the middle of the RMH distribution.

Regarding the Tabun C2 mandible, all root and crown measurements show
robust and large anterior teeth. Regarding the ratio CrLL/RL, Tabun C2 falls within
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Figure 7. Root surface shape analysis in the maxillary lateral incisor. The
superimposition of the Neanderthal (red) and of the recent modern human (blue) mean
root shapes (A) allows us to see that the Neanderthal root is broader and more supero-
inferiorly convex labially. This pattern is consistent for all tooth types. The PCA plot
(B) shows separation between both groups despite a little overlap and that the
Neanderthals and recent modern humans mean shapes are significantly different.
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the lower end of the Neanderthal variation while it is excluded from the EMH
variability (SOM Table 5b1). Compared with Neanderthals, Tabun C2 has a longer root
and a smaller crown, for all anterior teeth (SOM Table 5b1, Table 4b). The Tabun C2
clearly plots with the Neanderthals in the PCA (Fig. 6a, SOM Fig. 1b and 1c), while it is
more intermediate between Neanderthals and EMH in the CVA. Posterior probabilities
attribute this specimen to EMH for the incisors, while the mandibular canine
equiprobably attributes the Tabun C2 specimen to Neanderthals or recent modern
humans. The anterior dentition of Tabun C2 displays closer affinities with Neanderthals
in terms of size. Regarding root shape, the mandibular teeth do not allow for a good
separation among groups in shape space, therefore Tabun C2 always falls in the

overlapping area.

Finally, the taxonomic affinities of the five isolated teeth from the Kebara cave
show that, for all of the analyses on the root and crown dimensions, KMH 27 (an I2) and
KMH 28 (an 1) are likely to be attributed to Neanderthals (Fig. 6b and SOM Fig. 1b).
In terms of root shape, KMH 27 still plots with the Neanderthals in shape space,
whereas KMH 28 rather plots within the RMH distribution. The case of KMH 31 (a
mandibular canine) is less clear-cut since the CVA classifies it as a modern human and
the PCA places it in the Neanderthal cluster (SOM Fig. 1c). The root shape analysis
instead places KMH 31 close to being within the Neanderthal cluster but also very close
to the overlapping area with RMH. Keb90-E19R2 (a maxillary canine) falls within the
recent modern human variation, posterior probabilities classify it as being closer to
EMH than to RMH and its root shape is modern-human like. Lastly, KebA5N13-463
(an 1) plots in the overlapping area between RMH and EMH, and is strongly attracted
by the EMH pole in the posterior probabilities (SOM Fig. 1b). Its root shape is rather
modern human like, but we must remain cautious since the distinction between groups

is poor for the mandibular second incisor.

DISCUSSION

This study improves our knowledge of the variability in anterior tooth root size
in Neanderthals, early modern humans and recent modern humans. This is of
considerable interest for the taxonomic attribution of isolated teeth in the context of an
unclear or disturbed stratigraphy, of remains that have been collected years ago during
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old excavations (i.e., the isolated teeth from Kebara), and finally to contribute in
discussing the status of debated specimens (such as Tabun C2). By using micro-
computed tomography, yet undocumented aspects of the incisor and canine root
morphology are reported, including root volume and surface area, root pulp volume, as
well as the cemento-enamel junction and root shapes. In addition, this technique allows
for the considerable broadening of the sample of in situ teeth for which the roots were
previously inaccessible for study. Previous studies have stated that anterior tooth root
length effectively distinguishes Neanderthals from RMH (Paquette, 1985; Smith and
Paquette, 1989; Bailey, 2005). Our study confirms this finding with a geographically
and chronologically larger sample, and draws attention to the overlapping distribution
of these two taxa. In addition, we show the overlapping position of early modern

humans, and document Upper Paleolithic and Epipaleolithic specimens.

TAXONOMIC IMPLICATIONS

Our data on root length enlarge the ranges provided by Bailey (2005) (See
Tables 4a and 4b). Out of the four MIS 3 Sima de Las Palomas (SP) anterior teeth
described by Walker et al. (2008), which had root length inferior to the ranges reported
by Bailey (2005), only the SP26 mandibular canine remains out of our ranges with
extremely short roots (14.5 mm whereas our minimum for the Neanderthal lower
canines is at 16.05 mm, Table 4b). Neanderthals not only have overall longer anterior
tooth roots than recent modern humans, but they also have significantly larger cervical
root diameters, cervical area, root surface area, root volume, and root pulp volume, and
as well as different cervical and root shapes. The larger root volumes in Neanderthals
are expected since the root extension rate has been shown to be faster in Neanderthals
than in modern humans (Smith et al., 2010). Regarding this difference in root shape,
Koby (1956) and Trinkaus et al. (2000a) already qualitatively reported a labial
convexity on the root of the Neanderthal permanent maxillary incisors of, respectively,
Saint-Brais 11 (an I') and of Aubesier 4 and 9 (a left and a right ). Bermidez de Castro
(1988) also described this morphology in the maxillary lateral incisors of Sima de los

Huesos.

One surprising finding in this study concerns the two Steinheim incisors. Both

teeth, and in particular the maxillary lateral incisor, unexpectedly fall in our recent
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modern human variability for all analyses performed. This questions the suggested
Middle Pleistocene nature of these teeth. After careful observations of the skull, it
appears very unlikely that they could refit on the Steinheim skull. After further
investigation in the literature reporting the conditions of the discovery of the Steinheim
remains and through communication with the curator in charge of the Steinheim skull, it
appears that those dental remains have been stored by accident with the Steinheim skull,
leading to this taxonomic confusion. Our analysis of root dimensions has allowed us to
detect this and to safely rule out the option that those teeth could belong to the

Steinheim cranium.

In addition, our data have yielded a comparative framework for studying five
isolated teeth from the Kebara cave. Only two remains can be safely attributed to
Neanderthals (KMH 27 and KMH 28). However, a large tooth could be erroneously

classified as a Neanderthal.

The Tabun C2 mandible shows an anterior dentition fitting within the
Neanderthal range of variation. In light of these results, we also examined its molar root
morphology on the micro-CT scans. If Tabun C2 would actually have closer affinities to
Neanderthals in root morphology, one would expect to see pyramidal or taurodontic
roots (see Kupczik and Hublin, 2010). The crown body to root ratio defined in Wright
(2007), here measured on the right molars of the specimen of interest, allows for a quick
identification of taurodontism on 2D images. Actually, in contrast with the Neanderthal
pattern, Tabun C2 has cynodont molar roots (all ratios being inferior to 1.10 with 0.65
for the first molar, 0.99 for the second, and 0.81 for the third molar). This means that
the mesial and the distal roots diverge quite rapidly below the cervical plane and the
pulp chamber clearly splits into two root canals over the three-quarters of the total root
length (Fig. 8). Contrasting interpretations of the specimen have been proposed. On the
one hand, Vandermeersch (1981) underlines the closer affinities of the Tabun C2
mandible with the Qafzeh-Skhul cluster rather than with Amud-Shanidar-Tabun C1.
Rak et al. (2002) also show that the mandibular ramus morphology places Tabun C2 in
the modern human cluster. On the other hand, Stefan and Trinkaus (1998) conclude to a
stronger affinity with Neanderthals by studying the mandibular morphology and the size
of the tooth crowns in the anterior dentition. Based on overall and symphyseal
mandibular morphology, Schwartz and Tattersall (2000) also reject the idea that Tabun
C2 is a modern human, and conclude that due to closer affinities with Neanderthals, it is
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were yielded by Tabun B type Mousterian layers (Bar-Yosef, 1998; Quam and Smith,
1998; Bar-Yosef and Callander, 1999). It has therefore been suggested that the burial of
the Tabun C1 skeleton could actually be intrusive from layer B into the top of layer C
(Rak, 2002). Primarily, our results confirm the mosaic and ambiguous nature of the
Tabun C2 specimen. However, one should emphasize that, as long as only the features
entertained in this study are concerned, the most primitive representatives of the EMH
group might be practically indistinguishable from Neanderthals. This might well be the
case with Tabun C2 and anterior root length alone should not be considered as sufficient

for taxonomic attribution in such cases.

POLARITY OF ANTERIOR TOOTH ROOT SIZE AND SHAPE

To assess the polarity of the root features that we have documented in this study,

we need to discuss the different visions of the history of the Neanderthal lineage, and
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the condition of specimens that are older than Neanderthals. It has been proposed,
especially with the accretion model (Hublin, 1998, 2009), that along their evolution
Neanderthals would have experienced a series of bottlenecks, periodically reducing
their effective population size, resulting in genetic drift and possible decrease in
morphological variability. Opponents (Hawks and Wolpoff, 2001) to this model
advocate that a multiregional evolution model would better explain the Neanderthal
morphology than a complete isolation of the Neanderthal populations. However,
observations based on genetic (Serre et al., 2004; Green et al., 2008, 2010) and
morphological studies (Trinkaus, 1993; Hublin, 1998; Maureille and Houét, 1998;
Harvati et al., 2010) brought support to the accretion model. Martinén-Torres and
colleagues (2012) refute the linearity of this model emphasizing that, based on discrete
crown features, the Sima de Los Huesos individuals are more similar to Neanderthals
than are Mauer, Arago and even some of the classic Neanderthals. Thus, these authors
instead suggest the coexistence of several distinct human lineages in the European
Middle Pleistocene (Martindn-Torres et al., 2012). This argumentation assumes that
Mauer, Sima de Los Huesos and Arago are close in age, which is to date not generally
accepted (Hublin, 2009; Endicott et al., 2010). Our data show that MIS 3 Neanderthals
tend to have a lower variability in terms of crown and root size than pre-MIS 4
Neanderthals (Fig. 4), which would be consistent with the predictions of the accretion

model. However, further investigations with larger sample sizes need to be conducted.

Our Lower and Middle Pleistocene specimens (Sangiran specimens, KNM-WT
15000 and Mauer) display an anterior tooth root size range that is equal to or greater
than the Neanderthal condition. Since no further micro-CT data were accessible to study
a large amount of Lower and Middle Pleistocene specimens, we relied on information
collected from the literature to document crown size (labio-lingual diameter) and root
length when available (See SOM 9 Tables 1 and 2). This limits the interpretation of the
polarity in root character and a more detailed micro-CT study would improve the
overview provided here. SOM Fig. 2a and b show how specimens from Dmanisi, Gran
Dolina ATD6-H1, Sima de los Huesos, Arago, Lazaret and Pesada plot within the lower
half of the Neanderthal variation, although the lower central incisor of Sima de los
Huesos, two teeth from Dmanisi (D2677 and D2736) fall in the upper range of the
Neanderthal distribution (see the results of our adjusted z-scores SOM 9 Table 3). We

also collected root length data from a few more Neanderthals specimens (SOM 9 Table
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3). They expectedly fall within the variation of our Neanderthal sample (SOM Fig. 2a
and 2b).

This suggests that overall large anterior tooth roots are a retained ancestral
condition, and not a Neanderthal characteristic. This has also been suggested by
Martinon-Torres et al. (2012) who, based on discrete crown traits, proposed that
Neanderthals would have retained ancestral characteristics present before the
divergence of modern humans and Neanderthals, and later lost in recent modern
humans. The Qafzeh and Skhul specimens overlap in distribution with Neanderthals and
recent modern humans, perhaps simply because they date to a time closer to the event of
divergence between modern humans and Neanderthals and are not yet derived for the
concerned features. Interestingly, the much older Qesem mandibular canine
(Hershkovitz et al., 2011), whose taxonomic status is uncertain, also falls in the area of
overlap of our Neanderthals and early modern human distributions (SOM Fig.2a) in a
similar way to Tabun C2. Alternatively, some have speculated that Qafzeh could be the
result of the hybridization between Neanderthals and early modern humans in the
Middle East (e.g., Martindn-Torres et al., 2012). Although it is impossible to test this
hypothesis with our data, which is compatible with genetic data (Green et al., 2010), it

cannot be excluded for Tabun C2.

In a previous study showing that root size is not correlated to mandible size (Le
Cabec et al., 2012), we have highlighted that short roots in recent modern humans may
result from a negative evolutionary allometry, whereas long anterior tooth roots in
Neanderthals and early modern humans could be a retained ancestral condition. This is
supported by the position of the European Middle Pleistocene specimens in comparison
with our Neanderthals (SOM 9). The size gradient revealed by our data implies that a
Neanderthal with relatively short roots (such as Scladina or Le Moustier 1) could be
erroneously classified as a modern human, while a long-rooted early modern human
(e.g., Dar-es-Soltane 11 H4) would be attributed to the Neanderthal group. However, the
distinction between RMH and Neanderthals is clearer since the distributions overlap
very little. Therefore, root dimensions do prove to be helpful in attempting to discuss
taxonomic attributions for specimens that were found out of any clear and in situ
stratigraphic context, or in defining taxonomic affinities for debated specimens. This

has also been shown for molar tooth roots (Kupczik and Hublin, 2010). Our large
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geographical and chronological samples provide us with a reasonable overview of the
variability of anterior tooth root morphology along the Neanderthal lineage.

It is worth highlighting that these quantitative data and discussion focus on the
permanent anterior dentition, but, to our knowledge, no quantitative studies are
currently available yet for the root morphology of the deciduous dentition. However,
qualitative description of Neanderthal deciduous teeth (incisors and canines) also
underscores the fact that Neanderthal deciduous anterior teeth have labio-lingually
larger crowns, more robust and longer roots, and larger pulp cavities than modern
humans (Thoma, 1963; Ménard, 1984; Defleur et al., 1992; Vega-Toscano et al., 1994;
Trinkaus et al., 2000b). Regarding root shape, Thoma (1963) observes a labial
convexity similar to the permanent anterior teeth, whereas Ménard (1984) describes a
lingual convexity, and others (Patte, 1962; Ménard, 1984; Defleur et al., 1992) a root
labially straight or flat. Patte (1962) reports that in Krapina, while permanent incisors
are found with a marked angle between the crown and the root (collum angle),
deciduous incisors with a perfectly flat long axis have been found. In their study on the
dental remains from La Grotte du Renne (Arcy-sur-Cure), Bailey and Hublin (2006)
conclude that the maxillary deciduous incisor crowns of Neanderthals present discrete
features (e.g., shoveling, labial convexity) that are present in the permanent teeth,
although to a lesser frequency. This shows that for both dental generations,
Neanderthals have overall larger teeth and also longer roots than recent modern humans.
This would be in favor of a common ontogenetic signal in both dental generations,
although the developmental pathways may differ. This latter hypothesis has been raised
by Hughes et al. (2000) who stated that the deciduous crown size likely display a
genetic underpinning as do the permanent teeth. Regarding deciduous molars metrics,
Benazzi et al. (2011) also highlight the difference distinguishing Neanderthals from
Upper Paleolithic humans. We have previously hypothesized that the pillar-shaped
cross-sectional symphysis in Neanderthals could be an adaptation to allow large-rooted
anterior teeth to erupt in a symphysis of similar size as in recent modern humans (Le
Cabec et al., 2012).

In addition, recent studies have shown that both permanent and deciduous
dentitions seem to share the same pattern of maturation within a taxon (Bayle et al.,
2009a, b, 2010). However, it has been demonstrated in recent modern humans that both
enamel and dentine rates of formation are faster in the deciduous dentition than in

108



PART 2

permanent teeth (Liversidge and Molleson, 2004). Using Bayesian probabilities, Bayle
and colleagues (2010) have shown that the sequences of maturation (for both permanent
and temporary teeth) of the Roc-de-Marsal Neanderthal child and of the Gravettian
Lagar Velho 1 child are not found in their large comparative sample of recent modern
humans. Although different in sequences, both specimens share relatively delayed
incisors and relatively advanced molar calcification for both dental generations. In
contrast, the Upper Paleolithic La Madeleine 4 child absolute tooth size and relative
dental tissue proportions fits within the range of recent modern humans (Bayle et al.,
2009a).

Since we have highlighted a negative allometry in root size of the permanent
anterior teeth in recent modern humans (Le Cabec et al., 2012), it would be worth
investigating whether the difference in root size between both dental generations is the
same for both taxa. If the deciduous anterior tooth roots were relatively larger than the
permanent anterior roots in recent modern humans, this would mean that the deciduous
dentition would have retained the ancestral condition in having long roots. We could
then speculate that this would have been lost in the permanent dentition displaying

shorter roots, to fit within a relatively smaller jaw in adult recent modern humans.

Overall, a better documentation of the early Homo anterior tooth root

morphology would be required to assert this pattern of polarity.

FUNCTIONAL IMPLICATIONS REGARDING THE ANTERIOR DENTAL LOADING
HYPOTHESIS

Despite the fact that we found no significant correlation between root size and
crown size, and although this was not explicitly tested here, root size (and shape) may
covary with crown shape. Indeed, Neanderthal maxillary incisor crowns have a
pronounced labial convexity and a typical shovel-shaped lingual morphology (Tratman,
1950; Smith, 1976a; Mizoguchi, 1985; Smith and Paquette, 1989; Crummett, 1995)
combining marginal ridges, a lingual fossa and a lingual tubercle. It has been proposed
by Kirveskari and Alvesalo (1979) that shoveling (depth of the lingual fossa, in their
study) varies with positive allometry with the mesio-distal diameter of the crown in
maxillary incisors of modern humans. In comparison with hominids and modern

populations, what characterizes Neanderthals for these non-metric traits is their degree
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of expression as well as their frequency of occurrence (Bailey, 2006). Shoveling seems
to be at least partly inherited genetically (Portin and Alvesalo, 1974; Blanco and
Chakraborty, 1976), and it has been hypothesized that its strong prevalence in
Neanderthals would be a retained ancestral characteristic (e.g., Bailey and Hublin,
2006).

Since the anterior teeth are often heavily worn and sometimes even show an
irregular pattern of wear (Smith, 1976a, b; Wolpoff, 1979; Puech, 1981; Ungar et al.,
1997), it has also been proposed that shoveling, involving both enamel and dentine
(Tratman, 1950), would be a functional adaptation to optimize the incisal surface while
wearing it down during incision, as well as during para- and non-masticatory processes
(Trinkaus, 1986). This has been suggested as well by Bermudez de Castro (1993) for
the Sima de los Huesos hominids. Although he acknowledges the fact that Middle or
early Late Pleistocene hominids have used their anterior dentition for non-masticatory
purposes, he cannot confirm the hypothesis according to which their craniofacial
morphology and their dental dimensions would be driven by an adaptation to high loads
on the anterior dentition. Clement et al. (2012) reach the same conclusion for
Neanderthals by examining tooth wear patterns. They further conclude that the amount
of wear in the EMH is similar to that seen in Neanderthals, suggesting that EMH would
have applied at least as high or as frequent loads on their anterior teeth, as Neanderthals.
On the contrary, Krueger (2011) shows that the microwear pattern observed in EMH
only testifies to a little amount of non-dietary anterior teeth use in these hominids. If the
maxillary incisor crown is modeled as a wedge, an acute apex angle will remain sharp
throughout the incision of tough and hard food, while a broader incisal edge would wear
down blunt and lose efficiency in breaking hard food items (Ang et al., 2006). However,
using FEA on the maxillary incisor crown, Magne and colleagues (1999) have shown
that the lingual concavity of the modern human maxillary incisors represents an area of
stress concentration, when the tooth is loaded on the incisal edge, perpendicular to the
tooth axis. They state that the marginal ridges and the cingulum contribute to the
decrease in the stress level on the lingual aspect of the crown. In this perspective, the
pronounced lingual tubercle in Neanderthal incisors would represent an even more
optimized adaptation to decrease the amount of stress generated from heavy or frequent
loads on the labial portion of the anterior teeth.
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Moreover, looking at fracture patterns by experimentally loading incisor and
canine teeth, Schatz et al. (2001) find that upper canines display the best resistance to
fracture. In contrast, maxillary and mandibular incisors have the smallest resistance to
fracture, hence the advantage of having some kind of hyperstructures on the crowns that
can already decrease the amount of stress to be transmitted to the root (Schatz et al.,
2001). In this context, a larger root and a greater root surface area would further
improve the sustainability of the tooth to high loads on the anterior dentition. In the
present study, the maxillary incisors yield the strongest differences in root shape. Schatz
et al. (2001) also conclude that root length is directly correlated with fracture energy,
and a tooth with greater root length or surface area will better resist a force with a large
magnitude than a short root with a small surface area. A greater root surface area would
improve the attachment of the tooth in the jaw by increasing the surface of contact
between the periodontal ligament and the supporting bony structures (e.g., Smith, 1983;
Kupczik and Dean, 2008; Kupczik and Hublin, 2010). Kloehn (1938) pioneered the
field of research on root surface area. He demonstrated that in any mammalian
dentition, root surface area reflects the occlusal loads, which yields information on the
dietary specializations and on the material properties of the processed items (food or
others). This has been further investigated in primates (Spencer, 1998a, b, 2003;
Kupczik and Dean, 2008). Kloehn (1938: 230) further claims that in the modern human
dentition, “almost universally the greatest [root] surface is presented on the side where
tension is known to occur.” Hylander (1977) reports a larger root surface area on the
lingual side of Inuit vertically positioned maxillary incisors. He interprets this as an
effective manner to concentrate a greater amount of periodontal fibers where
compressive forces occur, which contradicts Kloehn (1938) who predicted a larger
surface area on the labial side of the root. Our size and shape data reveal a greater root
surface area on the labial side of the Neanderthal anterior teeth, which rather brings
support to Kloehn’s (1938) views.

If Neanderthals were using their anterior teeth as a ‘third hand,” the force
applied on the maxillary front teeth would be linguo-labially oriented, and as predicted
by Trinkaus (1978) an increase in labio-lingual diameter would be adaptatively
advantageous. Such a force applied on the crown of a single-rooted tooth results in a
slight rotation of the tooth around a fulcrum located between the half and the third of

the apical part of the root (Smith and Burstone, 1984). This would produce compression
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on the lingual apical half of the root and tension on the labial apical half. Such a loading
regime is conceivable with clenching a piece of frozen meat (Barrett, 1977) or leather
between the upper and lower front teeth. Our results are in agreement with Kloehn’s
(1938) prediction that the greater surface area occurs on the side of the root where
tension occurs. Nonetheless, the combination of mid-facial prognathism, the large
collum angle (crown-to-root angle) and labial convexity may change the pattern of
distribution of stress. Harris and colleagues (1993) have proposed in a clinical study that
class 11l malocclusion (mandibular protrusion, maxillary retrusion, both combined, and
edge-to-edge bite as seen in Neanderthals) would developmentally induce a large
collum angle, the crown being torqued lingually to the root axis. This strong angulation
between the crown and the root in Neanderthals (Koby, 1956; Patte, 1960; Brabant and
Sahly, 1964; Legoux, 1976) would be linked with the edge-to-edge occlusion.
Therefore, a more convex labial root surface could be seen as an adaptation for a
compromise between craniodental morphology and a highly demanding loading regime

exerted on the anterior teeth.

Another adaptation lies in having an increased pulp chamber volume, which
would improve the supply of nutrients for the tooth, but would also allow for deposition
of tertiary dentine (as seen on the incisal surfaces of the Krapina 58 and 59 mandibles;
also reported as ‘secondary dentine’ in some Neanderthal molars in Kupczik and
Hublin, 2010) as compensation for high attrition rate, always keeping a minimum

volume of pulp (Berry and Poole, 1976).

Another possible adaptation to sustain high or frequent occlusal loads on the
anterior teeth has been observed in our samples in the form of hypercementosis.
Hypertrophic cementum has been clearly identified and reconstructed in 3D for some of
our Neanderthal maxillary canines and incisors (Fig. 5). The etiology of
hypercementosis remains unclear although it is known to occur in normal vital teeth,
with a possible correlation with age (e.g., Dastmalchi et al., 1990) and severe attrition
(Gardner and Goldstein, 1931; Comuzzie and Steele, 1989; Gilbert, 1992; Trinkaus et
al., 2008), and with stress due to traumatic occlusion (Guttman, 1912; Tratman, 1950;
Weinberger, 1954; Spouge, 1973; Hylander, 1977; Garralda et al., 2004; Pinheiro et al.,
2008; Waters-Rist et al., 2010). Several scholars have suggested that the appositional
growth of cementum would preferentially occur under tensional forces, especially on
the distal aspect of post-canine teeth during mesial drift (Dastmalchi et al., 1990;
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Bosshardt and Selvig, 1997). In the frame of the teeth-as-tools hypothesis, and under the
assumption that the tooth has a fulcrum between mid-root and the cervical root third,
compressive forces would occur on the lingual aspect of the apical root third and on the
labial aspect of the cervical root third. Tensional forces would occur on the labial aspect
of the apical root third and the lingual aspect of the cervical third of the root. Our
observations reveal that the repeated and frequent compression produced on the root
may result in an excessive secretion of cementum on the lingual aspect of the apical root
third. The surface of the hypertrophic cementum is markedly irregular since it is not part
of the normal development of the tooth, but it can rather be seen as an active and
constantly updated response to the biomechanical environment of the root, which is in

agreement with what Kovacs (1967) called the “‘eruptive phase’.

Cases of hypercementosis have already been reported for several Pleistocene
hominin dental remains (Patte, 1960; Antunes and Cunha, 1992; Garralda and
Vandermeersch, 2000; Henry-Gambier et al., 2004; Trinkaus et al., 2008; Martinon-
Torres et al., 2011). Our results confirm Hartney’s (1981) observations stating that
hypercementosis seem to predominantly affect the maxillary dentition. Weinberger
(1954), Bosshardt and Selvig (1997) and Martinon-Torres et al. (2011) noticed a larger
amount of extra cementum on the mesial and distal aspects of the roots. On the contrary,
and in agreement with what some authors have also observed (Philippas and
Applebaum, 1967; Solheim, 1990), the hypertrophic cementum accumulates to a greater
extent in our sample on the lingual and mesial aspects of the apical root third. Our
observations of ‘compensatory hypercementosis’ (Pedersen, 1949) on the upper canines
in Neanderthals are in agreement with Merbs’ (1968) report on the use of the anterior
dentition as a third hand in Inuit populations. Merbs (1968) states that forces applied to
the lingual surface of the teeth will result in intense stresses in concentrated areas, and
particularly at the root apex. Observation of our micro-CT data has shown a quasi omni-
presence of hypercementosis on the apical portion of the incisor and canine roots in our
Neanderthal sample. The amount and the spread of the hypercementosis over the root
vary from one specimen to another (from traces to an amount comparable with the one
seen in Combe-Grenal 27 on Fig.5). These results are preliminary and pending on an
on-going study using new imaging techniques that will yield new insights into the
quantitative documentation of hypercementosis.

113



PART 2

In most modern clinical studies, hypercementosis is often seen as pathological
(Spouge, 1973). It can be encountered, for instance, in patients affected by Paget's
disease or by hyperpituitarism (i.e., acromegaly and gigantism, Pinheiro et al., 2008).
Considering the intense and peculiar use of the anterior dentition in Inuit populations
(Pedersen, 1949) and possibly in Neanderthals, we would argue that the frequent
secondary changes undergone by the radicular tissues throughout adult life should be

considered as common and non-pathological.

In conclusion, our observations on Neanderthals (larger anterior tooth roots,
differences in maxillary incisor root shape and hypercementosis) bring some support to
the ‘teeth-as-tools’ hypothesis (Brace et al., 1964; Smith and Paquette, 1989), or at least
do not falsify it. This hypothesis states that Neanderthals used their front teeth as a third
hand to perform para- and non-masticatory activities (e.g., 'stuff-and-cut' in Koby, 1956;
Brace, 1962, 1975, 1979; Wallace et al., 1975). Although no evidence of ‘para-
masticatory-related’ labial striations has been documented yet in early Homo (Lozano et
al., 2008), we could speculate that the large anterior teeth that we have documented in
this study could have been likely used in an opportunistic manner, as a third hand.
Wolpoff (1999) argued that the increasing use of the large anterior dentition in early
Homo would have to be related to the changes in technology involved in food
preparation. Since the hyperstructures of the incisor crowns of Neanderthals are more
strongly expressed than in early Homo, we can hypothesize that the Neanderthal
anterior dentition was subject to a greater stress concentration, and that tooth use
differed in intensity, frequency, and regarding the range of non-dietary activities

performed.

CONCLUSION

This study has shown with geographically and chronologically broad samples
that Neanderthals can be distinguished from modern humans using the size of their
anterior tooth roots, at least when terminal forms of both lineages are considered. Their
root shape is also significantly different, this difference being most evident in the
maxillary incisors. Moreover, our results reveal that Neanderthals dated after MIS 4

tend to show a reduced variability compared with older Neanderthals, and this is
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possibly related to genetic drift. We have further shown that the distribution of early
modern human dental dimensions overlaps with both Neanderthals and recent modern
humans. We identified a clear gradient in terms of tooth size, towards a gracilization of
the roots in recent modern humans. We have shown, with the isolated teeth from
Steinheim and Kebara Cave that anterior root dimensions can contribute to taxonomic
attribution of fossil dental remains from uncertain stratigraphic provenience or subject
to debate regarding their taxonomy. Since our early Homo specimens (Sangiran and
KNM-WT 15000) and Tabun C2 have somewhat ‘Neanderthal-like’ anterior root
dimensions, these large anterior tooth roots may not be a Neanderthal characteristic but
rather a retained ancestral condition still present even in the earliest forms of modern
humans. Nonetheless, the retention of longer roots and larger surface areas in
Neanderthals can be seen as a functional adaptation to high or frequent loads exerted on
the anterior dentition, as proposed by the ‘teeth-as-tools’ hypothesis. Preliminary results
show that the presence of hypercementosis on a significant proportion of our
Neanderthal teeth would lend some support to this, as a compensatory response to

abnormally high loads.
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The original micro-CT stack and the labels [of the model divided into crown and
root] were reoriented and resampled in Avizo, using as reference an oblique slice
oriented following the cervical plane previously defined to cut the tooth into
individualized crown and root. In order to avoid biasing our result because of the
resampling, we measured again on these new 3D models the root length, surface area
and volume, as explained in the Materials and Methods section. We artificially cut the
root tip in a plane parallel to the cervical plane using the crop editor in Avizo. The
missing part was modeled as an elliptic cone. This does not mimic a natural cut, which
would be irregular, but the goal of this experiment is to test the reliability of our
estimation of the height of the elliptic cone, which we estimated before our very eyes,
since the two radii are clearly identifiable on the scans at the break. After generating a
3D model from the artificially broken roots, we defined a labio-lingual plane by setting
three landmarks on the 3D models of the incomplete teeth: one at the center of a plane
parallel to the cervical plane at the broken apex and two landmarks at the greatest point
of curvature of the cemento-enamel line on the labial and on lingual side of the tooth. A
mesio-distal plane was similarly defined with the two last landmarks at the point of
greatest curvature on the mesial and distal aspects of the cemento-enamel line. Using an
oblique slice generated in Avizo 6.2, we resampled the micro-CT images according to
these two planes, to get the midsagittal labio-lingual and mesio-distal slices through the
broken root. Using a 3D linear measurement, we estimated the missing root length in
both orientations, based on the long axis of the tooth and on the thickness of the dentine
walls for the taphonomically broken teeth. These two measurements were then averaged
to get the height of the elliptic cone representing the missing portion of the root. In the
same way, we measured the radius at the break in the two planes, to get the major and
minor radii of the elliptic cone, parallel to the long axis of the tooth and perpendicular to
the height of the cone. The average height gives us the estimated missing root length,
while the missing root surface area and root volume are computed from the average
height and the two radii. Subsequently, we added these estimations to the actual
measurements to get an estimation of the total root variables. Those estimations were
then compared to the values measured on the intact specimens. The differences
expressed in percentages are listed in the table above. Overall, our method tends to
underestimate the actual values. Nonetheless, the descriptive statistics for each variable
show that this is reliable enough, and would still be more accurate than including the

incomplete value. In case of fossils, we consider that these approximations are
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reasonable since the real root apex is not as slender and regular as the elliptic cone
modeled and the fact that a root is never broken according to a plane exactly parallel to

the cervical plane.

119



PART 2

vl 209 901 9£91 80y ol 690 &1 g1 20 P 1 zin zeiadry
6591 FI'8 €1 $TEl gE | 1£°1 Tl EFT £y Pn d 1nn 9z1q dry
Ls6l ol 00T LSLl o0E ¥9T 9t 1 a91 el 1 1 n €21 diy
el 8L°8 CE'l  LeEl  GEF £l Tl 0l AT I P d 1n I 1-Bf-B]25
LaLl LLt oF'0  BILL  6FO 870 &0 'l g 150 1 4 1 | 4ansnopy a7
§¢°1E ILE 080 SL0T OR0  TLO BEO Ol LFT 650 P 4q DT 01 1D JopsSulyg
el LY E90 LLTI £90 190 #9060 II'T 8970 1 4q ar EOF-CINSVAH
Logl L 06’0 LL¥L 0610 E6'0 LEO ¥l Bz 590 ol k.| Zrl 80 HWX
£T¢1 08 EETL 6l EET O FITT IS0 91 g0 £ 1 k| (i | 0Z-e4-e2s
08°LI FI's  To'0 B9l gZ60 001 BLO O 9L g0F 26l 1 4q ar | nopanoday
£L91 66°C 0o ET91 05w £50 LYO £l cd’l 680 1 k.| ZI | 42NENOW ]
1+9l BI'¥ 690 TLSl 90 1l 9c’o 180 &Il £Fo 1 d i | nopanoday
sl €I 691 EEEl 6977 S 9l L B4 S 4 | 1 1 L1 | Py
06'Fl BI'LL  L9°1  ETEl  f97 aI'c L1l | 6¢ 8o 1 1 11 1 1ansno 2]
slog FO's TNl ElBl 20T 660 0L g0 R0 290 p 1 T {0005 I-LM-INNA
FE8I 08y 160 £6'L1 160 660 TR0 €1 681 640 P 1 an  vVooos-LA-IWNA
1Ll L&'L 0g’l 18sl o7 il s £l e arr 1 | ZIl 0S LS
A b FI'F 680 £90T 680 0T BRSO 601 SFT 240 1 1 an L LS
[ww] T4 |ww]  Junw]
mwse w0 D G e T a0 S oy s

suawnaads majdweow Ajewawdopaaap 1o padewep u suoipod [parde wol Suissiw 10] voneWNSa IFua] 100} BT GEL WOS

120



PART 2

‘wimuawad aydorpad iy uayosg awos Ljemoe s1 oo ay jo wed Suissiw
aup e jan AjySiy stu ] (nopanoday Jog ey 2anou ap (961 01 Jouadns uaym paulapun pue plog] paianasucial uasq sey 18U 100
Jo vorued aip Aq pouasaadar (pFua) 1oou eI 2 jo adeuaasad s s1 Ty S A8ee;, pue IFua] 1001 PAUNSEIW M1 puR IYF1aY aFR10AE 211
Fununs IFua] 1000 pAONNSUOIAT 2] S1 T wnsa mo ], ‘[mapdwosm os] qifua) wos pamseaw sy 10j SPUBls seaw Ty, “suonendwos
ISYUN) 10] pasn e L3i) 2dUIS PAZIM[EN MR AW, pum 7Y, C.c0Wd, csySiay qog jo afmsar s Joj Ay, pue Ajpanaadsar suepd
[EnU-01ge] SUY] U PUR [RISIP-01SILL S} UI PANSEIW 3U0d ay) Jo WFay o) 10) 170, PUB (TIAY. SHPED 104 J0 dFRIaAR S 10 A1, ‘STIpe
[endu-oiqe| sU 10) P4, ‘Auod andi@ sy Jo snIpel [BISIP-0ISH0 AU 10] SPUEs (W, “wawdopaap pue Awouoyde) usamiag uepasun
S1 HOSEA M) uats P, “Mapdwosm jpeuawdopanp so) p, yeag Eanuoucydey 10) 1, se Mapdwos 11000 2] AYs UOSE JU) PAODS 34

121

Tl S69 P80 SUIl  pRO IT1 SKO L0 260 980 1 1T U £71 4
(Trd! £8 SOl SEIl 0T a0 TUL Il 28T 260 1 ¥ 1N SS1 Lo
rerl 059  L60  LREl S0 L&D 960 80 280 980 1 ¥ un 7T 60
617l IFF €90 9SEl £90  E£60  TEOD 80 660 £50 p T Ul 6L1 DVIN
ehl 819 680 £¥El 680 L0l L0 €C1 zgZ MT 1 W 2 PH I 2umiing

-§3-4e(]
6R°El 0T SE0 ISEl BED 6F0D 970 60 28T PO WP ] 11 <1 yazyeQy
1L 9SPE SOt 99L  G0F Ot S0P 61 e g1 ! 4 TN TT Y9ZE0
01l 8581 97 ¥l 297 (8T L£T Sl 91 Fl 1 4 1N T PIED
6091 IS LFT T9El 4FE STT  R9T 0T ZfEZ £91 1 | 1 TTPEED
TLel OLr  S90  LOEL 590 180 BKO0 L0 201 1FO 1 o 1 11 Yyozyed)
S9°¢l OIT  9LT 6871 Q¢ 68T TI'E 0T £ 81 1 4 on SRR
69°L1 €€ ¥S0 SULL BEH L0 LED L0 £E80 S0 p ¥ 0N 91-ep-E2§
P0'ET 068  SOT 660 S0F  6TT  I81 L1 BT 89T 1 ¥ an [4 xep] og dry

Ju__s.hn_”._“ﬁ “H _ﬂ,“._ W_”M_L _.EE_ Jww]  Junwe]  Jwow]  Jwow]  Junw) asney OIS adsy —
AV TTIY QWY CAVE T ae oo,

[E0 ] adeey,  Gsp TH

panuiiog “eg AQRL WOS



PART 2

b1 il B 870 3 o | onls £O99¢ £9°1 Fo'9 19°09¢ Zin zoiadry
FL'68E €570 80T S9'LRE §8'88T £F e 8 18T [n 9z 1 dry
Trrse 08’0 Loy StoLs £€°69€ 0t 1811 TLLSE 1n €710 dry
PEGLE 90 1871 ERLTE {0 o ST 5'e 9 6ET n | I=BF-B[25
FSr6s 1o 890 SR'ERS Ly or'l LSt r9Liy 1 | f2nsnopy a7
TLsos F1'0 £L°0 66'F0s Sr' 16t 66°0 88°¢ LS LBE 2T 011D HopsSulyyg
T6'R0T vz 61’0 P 80T SEE6I el 26T LED6] ZIl £9P-EINEVAaH
I¥'1£€ 8E°0 LTl rl'oge 6t T8T €17 19 LYoLT a1 BT HWX
68'85C FT'l ITE 89°55T 1T0rT 91k 86'6 ET0ET T 0T-BH-B]25
LE'LSE £9°0 FOL £E65E TURLE L9 2.8 FRG6IE Zll | nopunosay
01's6E 0z'o 080 0E'r6E 950EE 65'1 LTS 6TSTE a1 | dansnopy a7
TETsT F1'0 9¢'0 96'152 £6'65T S6°0 LPT LFLET 1l | nopanoday
Srere 86°1 o'y A o ol ar'vst s 26T 2"y 11 | Py
L6'E6T 6¢'1 o'y LY'6BT 08°69T €8t FOEl LL'9ST 1l | 4ansnopy a7
0699 FLo g90 ST99¢ SO98E £8°0 e £ E8E T d000s-LM-INNA
Le'vror g0 ol 0579 FANTA 91 09 clely ZIN  Y0O00S I-LA-INNY
AR k'l oge el 29'06T £E5°E LT0 9€08T FAl | 0S LS
Lirsse g0 L&0 60PsL L85y 66°0 95t A o an L¥ LS
] A AU ww]  Jww] fewl sy ysudsw Lww] ] adh
LS RIHTNE admag AM SSIIY  CSEaW A WISD [BlO ], adesg VSH SsIly  seaw WS oo :
"suadads

appdwoesu Ajmuawdoppasp g0 pafewep ur suoipod [ende wor SuISSIW J0] SUDHELWNSD JWN[0A PUR BR JIBNS 100y "q7 JqEL WOS

122



PART 2

B QR L NOS Yl pasn waned sy sojo) suoneiasgge Bgung (46 01 Jouadng usya pauispun pui pog sadejuaaad]
AUMOA 1008 PRINSEIW U1 10J CsEai AY, pue *[246 01 Jouadns uaym pauigapun pue pjog sadmuasiad)] eae 20RNS 100 PAUNSEIL U] J0) SPURIS SEAU WS,

18°0F1 97'0 LED 0PI 1§°681 8r'l 0£T ITESH zin €714
el £L°0 €€°1 S0°181 01°891 LI'E €S LL'TII 1n S LD
9€°9€T 0€0 1L r9°SET STIIT 09'1 8€°¢ L8'LOT [n T 60
£9°1L1 0zn PED 8TILI L100T €11 97T 16°L61 rd 6L1 DVIN
18°€ze 90 ShT 9ITE S1'692 19°€ wo r6sT Tl E-:...M_%"_MM
00°S1T 1o vT0 9LPIT 6S°81T POl LTT 76917 11 S 1 yazjel)
tHLE 9E01 €T 0T €Tl 61081 oTLr 88°ST 191 zin TTPZED
SR8IT 187 §1'9 ILTIT 67°€0T (YA £THI L0681 1nn TTW7EQ
€0°S1€E LI'E L6'6 90°50€ 0§'S5T 9L 7861 89'GET i g 11T PZED
6386 670 8T0 19°86 9 TTI 99°1 €0°T ! 11 11 YozIed)
L9'88E 0 18711 98°'9L€ 9F"96T 6t L 61T PSPLT N 8 PZED
LR90F 900 €70 £9°90F €T 950 €L'1 05°60€ an 91-BH-2|25
£0'479 £0°1 99 8S°L19 65 'St 6T€ POt SL0EY an [4 xeW] 0§ dry
lwwl Ag Addsiw | gow] [ww]  [ww] vy vsadsiy ] [ ] adgy ——
WD |wpo ], adeny, AM SSIIY CSEAW AY WIS [BlO] adeny, VS GSI]y  CsEw YSH yioo]

panunton) "qg AqeL WOS

123



PART 2

SOM Table 3a. Mann-Whitney U test results for the comparison between male and female RMH in the crown and
root dimensions of the upper dentition,

I’ P C*
N =16 Mipay=T7 MNigg=11 NHsM=10 Miu=2 Njga=10

CrL.L [mm] Usiin 47 30 2
Fil ns ns ns

R{MLY) [mm] Ui 46 40.5 8
p ns ns s

R{LL) [mm] Ustin 45.5 31 1
P ns ns s

RL [mm] Ustin 43 49.5 8
Il ns ns ns

RSA [mm?] Usain 41 42 3
p s s ns

RSA lab [mm?] Usiin 38 48 2
P ns ns ns

RSA ling [mm-] Ustin 46 39 8
Il ns ns s

RSA labvling [mm®]  Usgin 46.5 48 7
B ns ns s

CA [mm?] Untin 45.5 27 4
P ns 0.049 s

RV [mm’] Usiin 47 35 3
P ns ns s

RPV [mm’] Usiin 32 43 8
P ns ns s

N and Ny are the respective sample size for females and males in the recent modern human sample,

Since we sometimes have very small sample sizes, the following computation in R gives us the smallest p-value that we can
accept for a result that is not a consequence of sample size: Y[choose[N,+Mz, M]], where M, and N are the two sample sizes.
All results reported here cannot be biased by the sample sizes according to this calculation.

For all root and crown variables investigated in this study, we detet no differences related to sexual dimorphism, except maybe
in the cervical area of the maxillary lateral incisor
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SOM Table 3b. Mann-Whitney U test resulis for the comparison between male and female RMH in the crovwn and
root dimensions of the lower dentition,

I I C,
Muu=15 Wua=21 Ni=18 Nyja=26 Nya=5 Nips=15

CrLL [mm] Ustin 132 206.5 27
b ns ns s
R{MD) [mm] Usgin 113 194.5 355
Il s ns ns
R{LL) [mm] Ustin 121 186.5 26.5
p ns ns s

RL [mm] Ustin 98 123 26
P ns oo s

RSA [mm?) Usain 93 124 29
P o.04 oor ns

RSA lab [mm’] Ustin 97.5 136 25
P ns o2 ns

RSA ling [mm’) Ui 105 157 29
b ns ns ns

RSA lab/ling [mm®]  Usgy 121.5 230 34
il % ns s

CA [mm?] Ustin 114 184 32
B ns ns s

RV [mm'] Usdin 98 129 31
P ns oo ns

RPV [mm’] Ustin 12 154 31
P ns ns s

Abbreviations are as for SOM Table 4a. For all root and crown variables investigated in this study, we detect no differences
related to sexual dimorphism, except for the root length, surface area and labial surface arca in the incisors, the root volume and
pulp volume in the lateral incisor. See SOM Table 3a for justification of the use of the 1251 with small sample sizes.
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SOM.9. Comparative data on root length from the literature.

Is the comparison of the measurements collected from the literature to the

measurements taken in the present study reliable?

In the literature, root length is measured mostly from the labial side of the cervix
of the tooth to the apex, and less frequently from the lingual aspect of the cervix. It is
also often not mentioned which technique has been used to measure root length. Since
we measured root length from the center of the cervical plane to the root tip on micro-
CT data, it is worth evaluating whether this difference in measurement technique could
potentially influence the comparison we aim to perform. In addition to the root length
measurement we have described in the paper, we also measured the root length from the
labial side and from the lingual aspect of the cervix (at the point of maximum curvature
of the cervical line, approximately at the middle of the labial and lingual faces). For
both supplementary root length measurement and for each tooth type and taxon, we
computed the percentage of difference with the root length measured from the center of
the cervical pulp. As we can see in the table below (SOM 9 - Table 1), overall and on
average, the minimal errors are of -5.32% and -3.53% for the labial and for the lingual
measurements, and the maximal errors are of -1.00% for the labial and of 0.02% for the
lingual. We are aware of the fact that root shape can explain a portion of these
differences between the three root length measurements, but also that our measurements
are all taken on 3D models derived from micro-CT data while data from the literature
are taken on real specimens using calipers, and finally that gathering data from different
publications involves an inter-observer error. However, with these differences being
inferior to 6% in absolute values, the comparison of the data collected from the

literature with the micro-CT data presented in this study remains valid.
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Root length comparative data for European Lower and Middle Pleistocene

Humans and Neanderthals

A non-exhaustive compilation of root length data collected from the literature is
presented in SOM 9 Table 2. It has to be noted that for the Dmanisi and the Sima de los
Huesos (Atapuerca) specimens AT-5615 to AT-164, the buccal and lingual root lengths
were measured by one of us (ALC) in Photoshop, by averaging two successive
measurements taken respectively on Figures 3, 4, 18, 19 & 20 in Martindn-Torres et al.
(2008) and Figures 1, 2, 3, 4, 5, 13, 14 & 15 in Martinon-Torres et al. (2012). For the I;
(R) and I; (L) from Grotte du Portel, root length has been calculated by subtracting the
crown height from the total tooth height (both provided in Brabant and Saly, 1964:
24.5-9.5 for the first tooth, 24.1-10 for the second tooth).

We computed adjusted z-scores (Maureille et al., 2001) on each specimen to test
whether or not it is included in the 95% confidence interval of our samples of
Neanderthals, EMH and RMH. To summarize the results, we used the following code in
the SOM 9 Table 2:

In the three following graphs (SOM 9 - Fig. 1), we compare the AT-8 maxillary
central incisor to the sample of Neanderthals, EMH and RMH.

- If AT-8 plots at 0, it means that its root length is similar to the mean of the

comparative sample (Neanderthals, for example). We coded this situation as: Neand~0.

- If -1<AT-8<1, AT-8 plots in the 95% confidence interval of the Neanderthal sample;
for -1<AT-8<0, we coded: Neand-; for 0<AT-8<1, Neand+.

- If AT-8<-1 and AT-8>1, AT-8 plots outside the 95% confidence interval of the

Neanderthal sample; for AT-8<-1, we coded: <<Neand and for AT-8>1, >>Neand.

In the case where AT-8 plots at the limit of the 95% interval, we used the following
codes: for AT-8~=-1, we coded: <Neand; and for AT-8~=1: >Neand.

Therefore, in the table (SOM 9 Table 2), we recorded for AT-8: Neand+; EMH~0;
>>RMH.
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PART 2

SOM Figure 1. PCA, CVA and posterior probabilities for the I* (1a), I, (1b) and C, (1c)
showing the size gradient (A. PC1 plotted against PC2), and the overwhelming signal of
size in our data (B. PC2 plotted against PC3). The CVA attempts to best separate the
group, while the posterior probability shows a classification of the debated specimens in
our three main groups (the names of the outliers are reported to provide a more precise
idea of the quality of the classification).
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SUMMARY

Within karstic contexts, dental remains of Neanderthals and modern humans can
both be found in similar stratigraphic conditions, whether because the occupation of the
cave by the two taxa was close in time, or because stratigraphic layers were disturbed
by taphonomic factors. Finding a discriminating feature that could distinguish both
groups is crucial for the correct taxonomic designation and interpretation of the human
remains. This holds true in the case where a Mousterian site can have been
contaminated by modern remains (from the Upper Paleolithic or more recent times), or
alternatively, in the context of pene-contemporaneous occupation of the place by both

taxa, for the sites of the late Middle Paleolithic and of the early Upper Paleolithic.

In this context, tooth root length, especially for the permanent anterior teeth, has
been proposed to reliably distinguish Neanderthals from extant modern humans.
Anatomical descriptions of the Neanderthal anterior teeth have often underlined their
long and robust roots. However, only one study has quantitatively investigated the value
of root length to distinguish Neanderthals from Upper Paleolithic and extant modern
humans (Bailey, 2005).

Several interpretations attempt to explain the long and robust roots of the
Neanderthal dentition. For some authors, these long roots are the consequence of the
cranio-facial architecture seen in Neanderthals, while for others, the maxillary region of
the Neanderthal face has adapted to such long and robust teeth. Other scholars
hypothesize that these long teeth result from genetic drift. Finally, several researchers
see these large roots as a biomechanical adaptation to sustain high or frequent loads
exerted on the anterior dentition of the Neanderthals, especially while performing para-

and non-masticatory activities.

This thesis investigates the variability in root size and shape of the permanent
maxillary and mandibular incisors and canines, in Neanderthals, early and recent
modern humans. It analyses large samples of Neanderthals and early modern humans,
covering a long chronological period and a broad geographical area. Using micro-

computed tomography, this study aims to confirm and extend the results on root length
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to other linear, surface and volumetric measurements taken on 3D models of the
anterior tooth roots. In addition, root shape was investigated using geometric
morphometric techniques, by collecting anatomical landmarks, as well as curve and

surface semi-landmarks.

The first part of this work confirms that root length and volume distinguish
Neanderthals from recent modern humans. Neanderthals have significantly larger root
length, cross-sectional root surface area, root volume and overall mandibular size than
recent modern humans. Both taxa have significantly different symphyseal cross-
sectional shapes, while symphyseal height and width are similar in both groups.
Although root size and mandible/symphyseal size are not correlated, Neanderthals have
large roots for the size of their jaw. When modern humans are scaled to the size of the
Neanderthals (using the centroid size of the mandible as an estimate of its overall size),
their roots remains overall smaller than those of Neanderthals. The short roots observed
in recent modern humans can be interpreted as the result of negative allometry in root
size. The condition of the Mauer specimen, displaying long roots, suggests that
Neanderthals would have retained an ancestral condition. In addition, Neanderthals
could also display a positive allometry for root size, but confirming this hypothesis
requires an increase in the early Homo samples. The difference in cross-sectional
symphyseal shape in Neanderthals can be interpreted as a way of accommodating large
permanent tooth roots in a symphysis of comparable size to modern humans.

This part of our study validates that root length and volume can be used to
distinguish taxonomically late Neanderthals from recent and Upper Paleolithic modern

humans.

The second part of this thesis strengthens the validity of root size (e.g. length,
volume, surface area) as a proxy to distinguish the permanent anterior teeth of
Neanderthals from those of modern humans. This analysis addresses a larger series of
fossils dating from MIS 15 to MIS 2, in addition to a few specimens from the Lower
Pleistocene; and ranging from Germany to Israel and from Siberia to Spain. X-ray

micro-computed tomography gives access to yet unexplored specimens, regarding their
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root morphology. This non-destructive technique allows for surface and volumetric
quantifications, as well as for the analysis of the root surface shapes using geometric

morphometric techniques.

Plotting root length against the labio-lingual crown diameter allowed us to
identify a chronological trend towards a gracilization of the anterior tooth roots in recent
modern humans. MIS 4 Neanderthals seem to have a lower variability than earlier
Neanderthals. Importantly, early modern humans are found to overlap in several
dimensions with both Neanderthals and recent modern humans. This observation, and
the study of a limited number of early Homo, strengthens the conclusion reached in the
first part of this thesis that overall longer and larger roots in Neanderthals would result
from the retention of an ancestral condition. As a result, early modern humans might be
difficult to distinguish from Neanderthals on the ground of the root dimensions of their
anterior dentition. This could be the case for the Tabun C2 specimen (dated to circa
100-130 ka to 171 ka, Israel), where root morphology unfortunately does not allow any
definitive conclusion, regarding its taxonomical status. Tabun C2 is shown to have
anterior roots having a size and shape similar to Neanderthals. Since its molar roots do
not display the characteristic taurodontic shape commonly observed in Neanderthals,
Tabun C2 is better interpreted as being an early modern human, still retaining the robust

ancestral root features.

Nonetheless, the taxonomical usefulness of root metrics and morphology is well
illustrated by the cases of Steinheim (dated to 250 or >300 ka, Germany) and of five
isolated teeth from the Kebara Cave (some of them are dated as ‘probably Mousterian’,
Israel). Root size and shape eliminate the possibility that the incisors attributed to the
Middle Pleistocene skull of Steinheim could belong to this specimen. They are more
likely modern and recent, and were likely accidentally associated to the skull in storage.
In Kebara, among five isolated teeth recovered in the Mousterian layers of the cave, two
can safely be classified as Neanderthals while two others are more likely modern. The

taxonomical status of the last tooth remains uncertain.

From a functional perspective, the size and shape of the Neanderthal anterior
roots could be interpreted as a functional adaptation to sustain high or frequent loads
exerted on the front teeth. This may lend support to the ‘Teeth-as-tools’ hypothesis,

stating that Neanderthals were using their anterior dentition as a third hand, for non- and
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para-masticatory activities. The use of the anterior teeth as a third hand has already been
proposed, given the strong and irregular amount of wear in the anterior dentition in
Neanderthals and other Middle Pleistocene hominids, and the results yielded by the
microwear studies. We suggest that the labial convexity of the root would be in
continuity with the one observed on the shovel-shaped crown. In combination with the
lingual tubercle, this morphology would improve the distribution and the release of the

stresses and avoid the fracture of the tooth under a demanding loading regime.

Although it has been observed throughout almost the entire Neanderthal sample,
hypertrophic cementum could be successfully segmented only in eight teeth. The
preferential distribution of the hypercementosis around the root apex could reflect the
direction of the main forces exerted on the incisal surface, during the use of the anterior
teeth as a third hand. The hypercementosis constitutes another argument supporting the

‘teeth-as-tools’” hypothesis.

This thesis considerably improves our knowledge of the anterior root size and
shape in Neanderthals, fossil and extant humans, in a broad geographical and
chronological context. Root morphology has proven its capacity to significantly
contribute to the taxonomical attribution of isolated teeth from museum collections, old
excavations or found in unclear stratigraphic contexts. We however stress that caution
should be kept in mind, and that root length should not be taken as sufficient for a
taxonomic determination, specifically when dealing with early forms of modern
humans. The combination of metric and discrete features always strengthens a

diagnosis.

Micro-CT scanning acquisitions of more numerous specimens of early Homo
and of earlier hominids would yield a better understanding of the polarity of the anterior
tooth root characters, and possibly about the functional significance of these
morphological root features. Biomechanical modelling (e.g., using Finite Element
Analysis) of the different loading regimes that Neanderthals could have been exerting
on their anterior teeth, would yield a better understanding of the importance of the

functional adaptation in the Neanderthal root and maxillo-facial morphology.
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En contexte Kkarstique, les restes dentaires, a la fois de Néanderthaliens et
d’Hommes modernes, peuvent étre découverts dans des contextes archéologiques
similaires, soit que I’occupation de la grotte par les deux taxons ait été proche dans le
temps ou soit que les couches archéologiques aient été perturbées par des facteurs
taphonomiques. Déterminer une caractéristique discriminante qui pourrait distinguer les
deux taxons est crucial. Ceci est valable dans le cas ou un site moustérien aurait pu étre
contaminé par des restes modernes (du Paléolithique Supérieur ou plus récents), mais
aussi, dans le cas d’une occupation pené-contemporaine d’un site par les deux taxons,

pour les sites du Paléolithique moyen tardif, et du Paléolithique supérieur ancien.

La longueur des racines dentaires, surtout celles des dents antérieures
permanentes, a été proposée pour distinguer de facon fiable les dents isolées de
Néanderthaliens et d’Hommes modernes récents. Les descriptions anatomiques des
dents antérieures Néanderthaliennes ont en effet souvent souligné la robustesse et la
longueur de leurs racines. Cependant, a ce jour, une seule étude quantitative a analysé
I’intérét taxonomique de la longueur des racines pour distinguer les Néanderthaliens des
Hommes du Paléolithique Supérieur et des Hommes modernes récents et elle n’a porté

que sur des échantillons limités (Bailey, 2005).

Plusieurs interprétations ont été proposées pour expliquer les racines longues et
robustes de la denture néanderthalienne. Pour certains auteurs, ces longues racines sont
la conséquence de I’architecture cranio-faciale observee chez les Néanderthaliens, alors
que pour d’autres, ce serait plutét la région maxillaire de la face néanderthalienne qui se
serait adaptée a de telles dents, longues et robustes. D’autres scientifiques ont émis
I’hypothése qu’une partie de la morphologie faciale néanderthalienne pourrait résulter
d’un phénomeéne de dérive génique. Enfin, plusieurs chercheurs voient ces grandes
racines comme une adaptation biomécanique pour supporter des forces fréquentes ou de
grande magnitude, exercées sur la dentition antérieure des Néanderthaliens, en

particulier lors d’activités para- et non-masticatrices.
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Cette thése étudie la variabilité en taille et en conformation® des racines des
incisives et canines permanentes, mandibulaires et maxillaires, chez les Néanderthaliens
et les Hommes modernes anciens et récents. Cette recherche porte sur des échantillons
conséquents de Néanderthaliens et d’Hommes modernes anciens, couvrant une large
période chronologique et une vaste zone géographique. Au moyen de la micro-
tomographie assistée par ordinateur, cette étude a pour objectif de valider les résultats
sur la longueur des racines et d’analyser d’autres mesures linéaires, surfaciques et
volumétriques, prises sur les modeles tridimensionnels des racines des dents antérieures.
De plus, la conformation racinaire a été étudiée au moyen de techniques de géométrie
morphométrique, en collectant les coordonnées de points anatomiques de référence ainsi

que de points de référence répartis sur des courbes et des surfaces des racines.

La premiere partie de cette these confirme que la longueur et le volume des
racines de la denture antérieure distingue les Néanderthaliens des Hommes modernes
récents. Les Néanderthaliens se caractérisent par des longueurs racinaires, des surfaces
de section longitudinale racinaire, des volumes racinaires et une taille générale de la
mandibule significativement supérieurs a ceux des Hommes modernes récents. Les deux
taxons ont une conformation en section de la symphyse mandibulaire significativement
différente, alors que la hauteur et la largeur de la symphyse sont similaires dans les deux
groupes. En dépit du fait que la taille des racines et la taille de la mandibule/symphyse
ne soient pas corrélées, les Néanderthaliens ont de grandes racines par rapport a la taille
de leurs méchoires. Lorsque hommes modernes et Néanderthaliens sont ramenés a la
méme taille (en utilisant la taille centroide de la mandibule comme approximation de sa
taille globale), leurs racines restent en général plus petites que celles des
Néanderthaliens. Les racines courtes observées chez les hommes modernes récents
peuvent étre interprétées comme résultant d’une allométrie négative de la taille des
racines. L’analyse du spécimen de Mauer, qui posséde de longues racines antérieures,
suggére que les Néanderthaliens auraient retenu une condition ancestrale. Les
Néanderthaliens pourraient aussi montrer une allométrie positive pour la taille de leurs
racines, mais confirmer cette hypothese requerrait d’augmenter la taille de I’échantillon

des premiers représentants du genre Homo. La différence en conformation de la

L A noter qu’en Anglais, « form» inclut «size » et « shape ». Pour éviter toute confusion lors de la
traduction, « shape » est traduit en Francais par « conformation », et « form » par « forme ».
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symphyse en section chez les Néanderthaliens peut étre interprétée comme un moyen
d’accommoder des germes de dents permanentes de grande taille dans une région
symphysaire de taille comparable a celle des Hommes modernes. Cette partie de I’étude
valide I’hypothése que la longueur et le volume des racines des dents antérieures
peuvent étre utilisés pour distinguer les Néanderthaliens des Hommes modernes, sur un

plan taxonomique.

La seconde partie de cette these renforce la validité de la taille des racines (par
exemple, longueur, volume, surface) en tant que moyen de distinguer les dents
antérieures permanentes des Néanderthaliens de celles des Hommes modernes. Ceci
s’applique a un large échantillon de fossiles datant du stade isotopique 15 au stade
isotopique 2, auxquels il faut ajouter quelques spécimens du Pléistocéne Inférieur, et
s’étendant de I’Allemagne a Israél, et de I’Espagne a la Sibérie. La micro-tomographie
aux rayons X assistée par ordinateur permet d’accéder a des spécimens jusqu’alors
inexplorés, quant a leur morphologie racinaire. De surcroit, cette technique non-
destructive rend possible des quantifications surfaciques et volumétriques, ainsi que des
analyses de la conformation des surfaces racinaires au moyen de techniques de la

géométrie morphomeétrique.

Un graphique confrontant la longueur racinaire et le diamétre labio-lingual de la
couronne permet d’identifier une tendance chronologique vers une gracilisation des
racines des dents antérieures chez les Hommes modernes récents. Les Néanderthaliens
du stade isotopique 4 semblent avoir une variabilité inférieure a celle des
Néanderthaliens datant d’avant le stade 4. Enfin, la distribution des Hommes modernes
anciens se superpose partiellement a celles des Neéanderthaliens et des Hommes
modernes récents. Cette observation, combinée a I’analyse de quelques représentants
anciens du genre Homo inclus dans cette étude, renforce I’hypothése émise dans le
premier chapitre, suivant laquelle les racines globalement plus grandes et plus longues
des Néanderthaliens résulteraient de la rétention d’une condition ancestrale. De ce fait,
les hommes modernes anciens peuvent se révéler difficiles a distinguer des
néanderthaliens pour ce qui est des dimensions des racines de la denture antérieure. Ce
pourrait étre le cas pour le spécimen de Tabun C2 (daté d’environ 100,000-130,000 ans

a 171,000 ans, Israél), dont la morphologie racinaire ne permet malheureusement pas de
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conclure de fagon définitive quant au statut taxonomique de ce spécimen. Tabun C2
possede des racines antérieures de taille et de conformation similaires a celles des
Néanderthaliens. Puisque ses molaires ne présentent pas la conformation taurodonte
caractéristique, communément observée chez les Néanderthaliens, la meilleure
interprétation est de considérer Tabun C2 comme un Homme moderne ancien, retenant

encore les traits racinaires robustes ancestraux.

Néanmoins, I’utilité taxonomique de la morphologie et des mesures racinaires
est treés bien illustrée par les cas de Steinheim (daté a 250,000 ou >300,000 ans,
Allemagne) et de cing dents isolées provenant de la Grotte de Kébara (Israél), certaines
d’entre elles sont désignées comme « probablement moustériennes ». La taille et la
conformation racinaires permettent d’exclure que les incisives attribuées au créne
pléistocene moyen de Steinheim puissent appartenir a ce spécimen, et d’en déduire
qu’elles sont plus vraisemblablement le résultat d’une intrusion accidentelle de dents
modernes dans la boite ou est entreposé celui-ci. Parmi les cing dents isolées des
niveaux moustériens de la Grotte de Kébara, deux d’entre elles peuvent étre classées
avec confiance comme étant néanderthaliennes, alors que deux autres appartiennent plus
probablement a des Hommes modernes. Le statut taxonomique de la derniere dent reste

incertain.

D’un point de vue fonctionnel, la taille et la conformation des dents antérieures
néanderthaliennes peuvent étre interprétées comme une adaptation fonctionnelle
répondant a des forces fréquentes ou de grande magnitude exercées sur les dents
antérieures. Ceci soutiendrait I’hypothese des « dents-utilisées-comme-des-outils »,
stipulant que les Néanderthaliens utilisaient leur dentition antérieure comme une
troisieme main, pour des activités non- ou para-masticatrices. L’utilisation des dents
antérieures comme une troisieme main a été proposée pour expliquer I’'usure importante
et irréguliere de la dentition antérieure chez les Néanderthaliens et d’autres hominidés
du Pléistocene Moyen. Les resultats des études de micro-usure dentaire semblent
confirmer cette interprétation. Nous suggérons que la convexité labiale des racines
serait en continuité avec celle observée sur les couronnes & morphologie dite «en
pelle ». En combinaison avec le tubercule lingual, cette morphologie améliorerait la
distribution et le relachement des contraintes et éviterait la fracture de la dent sous un

régime de charges mécaniques trop contraignant.
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Bien qu’il ait été observe dans la quasi-totalité de I’échantillon néanderthalien, le
cément hypertrophique n’a pu étre segmenté que dans huit dents. La distribution
préférentielle de I’hypercémentose autour de I’apex racinaire pourrait refléter la
direction des forces principales exercées sur la surface incisale, durant I’utilisation des
dents antérieures comme une troisieme main. L’hypercémentose constitue un autre

argument pour soutenir I’hypothese des « dents-utilisées-comme-des-outils ».

Cette thése améliore considérablement notre connaissance de la taille et de la
conformation des racines des dents antérieures chez les Néanderthaliens, les Hommes
fossiles et actuels, dans un large contexte géographique et chronologique. La
morphologie racinaire a prouvé sa capacité de contribuer de facon significative a
I’attribution taxonomique de dents isolées provenant de collections de musee, de
fouilles anciennes ou encore trouvées en contexte stratigraphique incertain. Nous
insistons néanmoins sur le fait que la prudence doit rester de mise, et que la longueur
racinaire ne doit pas étre considerée comme suffisante pour une détermination
taxonomique. La combinaison des caractéres métriques et discrets renforce toujours une

diagnose.

Les acquisitions micro-tomographiques de plus de spécimens représentatifs des
débuts du genre Homo et d’hominidés plus anciens permettront de mieux comprendre la
polarité des caractéres des racines des dents antérieures, et peut-étre aussi la
signification fonctionnelle des traits morphologiques des racines. Les modélisations
biomécaniques (par exemple, par la méthode des Eléments Finis) des différents régimes
de charge que les Néanderthaliens pourraient avoir exercé sur leurs dents antérieures,
permettraient de mieux cerner I’importance de [I’adaptation fonctionnelle des

morphologies racinaire et maxillo-faciale chez les Néanderthaliens.
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