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Article history: Oreopithecus bambolii, a large-bodied fossil ape, lived in the Tusco-Sardinian archipelago
Received 16 November 2014 during the Late Miocene, until ca. 6.7 Ma. Its dentition, an apparent blend of hominoid
Accepted after revision 3 February 2015 and cercopithecoid-like features, has been a matter of discussion since its first description,
Available online 17 June 2015 in 1872. While the height and sharpness of its molar cusps recall some Cercopithecidae,
Oreopithecus is currently considered by many as more likely related to dryopithecines. Here,
Keywords: we use microtomographic-based quantitative imaging and histological evidence to link
Oreopithecus bambolii outer and inner tooth structural morphology with enamel development in Oreopithecus

Late Miocene

permanent teeth. The material consists of 14 teeth/crowns from the sites of Baccinello and
Dental structure

Virtual paleodontology Casteani, in Tuscany, and Fiume Santo., in Sa.rd.inia. In particular, we_add_ to th_e record of2-3D
Tooth histology of molar enamel thickness topographic variation and enamel-dentine junction morphology,
Life history traits and using high-resolution replicas of the outer crown and ground sections, comparatively
assess molar growth trajectory (crown formation times and enamel extension rates). Our
results shed new light on dental development of this “enigmatic anthropoid” and provide

additional evidence concerning the still debated question of its evolutionary history.
© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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dryopithécinés. Nous exploitons ici des données quantitatives basées sur I'imagerie micro-
tomographique et histologique pour relier la morphologie structurale externe et interne
des dents permanentes avec le développement de I’émail chez Oreopithecus. Le matériel
comprend 14 dents/couronnes provenant des sites de Baccinello et Casteani, en Toscane,
et de Fiume Santo, en Sardaigne. Plus précisément, nous combinons au registre 2-3D des
variations topographiques de I'épaisseur de I'émail et de la morphologie de la jonction
émail-dentine des molaires, des moulages haute résolution de la surface externe de la
couronne et des sections histologiques, et nous estimons comparativement la trajectoire
de croissance des molaires (temps de formation de la couronne et taux d’extension de
I’émail). Nos résultats apportent un nouvel éclairage sur le développement dentaire de cet
«anthropoide énigmatique » et fournissent des informations supplémentaires concernant

la question toujours débattue de son histoire évolutive.
© 2015 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.

1. Introduction

Oreopithecus bambolii, named by the French paleon-
tologist P.Gervais (1872), is a Late Miocene large-bodied
hominoid endemic to the northern Tyrrhenian area (Tusco-
Sardinian paleobioprovince; Rook et al., 2006). It is known
from several localities in southern Tuscany (Acquanera,
Baccinello, Casteani, Monte Bamboli, Montemassi, Ribolla;
Benvenuti et al., 2001) and one site in northern Sardinia
(Fiume Santo; Abbazzi et al., 2008; Casanovas-Vilar et al.,
2011a; Cordy and Ginesu, 1994). Although its phylogenetic
relationships with respect to the European dryopithecines
are still debated (Alba, 2012; Begun, 2002; Casanovas-Vilar
et al.,, 2011a; Harrison and Rook, 1997; Moya-Sola and
Kohler, 1997; Wood and Harrison, 2011), Oreopithecus is
widely considered an ape displaying a blend of primitive,
derived and unique features (Kohler and Moya-Sola, 1997;
Rook et al., 1999). It is one of the rare hominoids that per-
sisted in Europe after the Vallesian Crisis (Casanovas-Vilar
etal, 2011b; Rook et al., 2011; Spassov et al., 2012), and its
evolution in an insular context until ca. 6.7 Ma was likely
responsible for the development of a number of cranio-
dental morphological peculiarities and adaptations (Kohler
and Moya-Sola, 2003; Moya-Sola and Kohler, 1997) which
are unique to this “enigmatic anthropoid” (Delson, 1986).

Oreopithecus post-canine teeth display high, volumi-
nous bunodont cusps linked together by a number of
crests (e.g., the mid-trigonid crest, the oblique crest link-
ing the metaconid with the hypoconid, the hypolophid, the
postcristid) and some accessory cusps (e.g., paraconid, pro-
toconulid, centroconid) (Butler and Mills, 1959; Harrison
and Rook, 1997). However, the structural relationships
between its complex occlusal morphology and the fea-
tures expressed at the dentine level remain poorly known
(Zanolli et al., 2010). In addition, insular environments
often lead to accelerated life history schedules and a num-
ber of morphological traits of the Oreopithecus craniofacial
and dental complex (e.g., relatively small brain size, reduc-
tion of prognathism, low canine crowns and microdontia)
have been interpreted as evidence for heterochrony (Alba
et al., 2001a,b; Moya-Sola and Kéhler, 1997).

Information available so far on the inner dental struc-
ture of this fossil hominoid derives from a few histological
sections of molar teeth (Andrews and Martin, 1991;

Olejniczak et al.,, 2004; Smith et al., 2003) and from
a preliminary microtomographic-based investigation of
a deciduous and a permanent molar (Zanolli et al,
2010). By combining microtomographic and histologi-
cal evidence, this study aims to identify links between
tooth structural morphology and enamel development
in Oreopithecus. Specifically, we present two- and three-
dimensional (2-3D) data on topographic variation in
enamel thickness and the morphology of the enamel-
dentine junction (EDJ]) based on the microtomographic
analysis of four Oreopithecus molars. We combine this
record with original data on enamel growth derived from
perikymata counts on surface enamel and histological sec-
tions. This allowed the study of enamel formation rates and
gradients of enamel formation increasing from the ED] to
the tooth surface.

2. Materials

The O.bambolii dental sample considered in this study
consists of the permanent upper canine (UC), fourth pre-
molar (UP4) and first to third molars (UM1 to UM3) of the
maxillary specimen IGF4332 and the third molar (LM3) of
the mandibular fragment IGF4351, both from the site of
Casteani (Rossi et al., 2004); the second molar (LM2) from
the partial mandible IGF4883 V from Baccinello (Rook et al.,
1996); and six isolated crowns from Fiume Santo repre-
senting a permanent lower lateral incisor (LI2: FS#BC-23),
a lower fourth premolar (LP4: FS#Q16-64), a lower first
molar (LM1: FS1996#Fi98), two lower second molars (LM2:
FS1996#Fi99 and FS#Q16-59), and a lower third molar
(LM3: FS1996#Fi97) (Abbazzi et al., 2008).

Histological analysis was carried out on the LM2 from
Baccinello (IGF4883V) and also on two additional iso-
lated enamel cap fragments (FS#BC-nn), presumably from
the same tooth from the Fiume Santo assemblage. These
enamel fragments, very likely from a LM2 (or less likely
a LP4), measure ~ 7.3 mm and ~ 8.2 mm high from cusp to
cervix, respectively, and are both complete from the first-
formed cuspal enamel to the last-formed cervical enamel
in the longitudinal plane. They were slightly worn over
the cusp tip but included a portion of the thick occlusal
enamel beyond the tip of the dentine horn. The enamel
extending into the occlusal surface of one fragment was
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substantial, ~ 1500 wm thick, supporting its identification
as a molar rather than as a premolar fragment. Neither of
the two fragments preserved any dentine and so both were
completely unsupported beneath the former ED].

In order to comparatively assess crown formation times
and enamel extension rates, we used published (Dean,
2010) and unpublished evidence (original data from C.D.)
on Pan and Gorilla molars.

The high-resolution microtomographic dental records
available to us for representative specimens of the taxa
Homo, Pan and Gorilla (Macchiarelli et al., 2008, 2009;
Zanolli et al., 2010) were also used to compare the 3D inner
structural morphology of the first lower molar (LM1).

3. Methods of analysis

3.1. Microtomographic acquisitions and virtual
reconstructions

The LM3 of the mandibular fragment IGF4351 and the
three isolated molars FS1996#Fi97 (LM3), FS1996#Fi98
(LM1), and FS1996#Fi99 (LM2) from Fiume Santo were
detailed in 2005 by X-ray synchrotron radiation micro-
tomography (SR-pCT) at the ID 17 Beam Line of the
European Synchrotron Radiation Facility, Grenoble (exper-
iment SC1749). The scans were performed with an intensity
of 200mA at energies of 51 and 70keV (for the iso-
lated specimens and the fragments, respectively), with an
integration time of 22.6 ms by projections (1500/180°) of
60 ms. Data were collected by a 2.048 x 2.048 fibre-optical
taper charge-coupled device Frelon camera (Mazurieretal.,
2006). The reconstructions of the sections were saved in
a 32-bit floating-point raw format with a voxel size of
45.5 x 45.5 x 45.7 pm.

Using Amira v.5.3 (Visualization Sciences Group Inc.)
and Image] (Schneider et al., 2012), a semi-automatic,
threshold-based segmentation was carried out following
the half-maximum height method (HMH; Spoor et al.,
1993)and the region of interest thresholding protocol (ROI-
Tb; Fajardo et al., 2002) taking repeated measurements on
different slices of the virtual stack (Coleman and Colbert,
2007). The specimens were thus digitally reconstructed in
3D using surface rendering allowing the quantification of
the enamel cap, the dentine core volume, and the EDJ sur-
face (Fig. 1).

3.2. Enamel thickness virtual assessment

For the specimens detailed by SR-.CT, the scale-free 2D
relative enamel thickness (RET; Martin, 1985) was assessed
on sections perpendicular to the cervical plane passing
through the metaconid-protoconid dentine horns (Fig. 1A).
The scale-free 3D relative enamel thickness (3D RET) was
computed following Olejniczak et al. (2008a,b,c); (see also,
Kono, 2004; Macchiarelli et al., 2006). For the LM3 of
IGF4351, the worn enamel apex and dentine horn of the
protoconid and the enamel apex of the metaconid were
virtually reconstructed for 2D RET using as a reference
model the outline of the nearly unworn LM3 FS1996#Fi97
(Fig. 1A), thus allowing a more realistic assessment of its

RET value (cf. Zanolli et al., 2010). For this latter specimen,
we did not calculate 3D RET.

Linear measurements were taken using the software
package MPSAK v.2.9 (available in Dean and Wood, 2003).
Intra- and inter-observer tests for accuracy of the 2-3D
measurements were run by two observers; recorded differ-
ences were less than 4%, which is compatible with similar
previous tests (e.g., Macchiarelli et al., 2009).

3.3. Surface replication of specimens

High-resolution silicone moulds of well-preserved
enamel surfaces were made on the following specimens:
the buccal aspects of the UC and the lingual aspect of the
UP4, UM1, UM2 and UM3 of IGF4332; the buccal aspect of
the LI2 FS#BC-23, of the LP4 FS#Q16-64 and of the LM2
FS#Q16-59 (Fig. 2). The LM2 of IGF4883V and the two
enamel fragments, FS#BC-nn, were also replicated in this
way before proceeding further with sectioning.

The above specimens were replicated using the Colténe
President putty and light body wash addition curing sili-
cone impression system. Casts from moulds of these teeth
were made in clear epoxy resin and then sputter coated
with ~ 18 nm of gold-palladium to create a reflective sur-
face (Fig. 2). Oblique lighting was then used to illuminate
surface perikymata.

3.4. Ground sections

The two enamel fragments, FS#BC-nn, were first
embedded in clear epoxy resin (Fig. 3A and B). One ini-
tial axial cut was made in the longitudinal plane with a
diamond-embedded wafering blade and low speed saw
(Buehler, Isomet). One face of the two resulting blocks
was then polished and fixed with epoxy resin to a 1 mm
thick glass slide. A second parallel axial cut was then
made to remove a thin section attached to the glass slide.
This was then lapped plane-parallel by hand, polished
to~100 wm thickness, washed, dehydrated in alcohol,
cleared in xylene and mounted with a styrene-based (DPX)
mounting medium for light microscopy.

The LM2 of IGF4883V (Fig. 3C) was chosen to provide
information about both cervical enamel and root dentine
growth. A quadrant was cut from the mesiobuccal root
(Fig. 3C) and a ground section prepared as described above.
All sections were then examined in polarized transmitted
light and photomontages constructed using 125-500 mag-
nification factors.

3.5. Measurement of enamel daily increments

Each of the Oreopithecus sections contained regions of
daily enamel cross striations that could be measured. Daily
average rates in the cuspal regions of the two enamel
fragments, FS#BC-nn, were calculated as follows: cuspal
enamel thickness was measured from the lateral aspect of
the former dentine horn to the surface enamel; these dis-
tances were then divided equally into three regions: inner,
middle and outer; measurements were made across six
consecutive cross striations and then divided by five to give
adaily average value. This procedure was repeated 22 times
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Fig. 1. (Color online.) Oreopithecus bambolii. SR-.CT-based sections passing through the mesial dentine horns (A) and 3D virtual renderings (B) of the
four permanent lower molars FS1996#Fi98 (LRM1, mirrored), FS1996#Fi99 (LRM2, mirrored), FS1996#Fi97 (LLM3), and IGF4351 (LRM3). All specimens
in buccal view with the enamel in semi-transparency. In IGF4351, the worn enamel apex and dentine horn of the protoconid and the enamel apex of the
metaconid were virtually reconstructed based on the morphology of the specimen FS1996#Fi97. Scale bar: 5 mm.

Fig. 1. (Couleur en ligne.) Oreopithecus bambolii. Sections SR-CT passant par les cornes de dentine mésiales (A) et rendues virtuelles 3D (B) des quatre
molaires inférieures permanentes FS1996#Fi98 (LRM1, inversée), FS1996#Fi99 (LRM2, inversée), FS1996#Fi97 (LLM3), et IGF4351 (LRM3). Tous les spéci-
mens sont en vue buccale avec I'émail en semi-transparence. Pour IGF4351, I'émail et la corne de dentine usés du protoconide, ainsi que le sommet de
I'’émail du métaconide ont été virtuellement reconstruits en se basant sur la morphologie du spécimen FS1996#Fi97. Echelle : 5 mm.

in the inner, 13 times in the middle, and 20 times in the
outer regions of the two sections combined.

Lateral and cervical enamel daily rates were measured
in the same fashion within, respectively, the approximate
outer mid-third of the crown and the cervical region of
IGF4883V.

4. Results
4.1. Outer vs. inner structural morphology

The high-resolution virtual reconstruction of the Ore-
opithecus lower molar crowns (Fig. 1) reveals that each
morphological feature expressed at the outer enamel sur-
face (OES) is sharply expressed at the ED] level (contra
Olejniczak et al., 2004). Indeed, while the main cusps
are externally well differentiated, the short precingulid
accessory cusps (i.e., paraconid, centroconid, tuberculum
sextum)and the complex crest network (i.e., the paracristid
between paraconid and protoconid, the protocristid
between protoconid and metaconid, the hypolophid
between hypoconid and entoconid, the hypometacristid
between metaconid and centroconid, the hypoprotocristid
between protoconid and centroconid, and the entolophid
between entoconid and hypoconulid) (Butler and Mills,
1959) are more markedly expressed at the EDJ. In fact, com-
pared to the OES signal, sharper topographic information of
taxonomic and phylogenetic value is commonly observed
in extant and fossil hominids at the ED]J level (Corruccini,
1987; Macchiarelli et al., 2006, 2009; Olejniczak et al., 2004,
2007; Skinner et al., 2008a,b; Smith et al., 2006, 2009;
Zanolli and Mazurier, 2013).

When comparing the OES and ED] in Oreopithecus,
Homo, Pan and Gorilla LM1s, the first clearly exhibits a set
of unique structural features (Fig. 4). Notably, Oreopithe-
cus shows proportionally higher and more slender dentine
horns. In addition, instead of having a concave central basin

as in extant hominids, it is high and even slightly convex or
bulging due to the development of the oblique crest and of
the centroconid, which also rise high at the ED]J.

As a whole, based on our 3D comparative record of
extant and fossil hominoid lower molars, the degree of
structural complexity observed at the ED] in Oreopithecus
is unique.

4.2. 2-3D enamel thickness virtual assessment

In the four Oreopithecus lower molars imaged by SR-
LCT, the thickest cuspal enamel is uniformly found on the
buccal aspects of the protoconid and metaconid (Table 1).
Similar to the patternreported for all extant and some fossil
hominids (Olejniczaketal.,2008d; Smithetal.,2011,2012),
the Oreopithecus specimens investigated here provide evi-
dence for increasing maximal enamel thickness from the
LM1, through the LM2, to the LM3. The lingual enamel
thickness of the metaconid is nearly uniform, while there
is more variation along the protoconid lingual wall.

Similar to Ouranopithecus macedoniensis (maximum
enamel thickness of the LM1 protoconid: 2.04 mm, meta-
conid: 1.85 mm; Macchiarelli et al., 2009), the Oreopithecus
LM1 displays slightly thicker maximum cuspal enamel
on the protoconid than on the metaconid. In contrast,
the LM2 and LM3 exhibit a more even distribution of
the enamel on both cusps (Table 1). This pattern dif-
fers from that observed in extant African great apes and
Homo, where thicker enamel is generally found on the
buccal crown side (Grine, 2005; Kono, 2004; Macchiarelli
et al., 2009). In the buccolingual section passing through
the mesial cusps, Oreopithecus maximal radial enamel
thickness (1.45 mm) slightly exceeds the measurements
available for Pan (1.36 mm) and Gorilla (1.40 mm), but not
the modern human figures (1.89 mm) (in Macchiarelli et al.,
2009).



C. Zanolli et al. / C. R. Palevol 15 (2016) 209-226 213

Fig. 2. (Color online.) Oreopithecus bambolii. Gold-palladium coated epoxy resin casts of teeth showing the well-preserved perikymata on the lateral crown
aspects. A: LI2 (FS#BC-23); B: UC (IGF4332); C: UP4 (to the right) to UM3 (IGF4332); D: LP4 (FS#Q16-64); E: LM2 (FS#Q16-59). The arrows indicate the
area where the perikymata could be near-completely counted.

Fig. 2. (Couleur en ligne.) Oreopithecus bambolii. Moulages des dents en résine époxyde recouverts d’un alliage or-palladium montrant les périkymaties
bien préservées sur I'aspect latéral des couronnes. A: LI2 (FS#BC-23); B: UC (IGF4332); C: UP4 (a droite) a UM3 (IGF4332); D: LP4 (FS#Q16-64); E: LM2
(FS#Q16-59). Les fléches indiquent la zone ot les périkymaties ont pu étre presque intégralement comptées.

Table 1

Maximal cuspal enamel thickness (in mm) in four Oreopithecus bambolii lower molars.

Tableau 1

Epaisseur maximale de I’émail (en mm) des cuspides de quatre molaires inférieures chez Oreopithecus bambolii.

FS1996#Fi98 FS1996#Fi99 FS1996#Fi97 IGF4351

Maximal enamel thickness LM1 LM2 LM3 LM3
Lingual aspect of the metaconid 1.00 0.97 1.00 1.00
Buccal aspect of the metaconid 0.99 1.21 1.45 1.28
Lingual aspect of the protoconid 0.80 1.16 1.22 1.00

Buccal aspect of the protoconid 1.11 1.20 141 1.33
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Table 2

2D-based relative enamel thickness index (RET) in extant and fossil hominoids (decreasing values). Sample size is reported in parentheses near each taxon.

Tableau 2

Indice 2D d’épaisseur relative de 'émail (RET) chez des hominoides actuels et fossiles (valeurs décroissantes). La taille de I'échantillon est indiquée entre parenthéses prés de chaque taxon.
Taxon uM1 umM2 uM3 LM1 LM2 LM3 Mean Category"
Paranthropus robustus (10)*° 28.8 26.8 28.2 35.7 28.5 Hyper-thick
Range 28.6-29.0 22.5-30.3 25.0-30.5
Ouranopithecus turkae (1)° 27.3 27.3
Ouranopithecus macedoniensis (1)¢ 25.5 25.5 Thick
Range 24.1-24.6
Australopithecus africanus (11)° 21.6 213 21.7 239 21.9 22.6
Range 15.7-27.8 16.5-31.3 17.9-26.8
Proconsul nyanzae (1)? 224 224
Gigantopithecus blacki (10)° 213
Range
Afropithecus turkanensis (2)* 20.9 209
Range 19.4-22.3
Homo erectus (Asia) (10)"¢ 17.7 299 221 19.9 209
Range 15.8-19.1 18.6-24.9
Homo heidelbergensis (N Africa) (3)™! 18.8 23.0 17.3 23.4 20.6
Range
Early Homo (E Africa) (2)" 15.6 18.7 215 26.2 20.5
Range
Homo sapiens (257)* 18.8 21.6 21.8 17.0 20.5 21.6 20.1
Range 14.0-23.9 16.5-28.0 17.0-30.0 11.8-22.6 14.8-27.7 17.2-31.8
Griphopithecus sp. (8)? 19.0 17.2 184 22.0 193
Range 17.8-20.2 16.5-20.7 20.9-23.0
Sivapithecus sivalensis (3)* 17.2 20.8 19.2
Range 16.3-18.2
Australopithecus africanus (1) 19.1 19.1
Sivapithecus parvada (1)? 189 18.9
Khoratpithecus piriyai (1)¢ 17.6 17.6
Khoratpithecus chiangmuanensis (2)' 17.5 17.5
Range 17.2-17.8
Lufengpithecus lufengensis (4)¢ 174
Proconsul heseloni (1)* 17.0 17.0 Intermed-thick
Sivapithecus indicus (1)™ 16.5 16.5
Neanderthals (42)" 15.2 18.1 18.0 15.9 15.7 16.6 16.4
Range 13.8-16.9 15.7-20.9 14.3-18.9 13.8-16.7 14.2-16.8 15.3-18.3
Oreopithecus bambolii (5)*°:" 13.0 174 17.0 15.8 15.8
Range 15.1-16.5
Rangwapithecus gordoni (1) 14.9 14.9 14.9
Pierolapithecus catalaunicus (5)° 14.3 14.5 16.9 149
Range 14.0-14.6 14.4-14.6
Anoiapithecus brevirostris (7)° 141 15.2 14.8 14.8
Range 13.9-14.2 13.0-17.3

Ardipithecus ramidus (1)9 14.8 14.8

922-60¢ (910Z) S1 10A2]pd "y D / 'Ip 32 ljjounz )



Table 2 (Continued)

Taxon UM1 UM2 uM3 LM1 LM2 LM3 Mean Category"
Pongo pygmaeus (75)" 123 15.2 16.2 11.8 14.6 16.4 14.3 Intermed-thin
Range 9.0-15.1 10.8-18.2 10.1-22.2 9.7-15.8 11.0-19.5 11.2-225

Lufengpithecus hudienensis (1)* 14.1 141

Pongo abelii (44)" 12.1 14.0 16.8 12.1 14.2 14.8 13.8

Range 9.0-16.3 11.2-19.3 12.2-22.1 8.6-14.7 11.2-185 9.8-19.1

Proconsul major (1)* 13.7 13.7

Pan troglodytes (40)** 103 114 12.8 12.6 12.9 15.0 13.2

Range 8.5-12.2 10.7-12.5 10.0-15.0 10.3-14.1 10.9-15.5 13.9-16.6

Dryopithecus fontani (2)" 12.5 13.0 12.7

Hispanopithecus laietanus (1)* 12.7 12.7

Gorilla gorilla (15)*° 9.8 12.3 10.8 10.8 12.4 13.9 11.7

Range 9.1-10.1 11.6-13.0 9.8-11.8 9.0-12.6 9.7-15.2 12.8-15.1

Proconsul africanus (1)* 8.5 8.5 Thin

Smith et al. (2006).
Olejniczak et al. (2008c).
Giileg et al. (2007).
Smith et al. (2004).
Zhang and Zhao (2013).
Smith et al. (2009).
Zanolli (2014).

Smith et al. (2012).
Zanolli and Mazurier (2013).
Macchiarelli et al. (2004).
Chaimanee et al. (2006).
Chaimanee et al. (2003).
m Mahoney et al. (2007).
Olejniczak et al. (2008a).
Zanolli et al. (2010).
Alba et al. (2013).

Suwa et al. (2009).
Smith et al. (2011).
Smith et al. (2005).
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Fig. 3. (Color online.) Oreopithecus bambolii. The two enamel fragments FS#BC-nn (A and B) before and after sectioning, and the LM2 IGF4883V (C) with the
cut portion of crown and root. The white and black arrows indicate similar accentuated striae in both fragments suggesting they are from the same tooth.
Fig. 3. (Couleur en ligne.) Oreopithecus bambolii. Les deux fragments d’émail FS#BC-nn (A et B) avant et aprés sectionnement et la LM2 IGF4883V (C) avec la
portion découpée de la couronne et de la racine. Les fleches blanches et noires indiquent des stries accentuées similaires dans les deux fragments, suggérant

qu'ils échantillonnent la méme dent.

Oreopithecus Homo

Pan Gorilla

Fig. 4. (Color online.) Comparative virtual rendering (slightly oblique mesiobuccal view) of a permanent lower first molar crown (all right LM1s) in
Oreopithecus (FS1996#Fi98), Homo, Pan and Gorilla. The enamel is shown in semi-transparency, allowing visualization of the dentine shape. Scale bar:

5mm.

Fig. 4. (Couleur en ligne.) Comparaison de rendus virtuels (en vue mésio-buccale, légérement oblique) d’'une couronne de premiére molaire inférieure
permanente (toutes des LM1 droites) de Oreopithecus (FS1996#Fi98), Homo, Pan et Gorilla. L'émail est montré en semi-transparence, permettant de visualiser

la morphologie de la dentine. Echelle : 5mm.

In order to adjust for size, we calculated both 2D and
3D indices of relative enamel thickness (RET and 3D RET)
(Tables 2 and 3).

Previous measures of 2D RET in Oreopithecus based on a
UMT1 physical section (spec. BM-11565) were 13.0 (Smith
etal.,,2003)and 15.5 (Andrews and Martin, 1991). Based on
our results, average 2D RET in Oreopithecus lower molars is
15.8, while average 3D RET is 15.6. These estimates near
or slightly exceed those reported for members of the Dry-
opithecinae subfamily, such as Pierolapithecus catalaunicus,
Anoiapithecus brevirostris, Dryopithecus fontani, Hispanop-
ithecus laietanus (details in Table 2). Conversely, much
thicker values characterize the macrodont taxa Paranthro-
pus robustus, Ouranopithecus turkae and O.macedoniensis
(Tables 2 and 3). Fossil and extant hominins also tend
to display relatively thick enamel (except Neanderthals;
Macchiarellietal.,2007; Olejniczak et al., 2008a). Fossil and
extant pongines range from intermediate-thin, in Pongo
abelii, to thick-enamelled molars, in Gigantopithecus blacki,
while the African extant great apes Gorilla and Pan range
from thin to intermediate-thin enamel (Tables 2 and 3).

RET values in Oreopithecus appear to show an increase
in 2D enamel thickness from M3 to M1, i.e., the reverse
of the pattern commonly seen in the comparative taxa

considered in this study, while the highest 3D RET value
was found in the LM2. However, more data from Oreop-
ithecus individuals with complete posterior tooth rows are
needed to verify this as a taxon-specific characteristic.

4.3. Daily rates of enamel formation, cuspal gradients
and cuspal formation time

Mean values for daily enamel cross striation spacing in
inner, middle and outer cuspal regions of the two fragments
of FS#BC-nn were 4.32 pm, 5.29 pm, and 5.19 pwm, respec-
tively (see descriptive statistics in Table 4). Thus, there is
a slight gradient of increasing rates of daily enamel forma-
tion from inner to outer cuspal enamel. The grand mean of
these three cuspal means is 4.93 pm, which was rounded to
5 pm. Thus, the 1100 wm and 1200 pm of cuspal enamel in
the two sections was estimated respectively to have taken
1100/5=220days and 1200/5 =240 days to form.

Following this general survey of cross striation mea-
surements, a zone of enamel 200 pm thick from the ED]
was defined from the cusp to the cervix in both sections
of the enamel fragments (FS#BC-nn). While there was a
gradient of increasing enamel formation rate from the EDJ
to the outer enamel, there was no cuspal-cervical gradient
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Table 3

217

3D-based relative enamel thickness index (3D RET) in extant and fossil hominoids (decreasing values). Sample size is reported in parentheses near each

taxon.
Tableau 3

Indice 3D d’épaisseur relative de I'émail (3D RET) chez des hominoides actuels et fossiles (valeurs décroissantes). La taille de I'échantillon est indiquée

entre parenthéses prés de chaque taxon.

Taxon LM1 LM2 LM3 Mean Category'
Ouranopithecus macedoniensis (1)? 28.5 28.5 Thick
Paranthropus robustus (4)° 25.0 209 24.0

Range 18.6-32.1

Homo sapiens (54)*¢™m 17.0 20.1 21.8 19.7

Range 14.5-22.4 12.6-40.7 17.9-27.8

Homo erectus (Asia) (7)%-¢ 214 18.0 21.7

Range 19.0-23.6

Gigantopithecus blacki (3)f 18.7

Range

Homo heidelbergensis (N Africa) (2)¢ 15.0 20.3 17.7

Range

Australopithecus africanus (7)° 20.6 15.7 15.5 17.0 Intermed-thick
Range 15.0-26.1 14.7-16.7 12.1-19.3

Neanderthals (48)c-"1..m 16.0 149 16.6 16.3

Range 11.8-24.0 11.9-25.5 11.0-22.3

Oreopithecus bambolii (3)™ 14.2 16.4 16.2 15.6

Homo erectus/ergaster (E Africa) (1)¢ 14.7 14.7

Pongo pygmaeus (8)<™ 12.6 15.5 15.2 144 Intermed-thin
Range 11.7-133 12.8-19.0

Pan troglodytes (22)*:¢ 12.0 11.6 124 12.0

Range 9.3-16.4 9.6-12.8 9.0-14.7

Gorilla gorilla (9)*¢ 9.2 9.9 9.5 Thin
Range 7.1-10.5 8.1-11.7

2 Macchiarelli et al. (2009).

b

Olejniczak et al. (2008c).
Olejniczak et al. (2008d).
Zanolli (2014).

Macchiarelli et al. (2013).
Kono et al. (2014).

Zanolli and Mazurier (2013).
Olejniczak et al. (2008a).
Kupczik and Hublin (2010).
NESPOS Database (2014).
Zanolli et al. (2014).
Following Martin (1985).
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within this inner zone close to the EDJ. The range of cross
striation spacings did not change in this zone between the
cusp and the cervix. The mean value of 26 measurements
of cross striation spacing made within this zone between
the cusp and cervix was 3.9 wm (Table 4). Thus, on average,
any 200 pm thickness of enamel from the ED] in these two
Oreopithecus sections took 200/3.9=51 days to form (com-
pared with mean values of 57 days in the Pan M2 sections
and 62 days in the Gorilla M2 sections; see Dean, 1998). This
calculation was then used to estimate total enamel forma-
tion times and enamel extension rates in these two sections
following Dean (2009, 2010) and Guatelli-Steinberg et al.
(2012).

4.4. Crown formation times

Following methods described previously (Dean, 2009,
2010; Guatelli-Steinberg et al., 2012), a measurement of
200 wm along a prism length (51 days formation time) was
made from the ED]J tip in the cusp at the dentine horn. From
this point an accentuated marking, or stria of Retzius, was
identified and tracked obliquely back to intersect the EDJ

further along from the dentine horn. The distance along
the ED] between the start-point at the dentine horn and the
end-point further along the ED] represents the length of ED]
formed in the same time it takes to form a 200 wm thickness
of enamel (51days). This represents the enamel exten-
sion rate that can be expressed in um/day (see Section 4.5
below). This procedure was repeated from the cusp tip to
the enamel cervix and each 51-day prism length cumulated
to give the total enamel formation time. In both fragments
there were 14 complete 51-day prism lengths so the total
enamel formation time was 714 days in each fragment.

Crown formation time is equal to the sum of lateral
enamel formation time and cuspal enamel formation time.
The sum of cuspal enamel formation times (calculated
in Section 4.3 above) and lateral enamel formation times
in each of the enamel fragments (220+494=714days)
and (240 +474 =714 days) gives identical crown formation
times of 1.96 years. However, the fragments are of unequal
length along the ED] from the cusp to the cervix. One frag-
ment measures 7316 wm and the other 8230 pm.

Each section contained prominent accentuated lines
within the enamel with an identical patternin their relative
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Table 4

Comparison of daily enamel formation rates in Pan troglodytes, Gorilla gorilla and Oreopithecus bambolii. When available, the range and/or standard deviation

are indicated between parentheses. n is the number of measurements.
Tableau 4

Comparaison des taux de formation par jour de I'émail chez Pan troglodytes, Gorilla gorilla et Oreopithecus bambolii. Lorsque disponible, I'intervalle de
variation et/ou I'écart-type sont indiqués entre parenthéses. n représente le nombre de mesures.

Oreopithecus bambolii

Pan troglodytes Gorilla gorilla

Inner cuspal
Smith et al. Molar average
(2007)
Kelley et al. M1, M2
(2001)
This study Enamel n=22 4.32(2.90-5.30/+0.61)
Fragments
Beynon et al. Molar average
(1991)
This study M2
Middle cuspal
Smith et al. Molar average
(2007)
Kelley et al. M1, M2
(2001)
This study Molar average n=13 5.29 (4.40-6.00/+0.55)
Beynon et al. Molar average
(1991)
Outer cuspal
Smith et al. Molar average
(2007)
Kelley et al. M1, M2
(2001)
This study Enamel n=20 5.19 (4.50-6.29/+0.50)
fragments
Beynon et al. Molar average
(1991)
Outer lateral
Kelley et al. M1, M2
(2001)
This study M2 n=5 5.18 (4.70-5.60/+0.20)
Beynon et al. Molar average
(1991)
Cervical enamel
This study M2 n=13 3.94(3.20-4.89/+0.45)
Beynon et al. Molar average
(1991)
All inner cross
striations
0-00 um from
EDJ
This study Enamel n=26 3.86 (2.90-5.20/+0.56)
fragments
This study Molar average
This study M2

n=75  3.62

(2.78-4.72/+0.42)
n=2 3.36,3.57
n=4 3.10 (+£0.30) n=5 3.20 (+£0.20)

n=61 325
(2.48-4.07/+0.32)

n=75 423

(3.01-5.38/+ 0.50)
n=2 423,418
n=1 4.40 n=5 5.20 (+0.50)
n=75  4.60

(3.64-5.77/+0.51)
n=2 467,458
n=2 5.00 (+£0.50) n=5 6.10 (+£0.30)
n=2 469,4.19
n=1 410 n=5 6.10 (+£0.30)
n=4 3.90 (+0.30) n=5 3.80 (+£0.45)
n=14 351

(3.28-4.08/+0.24)

n=101 3.25

(2.34-4.13/+0.35)

spacing (a white and a black arrow in Fig. 3A and B denote
two accentuated lines). This makes it highly likely that both
fragments belonged to the same tooth and may well repre-
sent the buccal or lingual aspects of a lower molar (or less
likely, a premolar). Given this, it is perhaps not surprising
that the enamel formation time estimate for each is the
same. However, the taller enamel fragment has the first of
these shared accentuated lines 230 wm further away from
the ED] in the cusp than observed in the shorter enamel
fragment, suggesting ~ 46 days (i.e., 230/5 =46 days) extra
enamel formation in the former. It follows that this cusp
is likely to have initiated earlier and to be staggered in its

formation time with respect to the shorter fragment. Since
enamel formation times are estimated to be equal in both
fragments, the last-formed enamel may be in the cervix
of the shorter fragment, ~ 6-7 weeks after it completed in
the taller fragment. If this is the case, the total time taken
to form enamel in this tooth would have been 2.08 years.
In summary, crown formation time in these enamel
fragments (FS#BC-nn) was close to 2 years. If total enamel
formation time was 714 days in each enamel fragment,
then this minus the cuspal formation times (220 and
240days, respectively) leaves 494 and 474 days to form
the lateral enamel of each enamel fragment. With either
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Table 5

Summary of the molar cusp formation times in Oreopithecus (crown frag-
ments FS#BC-nn) compared with those of Pan troglodytes. n is Pan sample
size.

Tableau 5

Temps de formation des cuspides des molaires chez Oreopithecus (frag-
ments de couronne FS#BC-nn), comparés a ceux de Pan troglodytes. n
représente la taille de I'échantillon de Pan.

M3 protoconid”
M3 metaconid” 1.96

1)2.74
n=2)2.25(1.91-2.60)

Oreopithecus Pan

M1 protoconid 1.96 (n=14)2.30(1.78-2.65)
M1 protoconid” (n=5)2.17 (2.00-2.61)
M1 metaconid (n=7)1.60(1.41-1.87)
M1 metaconid” (n=5)1.73 (1.65-1.87)
M2 protoconid 1.96 (n=10)2.38(1.72-3.20)
M2 protoconid” (n=4)2.69 (2.20-2.96)
M2 metaconid” 1.96 (n=5)2.33(1.95-2.98)
M3 protoconid (n=10)2.80(2.19-3.34)

(n=

(

Data marked " are from (Smith et al. (2007): Table 6; originally cited in
days).

5 or 6days between striae of Retzius and perikymata in
Oreopithecus, the expectation is that M2s would express
between 80 and 100 perikymata between the cusp tip and
cervix. This is explored further in Section 4.6 below.

A summary of crown (cusp-specific) enamel formation
times in Oreopithecus compared with those of Pan appears
in Table 5. The data for Oreopithecus are entered against
each cusp for Pan where the range for almost all cusps on
all molars would include our estimate for Oreopithecus of
1.96 years.

4.5. Enamel extension rates

Enamel extension rates in the two Oreopithecus ground
sections (FS#BC-nn) were calculated for each 51-day incre-
ment of time beginning with crown initiation in the cusp
tip at the dentine horn. In sequence from the dentine horn,
these were initially 32, 14, 15 and 10 wm per day in one
cusp and 26, 26, 15, 13, and 10 wm per day in the slightly
taller fragment. At the enamel cervix extension rates were
5.5 wm per day in one section and 6.1 wm per day in the
other. It was also possible to estimate enamel extension
rates in the last part of the cervix of the LM2 belonging to
IGF4883 V. Here daily enamel formation rates were slightly
slower thanin the other two sections (average 3.6 wm/day),
so that each 200 wm thickness of enamel took 55.5 days
and not 51days to form. Cervical extension rates were
measured twice in succession, 5.1 and 5.3 pum/day, and cor-
respond well to the cervical enamel extension rates in the
two enamel fragments.

A summary of maximum extension rates calculated in
the buccal cusp tips of molar teeth for several taxa appears
in Table 6.

4.6. Perikymata counts, periodicities and lateral enamel
formation times

The buccal aspect of the LI2 FS#BC-23 (Fig. 2) was worn
at the occlusal edge, but expressed in excess of 120 well-
preserved perikymata from the cervix. The buccal aspect
of the UC of IGF4332 is fractured at the cusp tip, but

it expressed in excess of 140 perikymata that also are
well-preserved from the cervix. On the same maxillary
specimen, only incomplete counts on the lingual aspects
of the UP4 (>75), UM1 (>75), and UM2 (>85) were pos-
sible. Near-complete counts were possible on the buccal
aspects of the well-preserved LP4 FS#Q16-64 (>96), and
LM2 FS#Q16-59 (>75) (Fig. 2).

The two sections of the enamel fragments FS#BC-
nn contained >90 and >80 long-period striae of Retzius,
respectively. In each fragment at least 1 mm of enamel
was worn away at the cusp tip that might have con-
tained ~ 10, or more, extra perikymata. Regions of the
lateral enamel show locations where 5 daily increments are
visible between long-period striae of Retzius. This is not
inconsistent with the estimated number of striae within
these sections (Fig. 5) taking 494 days and 474 days, respec-
tively, to form and suggests that we are observing a degree
of internal consistency within the enamel microstructure
of these Oreopithecus enamel fragments.

The section of the LM2 of IGF4883 V cervical enamel, on
the other hand, showed clear daily cross striations ~ 3.6 um
apartonaverage but withregions slightly greater or smaller
than this. Striae of Retzius were spaced ~ 18-20 vm apart
and in places 6 increments were visible between adjacent
striae (Fig. 5). Taking the evidence from both individuals
studied here, a periodicity of 5 or 6 days between striae of
Retzius seems likely in Oreopithecus. The number of striae
counted in the two enamel fragments is comparable with
the number of perikymata counted in the other Oreopithe-
cus M2s (and P4s) reported above and exceeds the number
observed in the UM1 of IGF4332. They support the diagno-
sis of each fragment belonging to an M2 rather than an M1
and their morphology, with a thick occlusal portion, favours
them being M2 fragments rather than P4 fragments.

4.7. Growth in tooth height in Oreopithecus and Pan

Fig. 6 shows increase in tooth length along the EDJ con-
tinuing along the CDJ (cemento-dentine junction in the
root) against tooth formation time. The data for each Oreop-
ithecus enamel fragment (FS#BC-nn) are treated separately.
The data for the M2 root growth of IGF4883V have been
added to that of the two crown fragments to produce a com-
bined profile of crown and root growth for each fragment.
When the data for Oreopithecus are plotted with the Pan
M1 sample (Fig. 6A), they fall just beyond those teeth that
achieve the greatest heights in the shortest times; however,
when they are plotted with the Pan M2 sample (Fig. 6B),
they lie well beyond the range observed for Pan.

5. Discussion
5.1. Tooth morphostructure

Our 3D virtual investigation revealed that the high and
complex occlusal topography of the Oreopithecus molars
is not only found externally (Butler and Mills, 1959), but
is also reflected internally, where the dentine horns are
particularly elevated and acute, linked by sharp ridges
and accessory features (Zanolli et al., 2010). This unique
morphology differs from the lower, more squat cusps
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Table 6
Maximum molar cuspal enamel extension rates in extant and fossil catarrhine primates (decreasing values).
Tableau 6
Taux d’extension maximal de I'émail des cuspides des molaires chez des primates catarrhiniens actuels et fossiles (valeurs décroissantes).
Taxon Tooth n Mean SD Range
Gorilla gorilla*" M1 6 39.6 134 23.7-52.5
M2 5 449 3.2 42.8-50.2
M3 1 49.9
Neanderthals® <-4 M1 1 34.7
Victoriapithecus macinnesi®-¢ M2 2 303 24.8-35.9
Oreopithecus bambolii' M2 2 29.3 32.1-26.5
Homo sapiens®:® M1 15 26.7 4.5 17.1-36.7
M2 8 24.2 5.6 16.4-37.9
M3 6 244 74 15.2-30.9
Proconsul nyanzae® M1 1 31.7
M2 1 28.7
Hispanopithecus laietanus®-¢ M1 1 29.1
M2 1 221
Gigantopithecus blacki®" M3 1 26.1
Pan troglodytes?® M1 10 28.0 45 21.5-36.3
M2 10 20.6 6.1 13.3-29.6
M3 10 21.7 4.4 14.4-28.1
Australopithecus anamensis®® M1 1 17.6

2 Dean (2010).
Guatelli-Steinberg et al. (2012).
Macchiarelli et al. (2006).

Dean (2009).

Dean and Leakey (2004).

f Beynon et al. (1998).

& Dean and Kelley (2012).

h Dean and Schrenk (2003).

I This study.
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c
d
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and dentine horns enclosing a sub-concave occlusal basin
commonly seen in fossil and extant hominoid molars,
such as Ouranopithecus (Macchiarelli et al., 2009), Paran-
thropus and Australopithecus (Skinner et al., 2008a), Homo
(Macchiarelli et al., 2006; Skinner et al., 2008b; Zanolli,
2014; Zanolli and Mazurier, 2013), and in the living great
apes (Skinner et al., 2008b, 2010).

Assuming that Oreopithecus is closely related to the
dryopithecines (Harrison and Rook, 1997; Moya-Sola and
Kohler, 1997), which almost invariably exhibit a low to
only moderately elevated external crown topography (Alba
et al., 2013; Begun, 2002), its tall occlusal reliefs could
represent an autapomorphic feature developed under con-
ditions of insular isolation. On the other hand, tall cusps
could also represent the retention of a primitive feature, as
seen in basal hominoids (Begun, 2002). Ongoing systematic
characterization of the inner structural morphology of the
dryopithecine molar crowns promises to shed light on this
relevant aspect (Fortuny et al., 2014).

Oreopithecus displays thicker molar enamel than Pan
and Gorilla (for both RET and 3D RET), but slightly thinner
than extant humans. Compared to other fossil hominoids,
on average, Oreopithecus shows thicker enamel than the
dryopithecines reported so far (Alba et al., 2013). Interest-
ingly, megadont fossil hominoids, such as Ouranopithecus,
Paranthropus, Australopithecus and Gigantopithecus, show
the relatively and absolutely thickest enamel, suggesting
an allometric trend.

Variations in tooth enamel thickness result from a com-
plex interplay between ecology and phylogeny (Horvath
et al., 2014; Pampush et al., 2013; Smith et al.,, 2012).

Traditionally used to infer durophagy in fossil primate
taxa, it is now considered as intimately related to dietary
abrasiveness and selectively responsive to lifetime den-
tal wear resistance (Pampush et al., 2013). Because of its
elevated cusps and sub-bilophodont molar pattern, Ore-
opithecus has been commonly regarded as a specialized
leaf eater (e.g., Begun, 2007; Kay and Ungar, 1997; Szalay
and Delson, 1979; but see Moya-Sola and Kéhler, 1997).
However, stable isotopic analyses (§180, §13C) suggest that,
compared to modern chimpanzees or Sivapithecus, Oreop-
ithecus exploited a wider range of habitats and food items
(Nelson and Rook, 2008; Rook and Nelson, 2009). This is
supported by microwear analyses that suggest a closer fit
with Papio ursinus (DeMiguel et al., 2014; L’Engle Williams,
2013; Smith and Williams, 2010; Ungar, 1996). Accord-
ingly, similarly to the variation in molar enamel thickness
seenin macaques (Kato etal.,2014), the intermediate-thick
(Martin, 1985) enamel of Oreopithecus could reflect wider
dietary diversity implying the interaction with a greater
range of food material properties than previously thought.

5.2. Crown heights, enamel thickness and enamel
formation

High extension rates in the first-formed cuspal enamel
play a large role in determining final cusp height and
tooth height (Dean, 2009; Guatelli-Steinberg et al., 2012).
Thereafter, a combination of extension rates and time
spent forming enamel contribute to final crown height.
Tall cusps and overall crown height (relatively higher in
Oreopithecus than in Pan and Gorilla) are achieved with
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Fig. 5. (Color online.) Oreopithecus bambolii. Selected high-power images of the histological sections showing well discernible striae in various regions
of the crown (inner and outer enamel). The white arrows indicate areas where 5 cross striations are visible between adjacent striae in the two enamel
fragments FS#BC-nn, while the black arrow highlights a portion of the cervical enamel of the LM2 IGF4883V with 6 increments visible between adjacent
striae.

Fig. 5. (Couleur en ligne.) Oreopithecus bambolii. Sélection d’images de sections histologiques a haute résolution montrant les stries bien discernables dans
plusieurs parties de la couronne (émail interne et externe). Les fleches blanches indiquent les zones ot 5 striations croisées sont visibles entre des stries
adjacentes dans les deux fragments d’émail FS#BC-nn, tandis que les fléches noires montrent une portion de I'émail cervical de la LM2 IGF4883V avec 6
striations visibles entre des stries adjacentes.
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Fig. 6. (Color online.) Plots of increasing tooth height (jum) against crown (enamel fragments FS#BC-nn) and root (LM2 IGF4883V) formation time (years)
in Oreopithecus (black crown and grey root dots) and Pan troglodytes (red crown and blue root open circles) first molar (A) and second molar (B).
Fig. 6. (Couleur en ligne.) Augmentation de la hauteur de la couronne (pwm) en fonction du temps de formation (en années) de la couronne (fragments
d’émail FS#BC-nn) et de la racine (LM2 IGF4883 V) de la premiére (A) et de la seconde molaire (B) chez Oreopithecus (points noirs pour la couronne et gris
pour la racine) et Pan troglodytes (cercles rouges pour la couronne et bleus pour la racine).

fast initial cuspal extension rates that are maintained
into crown formation, as they appear also to be in the
Miocene cercopithecoid Victoriapithecus macinnesi (Fig. 7;
Dean and Leakey, 2004). The dryopithecine Hispanopithe-
cus laietanus (Alba et al., 2012; Dean and Kelley, 2012;

Kelley et al., 2001), which is more similar to extant and
fossil hominins and pongines than to Oreopithecus in molar
occlusal morphology, has a slower initial crown growth tra-
jectory but continues growing in height for a long period
of time.
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Fig. 7. (Color online.) Plot of increasing tooth height along the EDJ (m) against crown formation time (years) in Oreopithecus (orange filled circles) and a

number of extant and fossil catarrhine primates.

Fig. 7. (Couleur en ligne.) Augmentation de la hauteur de la couronne le long de I'ED] (um) en fonction du temps de formation de la couronne (en années)
chez Oreopithecus (disques orange) et un certain nombre de primates catarrhiniens actuels et fossiles.

Table 6 demonstrates how variable the initial maxi-
mum cuspal extension rates are in samples of extant taxa.
It also evidences how maximum cuspal extension rates
observed in Oreopithecus fall within the gorilla, chimpanzee
and modern human ranges, but along with those of Victo-
riapithecus macinnesi tend towards the higher values for
M2s than fossil hominids with lower more squat crown
morphologies.

Oreopithecus cuspal enamel overall grew at a fast daily
rate (Table 7) and the three molars from Fiume Santo
analysed here approach the relative enamel thickness
values reported for Afropithecus turkanensis, Sivapithecus
parvada and Australopithecus africanus (Mahoney et al.,
2007; Olejniczak et al., 2008c; Smith et al., 2003). The over-
all faster daily rates, especially in the inner cuspal enamel,
may be part of the process of achieving this degree of thick-
ness in a given crown formation time.

In the Old World monkey Victoriapithecus macinnesi
(Dean and Leakey, 2004), there was a near constant secre-
tion rate of 6 um/day in the M2 cuspal enamel, which
is consistently higher than in Miocene apes or thick-
enamelled hominins. It is possible this is the primitive
condition we might expect for a stem hominoid, but this is
not the case in Oreopithecus, where a slight gradient exists
from~4 to 5 um/day (Table 7). In Proconsul nyanzae, the
cuspal enamel gradient ranged from ~ 4 to 6 wm/day, with
inner rates staying slower for a longer time (Beynon et al.,
1998). Thus, the gradient in Proconsul nyanzae was more
pronounced than in Oreopithecus.

Based on our evidence, it seems there is no simple rela-
tionship between the thickness of cuspal enamel and the
gradients of daily formation rates within them (see Table 7).

5.3. The periodicity of striae of Retzius (perikymata) and
crown formation times

Very few of the 75 chimpanzees studied by Smith
et al. (2007) had periodicities as low as 5~days. The
5-day periodicity in the two of the three Oreopithecus
enamel fragments resembles, therefore, the modal value in
macaque monkeys, and that occasionally seen in gibbons
(Beynon et al., 1998; Dirks, 1998). The 5- and 6-day peri-
odicities in the two Oreopithecus individuals reported here
may turn out to be close to the modal periodicity in Ore-
opithecus, in which case it might best be explained with
respect to what we know of its body size, where males
were perhaps the size of a female chimpanzee, or slightly
smaller, and females the size of a male baboon (Jungers,
1987). However, the nature and strength of the relation-
ship between long-period stria periodicity and body size
remain unclear.

The comparison with the data available for Pan (Table 5)
would suggest the Oreopithecus fragments FS#BC-nn have
greater formation times than Pan M1 metaconids. But the
small sample of M1 or M2 protoconid formation times in
Pan both encompasses the time to form these fragments.
Even M3 metaconid formation times in Pan encompass
2 years, and M3 protoconid formation times are only a little
more than 2 years at the low end of their range (Table 5).
One fragment of FS#BC-nn has the typical concave ED] of
lower buccal or upper palatal cusp EDJs but the other does
not (Fig. 3A and 3B). It is possible that the taller later ini-
tiating enamel fragment is a lower lingual or upper buccal
fragment from the contralateral side of the shorter frag-
ment. If this is the case then, unlike Pan M1s but similar
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Table 7

Gradients of cuspal enamel formation in extant and fossil catarrhine primates (increasing % values).

Tableau 7

Gradients de formation de I'émail des cuspides chez des primates catarrhiniens actuels et fossiles (valeurs croissantes en %).

Cuspal inner rate (pm/day)

Cuspal outer rate (um/day) Percentage increase (%)

Ouranopithecus macedoniensis? 4.15 4.30 3.60
Victoriapithecus macinnesi® 5.65 6.50 15.00
Sivapithecus indicus® 4.38 5.15 17.60
Oreopithecus bambolii™ 4.32 5.19 20.10
Afropithecus turkanensis® 3.97 4.85 22.20
Sivapithecus parvada® 4.48 5.50 22.80
Proconsul nyanzae® 4.40 5.50 25.00
Proconsul heseloni® 4.40 5.50 25.00
Pan troglodytes" 3.62 4.62 27.60
Australopithecus anamensis® 417 5.47 31.20
Homo habilis® 3.68 5.22 41.80
Gigantopithecus blacki® 410 6.00 46.30
Australopithecus africanus® 4.18 6.62 58.40
Pongo pygmaeus' 3.27 5.20 59.00
Gorilla gorilla' 3.37 5.47 62.30
Hispanopithecus laietanus’ 3.25 5.50 69.20
Homo erectus® 3.05 5.19 70.20
Neanderthal (La Chaise)~ 2.93 5.00 70.60
Paranthropus robustus® 4.16 7.25 74.30
Australopithecus afarensis® 3.31 5.84 76.40
Homo rudolfensis® 3.01 5.38 78.70
Neanderthal (Tabun)* 3.16 5.81 84.10
Homo sapiens (average)? 2.80 5.20 85.70
Paranthropus aethiopicus® 3.50 6.53 86.60
Lufengpithecus hudienensis' 3.00 5.60 86.70
Paranthropus boisei® 2.94 7.15 143.20
a Smith et al. (2004).

b

Dean and Leakey (2004).
Mahoney et al. (2007).
Smith et al. (2003).
Beynon et al. (1998).
Smith et al. (2007).
Lacruz et al. (2008).

Dean and Schrenk (2003).
Dean (1998).

Dean and Kelley (2012).
k Macchiarelli et al. (2006).
Schwartz et al. (2003).

M This study.

- o o A

—- - T ®

to Pan M2s, both aspects of this Oreopithecus tooth would
have had similar total enamel formation times.

The evidence based on the shared internal pattern
of accentuated markings, the thick-enamelled occlusal
projection in one fragment, as well as identical enamel for-
mation times and the surface perikymata counts within the
Oreopithecus sample itself, support these fragments very
likely coming from the same M2 crown (but not completely
excluding a P4 attribution due to its similar formation times
with the M2).

In Oreopithecus, the crown formation times of the two
possible M2s fragments were ~ 1.96 years, close to those
reported for Proconsul nyanzae (~ 2years; Beynon et al.,
1998).

5.4. Comparative dental development in Oreopithecus

Values for most of the variables described here for Ore-
opithecus fit well within what is known for Pan. Those at
the upper limits of variation known for Pan (the high M2
cuspal extension rates in the crown) can be considered as

part of an adaptation to grow a tall crown. The faster rates
of enamel formation are harder to interpret, but might
simply be an adaptation to grow thick enamel in a short
period of time. By way of example, faster rates of enamel
formation in Paranthropus boisei than in Pan troglodytes
do not appear to be linked with any obvious differences
in their crown formation times (Lacruz et al., 2008), but
they do contribute to crowns with thick enamel being
able to complete their formation within a similar time to
those of Pan. Thick enamel in Ouranopithecus macedonien-
sis (Macchiarelli et al., 2009; Smith et al., 2004) appears to
have formed with a minimal gradient of enamel formation
from the ED]J to the surface enamel (Table 7), and so no
clear link between enamel gradients and enamel thickness
appear to exist among hominoids. These new data for Ore-
opithecus serve to emphasise that thick enamel may form
in many ways.

A larger sample of Oreopithecus molars would demon-
strate if faster enamel formation rates are actually
associated with shorter than average crown formation
times than in Pan. The non-destructive analytical method
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described here (See Section 4.3) would facilitate studies of
larger samples of individuals than in this study and might
resolve the question of whether the mean total crown for-
mation times for a sample of Oreopithecus molars were
actually less than in Pan. Itis not presently possible to know,
however, whether a single Oreopithecus specimen is repre-
sentative of the mean of this taxon. The crown formation
time for the individual used in this study (~ 2 years) falls
within the ranges known for Pan M1 and M2 crown forma-
tion. However, in addition to individual crown formation
times, the initiation times of tooth mineralisation and the
degree to which M1, M2 and M3 crown formation peri-
ods overlap with one another, which is quite variable in
Pan and Pongo (Smith et al., 2007; Winkler et al., 1991),
together best reflect the overall duration of dental develop-
ment (Dean, 2010). Previously, early molar initiation times
were shown to play a key role in the accelerated dental
development of Anapithecus hernyaki (Nargolwalla et al.,
2005). Information made available from this study con-
cerning the timing of individual molar tooth formation in
Oreopithecus would be more informative if it were possible
to determine both the degree of overlap in molar formation
and the initiation times of individual molar crowns.
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