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Abstract

Objectives

The taxonomic status of isolated hominoid teeth from the Asian Pleistocene has long been
controversial due to difficulties distinguishing between pongin and hominin molars given their
high degree of morphometrical variation and overlap. Here we combine non-metric and
geometric morphometric data to document a dental pattern that appears to be taxonomically
diagnostic among Pongo. We focused on the protoconule, a cuspule of well-documented

evolutionary history, as well as on shape differences of the mesial fovea of the upper molars.

Materials and Methods

We examined 464 upper molars of six hominid genera (Australopithecus, Paranthropus, Homo,
Pan, Gorilla, and Pongo), including representatives of Homo erectus and extinct and recent
Pongo. Analyses were conducted at the enamel-dentine junction to overcome the limitations

introduced by dental wear.

Results

We found that a moderate or large protoconule is present in ~80% of the Pleistocene and extant
Pongo individuals. In contrast, a moderate to pronounced protoconule in hominins and African
great apes occurs in low frequencies (~0%-20%). The multivariate analyses for the mesial fovea
show that Pleistocene and extant Pongo cluster together and are clearly differentiated from all

other groups.



Discussion

This study suggests that the protoconule and the shape of the mesial fovea are useful features for
the taxonomic identification of isolated hominid teeth. By identifying these new features, our
results can contribute to the better understanding of hominoid evolutionary history and
biogeography during the Asian Pleistocene. However, we emphasize that the reported features
should be used in combination with other diagnostic variables for the most accurate taxonomic

assessments.

Key words: Protoconule; mesial fovea; enamel-dentine junction; taxonomy; hominids



1. Introduction

Hominid biogeography in Asia during the Pleistocene is characterized by a complex
scenario where at least four genera — Pongo, Homo, Gigantopithecus, and an unknown genus of
ape or “mystery ape” (sensu Ciochon, 2009; Zanolli et al., 2019) — coexisted in mainland and
island Asia. Although orangutans are today restricted to Borneo (Pongo pygmaeus) and northern
Sumatra (Pongo abelii and Pongo tapanuliensis) (Nater et al., 2017), they were widely
distributed in China, Vietnam, Thailand, Laos, Cambodia, Peninsular Malaysia, Borneo,
Sumatra, and Java during the Pleistocene (Bacon & Long, 2001, 2002; Bacon et al., 2008;
Ciochon, Olsen, & James, 1990; Groves, 2001; Harrison, 1998, 2000; Harrison, Krigbaum, &
Manser, 2006; Harrison, Jin, Zhang, & Wang, 2014; Hooijer, 1948; Ibrahim et al., 2013; Kaifu,
Fachroel, & Baba, 2001; Nisbett and Ciochon, 1993; Olsen & Ciochon, 1990; Schwartz, Long,
Cuong, Kha, & Tattersall, 1994, 1995; Spehar et al., 2018; Wang et al., 2014; Zhao, Wang, Jin,
Qin, & Pan, 2009). The oldest known Pongo fossils date to the Early Pleistocene of southern
China, and members of this genus possibly survived until the early Holocene in Vietnam and
Cambodia (Drawhorn, 1995; Harrison et al., 2006; Schwartz et al., 1994, 1995). The earliest
occurrence of orangutans in the islands of Southeast Asia has proven more difficult to ascertain.
Several dental remains from Sangiran Dome and Trinil in Java, dated to the Early or Middle
Pleistocene, have been attributed to Homo erectus, Meganthropus paleojavanicus, or Pongo
sp.(Antdn, 2003; de Vos, 2004; Harrison et al., 2006, 2014; Hooijer, 1948; Smith et al., 2009;
Tyler, 2004; von Koenigswald, 1982; Zanolli, Grine, Kullmer, Schrenk, & Macchiarelli, 2015;
Zanolli et al., 2019), with a few authors even suggesting morphological affinities with Homo

habilis, Paranthropus robustus, Australopithecus africanus and Pan sp. (e.g., Tyler, 1991, 1995).



The earliest definitive occurrence of H. erectus in Southeast Asia dates to ~1.6 Ma
(Antdn, 2003; Falgueres et al., 2016; Larick et al., 2001; Swisher et al., 1994). Fossil evidence
for the penecontemporaneous occurrence of Homo in China comes from Yuanmou (~1.7 Ma;
Zhu et al., 2008), Gongwangling (~1.63 Ma; Zhu et al., 2015) and Shangshazui in the Nihewan
Basin (~1.6-1.7 Ma; Ao, Dekkers, Wei, Qiang, & Xiao, 2013), and artefacts from the Paleolithic
site of Shangchen suggest a hominin occupation of the Chinese Loess Plateau that dates to as
early as ~2.1 Ma (Zhu et al., 2018). Dentognathic remains from Longgupo Cave in Chongging
Municipality (~1.4-1.8 Ma; Han et al., 2012), once thought to represent the earliest record of
hominins in China, are now believed to belong to an extinct ape (Ciochon, 2009, 2010; Etler,
Crummett, & Wolpoff, 2001; Schwartz and Tattersall, 1996). Although they have received less
attention than Longgupo, several additional Pleistocene sites in China and Vietnam have yielded
hominoid fossils of uncertain or contentious taxonomic status (see Ciochon, 2010) and these
have been variously assigned to Australopithecus, H. erectus, Homo sp., cf. Ponginae, Pongo sp.,
Hemanthropus, Langsonia and Hominoidea (gen. et sp. indet.) (see Ciochon, 2010; Harrison et
al., 2014 for a review).

Many of the taxonomic uncertainties associated with Pleistocene hominoids in Asia stem
from the problem of distinguishing between the molars of pongins and hominins, especially
when they are worn, and this is compounded by the fact that many assemblages are composed of
isolated teeth. Both pongins and hominins have relatively thick-enameled crenulated molars with
a low occlusal topography (Fig. S1). Moreover, molars of these taxa overlap in crown formation
times and daily secretion rates (Grine and Franzen, 1994; Martin, 1985; Olejniczak et al., 2008a;
Smith, Olejniczak, Reid, Ferrell, & Hublin, 2006, Smith et al., 2011; Smith, 2016; but see Smith

et al., 2018 for a recent comprehensive study on crown formation times in Pongo and Homo). It
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has also been suggested that the occlusal outline of Pongo upper molars is more oval than in
African great apes and more similar in this regard to that of Homo (Swindler & Olshan, 1988).
Several authorities have noted the remarkable tooth size and shape variation observed in fossil
Pongo (Harrison, 2000; Harrison et al., 2014; Schwartz et al., 1995). This observation in line
with the high degree of postcanine variation documented for extant Pongo in which there is no
consistent dental morphological pattern within populations (Uchida, 1996, 1998; but see Pilbrow,
2018) and isolated teeth are difficult to separate at the species level (Harrison et al., 2014).
Extinct and recent humans also exhibit a high degree of molar size variation, and both Pongo and
Homo experienced similar overall trends of dental reduction over time (Demeter et al., 2004;
Garn, Lewis, & Kerewsky, 1963; Goose, 1963; Grine & Franzen, 1994; Harrison et al., 2014;
Hooijer, 1948; Schuman & Brace, 1954; Smith, 2016; Tshen, 2016; Weidenreich, 1937, 1945).
This scenario becomes even more complex with the presence of a number of molars that, while
falling in size closer to early Homo than to Pongo, exhibit a more ape-like morphology
(Ciochon, 2009, 2010).

The high frequency of supernumerary teeth in Pongo further complicates the taxonomic
attribution of isolated hominid teeth from the Asian Pleistocene. Between 7% and 20% of Pongo
individuals possess one or more supernumerary teeth, most of which (~85%) are upper and lower
M4s (Bergstrom et al., 2016; Hooijer, 1948; Mahler, 1973; Selenka, 1898). When compared to
their metameres, Pongo Mds are generally the smallest tooth in the molar row, with linear
measurements falling well within the dimensions for Homo. While highly variable, M4s tend to
retain the morphological features of their metameres and are not easily identified as
supernumerary (Hooijer, 1948; Mahler, 1973). Thus, Pongo M4s could be easily confused with

Homo molars, especially when only size variables are considered. This ambiguity has resulted in
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several isolated molar teeth from Pleistocene deposits being classified by different authorities as
either Pongo M4s or Homo sp./Homo erectus (Harrison et al., 2006; Schwartz et al., 1994, 1995;
Smith et al., 2009).

Here we combine dental non-metric and geometric morphometric data to document a
dental pattern on the upper molars that appears to be taxonomically diagnostic among
Pleistocene and recent Pongo. We focused our analyses on the protoconule, a cuspule located to
the mesial side of the protocone at the intersection of the preprotocrista and the hypoparacrista,
as well as on shape differences of the mesial portion of the trigon between the protocone and
paracone dentine horns. To overcome the limitations introduced by dental wear obliterating
informative features at the level of the outer enamel surface (OES), data collection and analyses
were performed at the enamel-dentine junction (EDJ) (Olejniczak et al., 2008a; Ortiz, Bailey,
Hublin, & Skinner, 2017; Skinner et al., 2008; Smith et al., 2018). The EDJ is the interface
between the enamel cap and dentine crown and preserves the end point of growth of the inner
enamel epithelium (Butler, 1956; Schour & Massler, 1940). Unless they are the result of dental
tissue mineralization, which occurs later in morphogenesis, cusps (including small cuspules,
conules, and tubercles) and crests develop as folds of the inner enamel epithelium (Butler, 1985).
Thus, the study of the EDJ allows a clearer representation of the crest and cuspal patterns within
teeth and it has been shown to be an important means to distinguish between hominid taxa, even
at the infraspecific level (e.g., Hanegraef et al., 2018; Macchiarelli et al., 2006; Machiarelli,
Bondioli, & Mazurier, 2008; Macchiarelli, Bayle, Bondioli, Mazurier, & Zanolli, 2013;, 2008,
2013; Ortiz et al., 2017; Skinner et al., 2008, Skinner, Gunz, Wood, Boesch, & Hublin, 2009

Zanolli et al., 2014, 2015, 2018).



The protoconule (alternatively referred to as the paraconule) is part of the basic
mammalian tribosphenic molar (Bown & Kraus, 1979; Butler, 1978, 1992; Crompton, 1971;
Szalay, 1969; van Valen, 1966) with a long and well-documented evolutionary history. It is
generally present in early primates from the Paleocene and Eocene (Szalay & Delson, 1979), and
is variably retained in extant strepsirrhines (Schwartz & Tattersall, 1985) and platyrrhines (Kay,
1980; Marivaux et al., 2016). A discernable protoconule is present in most stem catarrhines (i.e.,
propliopithecids, pliopithecoids, and dendropithecids) (Alba et al., 2010, Alba, Moya-Sola,
Robles, & Galindo, 2012; Cote, McNulty, Steven, & Nengo, 2016; Delson & Andrews, 1975;
Harrison, 1982, 1988; Harrison & Gu, 1999; Harrison, Delson, & Jian, 1991; Harrison, van der
Made, & Ribot, 2002; Rossie & MacLatchy, 2006; Szalay & Delson, 1979; Zhang & Harrison,
2008; although Godinot, 1994 contends that the protoconule is lacking in propliopithecids) and
stem hominoids (i.e., proconsulids and afropithecids) (Andrews, 1978; Harrison, 1986, 2002,
2010; Harrison & Andrews, 2009; Le Gros Clark & Leakey, 1951; Pilbeam, 1969). A variably
developed protoconule is also ubiquitous in fossil hominids from the Miocene of Africa and
Eurasia (see Begun, 1992; Ishida & Pickford, 1997; Kordos & Begun, 1997; Kunimatsu et al,
2004; Pickford, 1985; Perez de los Rios, 2015; Pilbeam, Rose, Badgley, & Lipschutz, 1980;
Suwa, Kono, Katoh, Asfaw, & Beyene, 2007; von Koenigswald, 1952; Zhang & Harrison,
2017). The presence of a protoconule can be inferred, therefore, to be a primitive primate feature
that has been retained as part of the ancestral catarrhine and hominoid morphotypes (Delson &
Andrews, 1975; Harrison, 1982, 1987). However, the frequency of occurrence and the degree of
development of the protoconule among fossil catarrhines has not been documented.

Studies of the protoconule among extant hominoids date back to the late 1800s, with

Selenka’s (1898) comprehensive anatomical descriptions of Pongo. Selenka (1898) reported a

9



high incidence (76%-94% for females and 90%-100% for males, depending on serial position) of
the protoconule in Pongo upper molars (see also Hooijer, 1948). Subsequent studies have
documented the presence (in different frequencies and degrees of expression) of the protoconule
in extant African apes (Korenhof, 1960; Pilbrow, 2003; Remane, 1960; Swindler, 1976; Swindler
& Olshan, 1988). Pilbrow (2003) reported that 15-37% of Pan paniscus and 20-66% of Pan
troglodytes upper molars have distinct protoconules. The cuspule has also been reported in
humans, with an incidence ranging between ~5% and 45% depending on the population
examined (Kanazawa et al., 1990). There are no published accounts of the occurrence of the
protoconule in hylobatids, but anecdotal reports have indicated that the cuspule is either small in
size or absent (Delson & Rosenberger, 1984; Szalay & Delson, 1979). A poorly expressed
protoconule would be expected in hylobatids, given the characteristically low and rounded cusps
and crests on the upper molars. A survey by TH of a sample (n=61) of Hylobates spp. found that
a small but discernable protoconule was observable in 44% of M1s, 77% of M2s and 25% of
M3s. The presence of a protoconule was also reported in a collection of fossil upper molars of
Nomascus from the Pleistocene of southern China (Zhang et al., 2018). The lack of a more
comprehensive comparative analysis of the protoconule using a large and diverse sample of
hominoids has limited the implications of Selenka’s (1898) initial observations on the high

incidence of this cuspule in Pongo and its potential usefulness in hominoid systematics.

2. Materials and methods
2.1. Sample
Our study sample consists of 464 upper molars of six hominid genera, including

Australopithecus, Paranthropus, Homo, Pan, Gorilla, and Pongo. Micro-computed tomography
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was used to image the EDJ of the upper molars (Tables 1 and S1). All data were derived from
original specimens and include the following taxa: Australopithecus anamensis (n=3),
Australopithecus afarensis (n=7), A. africanus (n=39), Paranthropus robustus (n=41), P. boisei
(n=4), H. habilis sensu lato (n=8), H. erectus sensu lato (n=7), Middle Pleistocene European
hominins (MPEH, n=3), Homo neanderthalensis (n=57), Homo sapiens (n=95), Pan troglodytes
(n=58), Pan paniscus (n=9), Gorilla sp. (h=28) and Pongo sp. (n=105). Samples with less than
seven specimens were only analyzed at the generic level, except for H. erectus s.1. as this species
is of primary interest for this study. The H. erectus s.l. sample includes specimens from both
Africa and Asia, while our Pongo sample comprises specimens from the Pleistocene of China
(n=25) and Vietnam (n=50), as well as extant Pongo (P. abelii=12, P. pygmaeus=8, and Pongo
sp.=10). Although some specimens in our sample exhibit moderate wear (up to Molnar’s [1971]
stage 5), this did not affect the accurate assessment of protoconule expression at the EDJ.
However, specimens were not included in the geometric morphometric analysis if the tip of the
protocone and/or paracone was worn or damaged.

The fossil Pongo material from China was recovered from Pleistocene cave deposits in
Guangxi (Harrison et al., 2014) and was scanned with a TX225-Actis microCT system using the
following parameters: 130 kV, 0.2-0.24 mA, and a 0.2 or 0.5 mm copper filter. The Pleistocene
Pongo specimens from Vietnam come from Hang Hum, Lang Trang, Tham Khuyen and Tham
Om Caves and were scanned with a v|tome|x L 240-180 instrument (90-100 kV, 400 pA, 0.1 mm
copper) at the AST-RX platform of the MNHN Paris. All other specimens were scanned with
either a BIR ACTIS 225/300 (130 kV, 100 pA, 0.25 brass filter) or a Skyscan 1172 (100 kV, 94
MA, 2.0 mm aluminum and copper) scanner. Pixel dimensions and slice spacing of the resultant

images ranged between 10 and 60 um. The complete image stack of each tooth was filtered to

11



improve tissue gray-scale homogeneity (Wollny et al., 2013). Filtered image stacks were
segmented into enamel and dentine tissues using Avizo/Amira 6.3 (FEI Visualization Sciences
Group). Digital surface models (.ply format) of the EDJ were produced in Avizo using the

surface generation module.

2.2. Protoconule expression

The protoconule is a cuspule mesiobuccal to the protocone, located on the preprotocrista
or at the intersection of the preprotocrista and the hypoparacrista (Butler, 1985; Remane, 1960;
Szalay, 1969). Protoconule expression at the EDJ was assessed visually by AO using the
following scoring system (Fig. 1): Grade 0, protoconule is absent; Grade 1, faint furrows and
other irregularities, slight bumps or weak pointed elevations are present; Grade 2, a moderate
protoconule is present, and roughly <50% of the height of the protocone from the same tooth.
Grade 3: a large protoconule is present, and >50% of the height of the protocone from the same
tooth as seen from the midpoint of the mesial marginal ridge. Grade 1 is considered the
“suspected” category as per Turner, Nichol, & Scott (1991) and Skinner & Gunz (2010) to
include those cases where it was unclear whether or not a poorly developed protoconule was
present. Following Skinner & Gunz (2010), most of the “suspected” cases may represent
protoconules whose growth initiated but did not progress substantially due to mineralization.
This category was further subdivided into grade 1A (bumps and other barely discernible
irregularities) and grade 1B (slight pointed elevations that may mark the presence of a dentine
horn). The significance of the observed patterns was tested via bootstrapping (1,000 iterations)

performed in R 3.4.3 (R Development Core Team, 2017).
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The lowest score was chosen when protoconule expression fell at the boundary of two
grades. Moreover, when two or more cuspules were present on the preprotocrista, the lingual-
most cuspule was scored as the protoconule. To further standardize data collection procedures
and minimize error introduced by differences in orientation along the axes and colormap settings,
protoconule expression was collected using the following protocol. Each tooth was oriented so
that its occlusal surface was parallel to the xy-plane of the Cartesian coordinate system, with the
mesial side of the crown placed at the bottom of the screen. The mesial portion of the
longitudinal (mesiodistal) groove was then aligned with the y-axis, and the main buccolingual
groove with the x-axis. Once in proper orientation, each tooth was rotated -90 degrees around the
local x-axis using the transform editor in Avizo/Amira 6.3 so that the entire mesial aspect of each
tooth crown was perpendicular to the xy-plane. A grid was added and color settings of the EDJ
models were set to boundary ids for consistency. Protoconule expression was collected
exclusively on that view, without further manipulation of the virtual models. To test for error in
protoconule assessment all teeth were scored twice, with scoring sessions separated by ~1.5
months. The percentage of disagreement between the two sessions was 4.1%, and in all cases,
disagreements were never greater than one grade of expression.

While an account of the developmental homology of the protoconule is beyond the scope
of our study, we note that assessments of protoconule expression may vary depending on both
tooth orientation and dental tissue analyzed. For example, we found cases in which the
protoconule were expressed as an expansion of the mesiolingual corner of the tooth along the
occlusal surface with no height involvement (Fig. S2). Similarly, enamel deposition and the
confounding effect of a marked cingulum on the mesiolingual aspect of teeth may lead to score

the protoconule as present at the OES (Fig. S3a,b). We also found cases of protoconule presence
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derived entirely from enamel deposition (i.e., the protoconule is absent at the EDJ, but present at
the OES), especially among early hominins (Fig. S3c). It is important to note, however, that there
are limitations to the size of structures that can be imaged based on scan resolution, scan
parameters and post-processing steps (i.e., one must consider that very small dentine horns could
be present but not detectable on the final EDJ model). Even more common are small
irregularities and faint bumps on the preprotocrista as observed at the EDJ, with no clear
protoconule presence or absence at the OES (Fig. S3d,e). Orientation and the angle from which a
tooth is viewed may also lead to ambiguities regarding protoconule presence (Fig. S3f).
Therefore, to minimize potential ambiguities, our study focused exclusively on the EDJ using

standardized views, as described above, to record protoconule expression.

2.3. Geometric morphometric analysis

We performed a geometric morphometric analysis in order to quantify and visualize
group shape differences in the mesial portion of the upper molars between the protocone and
paracone that may be associated with protoconule expression (and/or that of other conules). To
do so, 3D landmarks and semi-landmarks were digitized on the virtual models of the EDJ using
Avizo/Amira 6.3. As illustrated in Fig. 2, landmarks were placed on the tip of the protocone, the
midpoint of the mesial marginal ridge and tip of the paracone, and a set of 23 semi-landmarks
connecting the three main landmarks were digitized to capture the entire configuration of the
mesial portion of the trigon and mesial marginal ridge (hereafter mesial fovea; Harrison & Gu,
1999). Landmark and semi-landmark digitizing was conducted by AO.

Intra-observer error was assessed on 25 randomly selected teeth in which all landmarks

and semi-landmarks were digitized twice, with sessions separated by three months. The
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systematic and random error was tested using repeated measures ANOVA (Anova-RM) and
intra-class correlation coefficients (ICC), respectively. Anova-RM tests the hypothesis of no
differences between the means of repeated observations under the hypothesis of non-
independence, while ICC measures the relationship between the intergroup and intragroup
variance. The results of the Anova-RM show that there are non-significant differences between
digitizing sessions (Table S2). Similarly, ICC values reveal a highly significant correlation
between sessions (Table S3). Both analyses indicate that intra-observer error is negligible.

The landmark and semi-landmark data were imported to R 3.4.3 using Nat (v.1.8.9;
Jefferis and Manton, 2017) and Arothron (Profico and Veneziano, 2015) packages. The R
packages Geomorph (Adams et al., 2015) and Morpho (Schlager, Jefferis, & Dryden, 2017), as
well as MorphoJ (Klingenberg, 2011) were used for data processing and analyses. Here we used
Gunz, Mitteroecker, & Bookstein’s (2005) (see also Gunz & Mitteroecker, 2013) algorithm,
which allows points to slide along tangents to the curves. These tangents were approximated for
each semi-landmark by the vector between the two neighboring points. Semi-landmarks were
iteratively allowed to slide along their curve to minimize the bending energy of the thin-plate
spline interpolation function computed between each specimen and the Procrustes average for
the sample. Once the sliding procedure was completed, the semi-landmarks were considered
homologous to perform statistical analyses. Because we were investigating bilateral structures
(i.e., right and left upper molars), a reflection procedure was implemented in order to discard
non-relevant right-left differences. We randomly chose to work on right molars, such that all left
landmark/semi-landmark configurations were mirror-imaged.

Landmark and semi-landmark (after sliding) configurations were superimposed using a

generalized least-square Procrustes superimposition to remove the effects of translation, rotation,
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and scaling of raw landmark data. After superimposition, the shape was condensed in the aligned
specimens, and the size was expressed as the centroid size, the square root of the sum of squared
distances of all landmarks to the centroid of the object (Dryden & Mardia, 1998). From the
superimposed configuration, a mean shape was obtained (the consensus shape configuration) and
used as a reference. The shape of each specimen was defined by Procrustes coordinates, which
are the deviations of landmarks relative to the consensus. Since the Procrustes superimposition
removes size but not the allometric component, a multivariate regression of the Procrustes
coordinates on the centroid size was performed in order to obtain new shape variables or
residuals (i.e., in full tangent space). After this procedure, the differences observed among the
landmark/semi-landmark configurations were only due to shape.

Analyses were performed on M1, M2 and M3 separately and combined, and were carried
out exclusively in shape space. When M1-M3 were combined, we also included those molars of
uncertain serial position. Multivariate exploratory methods were used to investigate mesial fovea
shape (i.e., Procrustes residuals) variation in extant and fossil hominoids, including principal
component analysis (PCA), canonic variate analysis (CVA), and pairwise discriminant function
analysis (DFA). Due to restrictions in the CVA computation (the number of variables must be
smaller than the number of specimens), we reduced the dimensionality of our data by using a
subset of principal components (ranging from 15 to 18) explaining 95% of the total shape
variation to compute the CVAs. The PCAs and CVAs were conducted in MorphoJ (Klingenberg,
2011) and PAST (Hammer, Harper, & Ryan, 2001). Finally, we used DFA tests, as implemented
in MorphoJ (Klingenberg, 2011), to investigate mesial fovea shape differences between different
group pairs. As it deals with pairwise comparisons, this test differs from the classic DFA (or

CVA) in that it allows the calculation and visualization of sample mean differences between

16



pairs. Mahalanobis distances were used to assess the magnitude of the morphological differences
between sample means, with significance set at p<0.01.

Centroid size calculated from landmark/semi-landmark data was analyzed independently
to test for mesial fovea differences attributed exclusively to size. To that end, we conducted
Kruskal-Wallis one-way analysis of variance among samples, for each molar type analyzed

independently and combined (Table S4). Analyses were performed in Statistica StatSoft 10.0.

2.4. Visualization of mesial fovea shape variation

We followed two different approaches to visualize mesial fovea shape variation in
hominoids. First, we used a method for warping 3D surfaces following Bookstein’s (1989) thin
plate spline algorithm based on a reference and a target configuration. We used a 3D surface of
the mesial fovea of a recent H. sapiens as a template to visualize shape deformations along PC
and CV axes in all taxa analyzed. The 3D shape deformation analysis was done in R 3.4.3 (R
Development Core Team, 2017) using the package Morpho (Schlager et al, 2017). Second,
wireframe graphs were performed in MorphoJ (Klingenberg, 2011) using the pairwise DFA tool.
The superimposed wireframes representing mean landmark configurations were depicted using a
combination of the 3 axes (1 vs. 2, 1 vs. 3, 2 vs. 3; only the most informative combination — 1 vs.
2 — presented here). Scatterplots were employed to visualize the data point distribution in the

multivariate shape space.

2.5. Tooth identification of Pleistocene Pongo from Vietnam
Pongo teeth from Vietnam of unknown or ambiguous serial position were assigned to a

molar type following a cross-validation approach in which each specimen was considered
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“unknown” and then classified based on the Pongo sample with secure molar identification (M1-
3s; unfortunately no microCT scans of extant Pongo individuals with M4s were available to
include in this analysis). To this end, all 53 upper molars of extant Pongo and fossil Pongo from
China and Vietnam with known serial position were combined in a single sample. For each
molar type, we conducted a CVA using the set of principal components that explained 95% of
variation in the PCA. Classification accuracy of mesial fovea shape was 82.7% (Fig. S4). Given
the high classification accuracy, we used posterior probabilities derived from the CVA to provide

a statistically-based classification for the fossil Pongo upper molars from Vietnam (Table S5).

3. Results

The frequency and expression of the protoconule at the EDJ per molar type and group at
different taxonomic levels are summarized in Table S6 and Figs. 3 and S5. Examples of each
degree of protoconule expression observed in each taxon are provided in Figs. 4-8 and S6-11.
For all molars combined, our dental non-metric analyses reveal that a moderate or large
protoconule (i.e., grades 2 or 3) is present in 80% and 86.7% of the Pleistocene and extant Pongo
individuals, respectively. In contrast, moderate to pronounced expressions of the protoconule in
hominins and African great apes occur in low frequencies (0%-14.7% when data are pooled at
the genus level, with the greatest frequency seen in Homo). In these latter groups, the
protoconule is most frequently either absent or weakly expressed (for grades 0 and 1A/1B
combined: 95.9% in Australopithecus, 95.6% in Paranthropus, 85.3% in Homo, 100% in Pan,
and 100% in Gorilla). While sample sizes for H. habilis and H. erectus are small, when the
protoconule in Homo is examined at the species level, moderate to pronounced expressions were

most commonly observed among Pleistocene H. sapiens (22.2%), followed by H.
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neanderthalensis (19.3%), and H. erectus s.l. (14.3%). As illustrated in Figs. 7-8 and S7-8,
however, even the greatest degrees of protoconule expression in humans are generally
characterized by a small and low but pointed cuspule located more mesially on the
preprotocrista. Conversely, the protoconule in Pongo tends to be located more lingually than in
humans, closer to the protocone, and its morphology is characterized by either a tall and pointed
or broad and blunt tubercle (Figs. 4-6). The bootstrapping analysis (95% confidence) indicates
that frequencies of moderate to pronounced protoconules in Pongo are significantly different
from hominins and African great apes. Differences among species within the Homininae, on the
other hand, are nearly always non-significant (Table S7).

Similar results were obtained when each molar type was analyzed independently (rather
than combined). Frequencies of moderate to pronounced protoconules (grades 2 and 3) in Pongo
(including Pleistocene and extant samples) are between 78.4% (M1) and 93.8% (M2). The
largest protoconules (grade 3), however, are more frequently found in M1. Grade 3 protoconules
were never observed in our Homo sample, but moderate or medium-sized (grade 2) expressions
were found in 8.6% (M2) to 25% (M1) of the molars. Compared to its metameres, the
protoconule is more common and/or greatly expressed in M1 in later Homo (including MPEH,
H. neanderthalensis, and H. sapiens); this trend is particularly clear in Pleistocene H. sapiens. In
contrast, the only case of a medium-sized protoconule in H. erectus was observed in M3. Grades
2 or 3 of protoconule in the African great apes examined were even more rare or absent.

Although only the protoconule was the focus of this study, it is worth noting the high
frequency of accessory cuspules and/or tubercles on the mesial marginal ridge and/or
preparacrista of human molars (Fig. S12), especially in Homo sapiens (83.3% and 71.4% of the

Pleistocene and recent H. sapiens examined, respectively), followed by H. neanderthalensis

19



(52.6%) and H. erectus (28.6%). Pongo also exhibits a relatively high frequency of accessory
cuspules and/or tubercles (extant Pongo: 30%, Pleistocene Pongo from China: 48%, Pleistocene
Pongo from Vietnam: 54%) in addition to the protoconule, whereas they occur in low
frequencies in early hominins (0%-6.7%) and African great apes (0%-3.5 %). The way these
cuspules are expressed, however, generally differ between Homo and Pongo. When present,
Homo tends to exhibit multiple accessory cuspules and/or tubercles along the mesial marginal
ridge. Pongo, on the other hand, tends to have only one accessory cuspule and/or tubercle on the
mesial marginal ridge (Pleistocene Pongo from China and extant Pongo) or preparacrista
(Pleistocene Pongo from Vietnam).

For the mesial fovea, the results of the CVA performed on M1, M2 and M3 separately
and combined show that Pleistocene Pongo from China and Vietnam and extant Pongo cluster
together, even if they were treated as separate groups for analyses (Figs. 9 and S17-19; see also
Figs. S13-16 for PCA). In most cases, Pongo is also clearly differentiated from all species of
Homo, Australopithecus, Paranthropus, Pan and Gorilla. As illustrated in Fig. 9 for all molars
combined, Pongo and Homo occupy opposite sides along the first canonical axis, while the
greatest (but still minor) overlap of the Pongo samples occur with Australopithecus and
Paranthropus. It is also worth noting the high degree of overlap in mesial fovea shape between
the M1 of Paranthropus and all species of Homo (except for H. erectus) (Fig. S17). This degree
of overlap, however, does not hold true for M2 and M3. Overall, mesial fovea shape possesses a
high classification accuracy, reaching ~85% when all teeth are analyzed together and between
~91%-95% when each molar type is analyzed independently (Table 2). Interestingly, the
variation in mesial fovea for M3 appears to be particularly high among members of the genus

Homo (Fig. S19).
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When multivariate techniques are performed exclusively on Homo and Pongo, PCA and
CVA results for all molars combined also show a clear separation between the two genera (Figs.
10 and S20-26). While all species of Homo cluster together and occupy the negative side along
the first canonical axis, our three samples of Pongo are located on the positive side of this first
axis. As summarized in Table S8, classification accuracy for the species included in the two
genera reaches ~88% (all molar types included). Although correct taxonomic classification is
slightly higher when each molar type is analyzed independently (between 88%-92%), the
position of early Homo along the first canonical axis relative to other hominoid taxa is slightly
more ambiguous. That is, M1 mesial fovea shape of H. erectus s.I. occupies an intermediate
position between Pongo and the other Homo samples analyzed. Although our H. habilis s.1.
sample overlaps with H. sapiens in M1 mesial fovea shape, that of M2 and M3 makes H. habilis
s.l. cluster closely with Pongo. The M2 and M3 of H. erectus s.l., however, show closer affinities
with later Homo in mesial fovea shape (Figs. S24-26).

The results of the pairwise DFAs, performed to compare group means in mesial fovea
shape, are illustrated in Fig. 11. Our results show that extant and fossil Pongo have a similar
mesial fovea shape and only subtle differences can be observed, such as the slightly sharper,
more pronounced and buccally oriented protoconule in extant Pongo. The shape of the mesial
marginal ridge of both Pleistocene and extant Pongo is similar, although it is slightly more
expansive mesially in the fossil group. When Pongo and humans (with H. erectus s.l. analyzed
both independently and as part of the genus Homo) are compared, differences in mesial fovea
shape become evident. The protocone is more peripherally positioned in Pongo and a pointed
and strongly developed protoconule tubercle is present on the preprotocrista. Both the mesial

marginal ridge and the protoconule also tend to be more mesially positioned in Pongo compared
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to Homo. The mean shape of the mesiolingual aspect of human upper molars reveals no traces of
a protoconule. Human molars, however, exhibit a mesiobuccal expansion of the buccal portion of
the mesial marginal ridge and an overall increase in the surface area of the paracone relative to
the protocone. There are no major differences between Pongo and humans in the position of the
paracone cusp apex along the mesiodistal and buccolingual planes. However, height differentials
between the protocone and paracone apices are more pronounced in Pongo teeth, which show a
notably lower protocone relative to the paracone. Overall, humans possess higher-cusped crowns

and a concomitantly relatively deep and broad mesial fovea.

4. Discussion

More than 100 years ago, Selenka (1898) identified the common presence of the
protoconule among extant Pongo, including both males and females. Reported frequencies were
90% (males) and 76% (females) for M1, 100% (males) and 94% (females) for M2, and 100%
(males) and 93% (females) for M3, suggesting that the protoconule is slightly more common in
males (vs. females) and in M2 and M3 (vs. M1). Hooijer (1948), in his comprehensive study of
orangutan dental remains from Quaternary deposits in Sumatra, reported similar results for fossil
Pongo, where frequencies of protoconule expression range between 88% (M1 and M3) and 90%
(M2). He also noted a high incidence (85%-100%) of the protoconule in his comparative sample
of recent Pongo. Our results of the presence of the protoconule at the EDJ of Pongo teeth are
consistent with these earlier observations. We found that the M2 is the most common tooth of the
upper molar row exhibiting the protoconule. When present, however, it appears to be more

strongly expressed in M1,
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While neither Selenka (1898) nor Hooijer (1948) examined patterns of protoconule
expression in other great apes, subsequent observations (Delson & Andrews, 1975; Korenhof,
1960; Swindler, 1976; Swindler & Olshan, 1988; Pilbrow, 2003) revealed that this cuspule
occurs much less frequently in Pan and Gorilla. This appears to be particularly true in Pan, as
the protoconule in this genus is generally “barely distinguished” according to Swindler & Olshan
(1988: 277). Gorilla occupies an intermediate position between Pan and Pongo in protoconule
incidence and degree of expression. Our data support these claims, but the results differ from a
large-scale study by Pilbrow (2003) on the African great ape dentition. Contrary to our results
and those reported elsewhere (Korenhof, 1960; Swindler, 1976; Swindler & Olshan, 1988),
Pilbrow (2003) identified relatively high frequencies of protoconule expression in Pan (M1.:
33%-66%, M2: 33%-66%, M3: 15%-45%, depending on the species and subspecies sampled).
No frequency data for the protoconule in Gorilla were reported but given that Pilbrow’s (2003)
sample size was much larger than that used here or elsewhere, it is likely that these
inconsistencies are the product of sampling error and the different dental tissues examined.
Overall, however, even using Pilbrow’s (2003) data, Pan has a rarer occurrence of the
protoconule relative to Pongo.

The protoconule is a commonly used character in reconstructions of the evolutionary
relationships of catarrhine primates (e.g., Alba et al., 2015; Delson & Andrews, 1975; Harrison,
1987; Nengo et al., 2017; Rossie & MacLatchy, 2006; Stevens et al., 2013). As noted above, the
ancestral catarrhine and hominoid morphotypes would have included the presence of a
protoconule as a common feature of the upper molars (Delson & Andrews, 1975; Harrison,
1987). Our results show that Pongo exhibits the ubiquitous presence of a large protoconule,

while this cuspule in Pan and Gorilla occurs much less frequently and is more weakly expressed.
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In hominins the protoconule is either lost or reduced; in the latter case, the protoconule is
generally expressed as a small but pointed cuspule. Homo neanderthalensis and H. sapiens also
exhibit a multiplication of conules along the preprotocrista and the mesial marginal ridge. Given
these findings, Pongo can be inferred to have retained the primitive catarrhine and hominoid
condition, while hominines (i.e., African apes and hominins) are derived in having protoconules
that occur less frequent and are relatively less well-developed.

Our multivariate analyses also revealed the distinctive mesial fovea shape of Pongo upper
molars compared to those of Homo and other hominids. While these analyses suggest that shape
variation of the mesial fovea is higher in Homo than in Pongo, we caution that this could be an
artifact of the larger number of individuals from the genus Homo used in our study. Compared to
H. erectus s.l. and the genus Homo as a whole, both Pleistocene and recent Pongo molars
exhibit, on average, a marginalized protocone with a marked protoconule on the preprotocrista
and greater height differentials between a relatively low protocone and tall paracone. This pattern
in Pongo is consistent across a temporo-spatially diverse sample of individuals, despite the high
degree of variation in other dental morphological features documented among members of this
genus (Harrison, 2000; Harrison et al., 2014; Schwartz et al., 1995; Uchida, 1996, 1998; Tshen,
2016). However, an interesting characteristic of Pleistocene Pongo from Vietnam is the regular
presence of a small tubercle on the preparacrista in addition to the protoconule; this was rarely
observed in fossil Pongo from China and our sample of extant orangutans. Using a large dataset,
Smith et al. (2011) and Smith (2016) also reported that Pleistocene Pongo has slightly higher
average enamel thickness, especially in upper and lower M1, but that cuspal enamel thickness

does not differ between Pleistocene and extant Pongo. They also noted that while both groups
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exhibit similar long-period line periodicity values, fossil Pongo teeth have a higher number of
lines and thus slightly lower extension rates.

The results of this study suggest that the protoconule (and overall morphology of the
mesial fovea) is a potentially useful feature for the taxonomic identification of isolated hominid
teeth found in Pleistocene deposits of Asia, especially when dental wear has obliterated
diagnostic features at the external enamel surface. We caution, however, that, because of the
degree of morphological overlap and the fact that this variant is not unique to Pongo, this feature
cannot be used in isolation. Instead, the mesial fovea shape and presence of a well-developed
protoconule should be used in combination with other diagnostic features for accurate taxonomic
assessments. Previous studies of tooth microstructure and dental tissue proportions have
identified additional dental features that differ between pongins and hominins, such as the equal
reduction of enamel and dentine in Pongo, but preferential loss of dentine in Homo during the
process of tooth size reduction in these two groups (Grine & Franzen, 1994; Smith et al., 2011;
with the exception of Neanderthals, see Olejniczak et al., 2008b). Pongo molars also differs from
those of humans in having shorter dentine horns and an overall different shape of the EDJ with
broader crowns, broad and shallow dentinal intercuspal furrow pattern and less medially placed
lingual dentine tips (Olejniczak, Martin, & Ulhaas, 2004; Olejniczak et al., 2008a; Smith et al.,
2018; Zanolli et al., 2019). In addition, when only fossil individuals were considered, Smith et al.
(2012) found that enamel has a more uniform distribution across the enamel cap in fossil Pongo
than in H. erectus, although relative enamel thickness values overlap substantially in the two taxa
(Smith et al., 2018). However, when only extant members of Pongo and Homo were considered
and analyzed in 3D (i.e., the entire crown) rather than 2D cross sections, Kono (2004) noted that

while Pongo exhibited relatively thicker occlusal but thinner basal enamel, molar enamel in
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Homo was relatively thicker throughout the crown. Long-period line periodicity is also
significantly higher in Pleistocene Pongo than in Homo, resulting in longer crown formation
times in the former group (Rong, LingXia, & XinZhi, 2012; Smith et al., 2012; Smith, 2016;
Smith et al., 2018). The feasibility to collect some of these data, however, is highly contingent on
dental wear. Given the growing access to micro-computed tomographic facilities, reduced
dependency on the need of unworn teeth, and ubiquitous presence of the protoconule in Pongo
molars irrespective of their position in the molar row, we highlight the discriminatory power
carried by this feature for differentiating Pongo from Homo. Thus, our results provide a
morphological feature that may prove useful in helping to resolve ambiguities in cases where the
taxonomic identification of Asian hominoid dental remains has proven problematic. This is an
issue of paramount importance, because in order to document the spatial and temporal
distribution of hominins and Pongo in the Pleistocene of Asia it is crucial to have a high degree
of confidence in taxonomic attributions. The morphological features discussed here can be used
as part of a suite of diagnostic dental traits to help determine the taxonomic identity of isolated

and worn hominoid upper molars from the Pleistocene of Asia.
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Table 1. Upper molars of fossil and extant hominids used in this study.

Taxon UMl UM2 UM3 UM Total

A. anamensis 1 2 - - 3
A. afarensis 3 1 2 1 7
A. africanus 10 14 15 - 39
P. robustus 13 14 14 - 41
P. boisei 1 1 2 - 4
H. habilis s.1. 4 3 1 - 8
H. erectus s.l. 2 3 1 1 7
MPEH 1 1 1 - 3
H. neanderthalensis 19 22 15 1 57
Pleistocene H. sapiens 5 7 3 3 18
recent H. sapiens 18 35 11 13 77
P. troglodytes 16 27 15 - 58
P. paniscus 6 3 - - 9
Gorilla sp. 5 12 11 - 28
recent Pongo - - - - -

P. abelii 5 4 3 - 12

P. pygmaeus 2 3 3 - 8

Pongo sp. 4 3 3 - 10
Pleistocene Pongo (China) 10 5 10 - 25
Pleistocene Pongo (Vietnam) 1 0 7 42 50

MPHE: Middle Pleistocene European hominins
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Table 2. Discriminant model accuracy results for mesial fovea shape variation and percent of the

variation accounted for by each axis. All species of fossil and extant hominids included.

CVA Hominidae M1-M3 M1 M2 M3
Total 359 122 132 101
Model accuracy (without resampling) 84.96% 94.60% 93.18% 88.12%
Model accuracy (with resampling) 71.36% 68.03% 66.67% 51.43%

Axis 1 - % Variation 33.13 36.54 36.98 41.47
Axis 1 - Eigenvalue 3.065 4.786 5.315 4.43
AXis 2 - % Variation 23.49 20.84 23.88 18.61
Axis 2 - Eigenvalue 2.173 2.73 3.433 1.988
AXis 3 - % Variation 14.32 13.01 14.85 15.00
Axis 3 - Eigenvalue 1.325 1.704 2.135 1.602
AXis 4 - % Variation 10.66 8.85 7.829 9.274
AXis 4 - Eigenvalue 0.986 1.159 1.124 0.991
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Fig. 1. Scoring system of protoconule expression at the EDJ of hominoid molars. (a) Grade O:
protoconule is absent; (b) Grade 1A (“suspected” category): faint furrows, bumps, and other
barely discernible irregularities are present; (c) Grade 1B (“suspected” category): a weak pointed
elevation is present that may represent a poorly developed dentine horn; (d) Grade 2: a moderate

protoconule is present; and (e) Grade 3: a large protoconule is present. Mesial views. Right

molars depicted. Lingual aspect to the right.
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Fig. 2. Landmarks and semi-landmarks used in the mesial fovea shape analysis. Big and small
yellow circles correspond to landmarks and semi-landmarks, respectively. Landmark/semi-

landmark order in red font.

buccal

distal

49



Fig. 3. Frequencies of protoconule expression in hominid upper molars. (a) Comparisons at the
generic level, all molars combined; (b) Comparisons between members of Homo and Pongo at
the species level, all molars combined; and (c) Comparisons between Homo and Pongo at the
generic level, first (M1), second (M2) and third (M3) molars analyzed independently. AUS:
Australopithecus; PAR: Paranthropus; HOM: Homo; PAN: Pan; GOR: Gorilla; PON: Pongo;
HHAB: H. habilis; HERE: H. erectus; HN: H. neanderthalensis; HSP: Pleistocene H. sapiens;
HSR: recent H. sapiens; PONEXT: extant Pongo; PONCH: Pleistocene Pongo from China; and
PONVI: Pleistocene Pongo from Vietnam. Orange: grade 0; gray: grade 1A, green: grade 1B;

purple: grade 2; and red: grade 3.
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Fig. 4. Upper molars of Pleistocene Pongo from China with different degrees of protoconule

expression. (a-c) Grade 1A, (d-f) grade 2; and (g-i) grade 3. Mesial views. Right molars

depicted. Lingual aspect to the right.
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Fig. 5. Upper molars of Pleistocene Pongo from Vietnam with different degrees of protoconule
expression. (a-c) Grade 1A, (d-f) grade 2; and (g-i) grade 3. Mesial views. Right molars

depicted. Lingual aspect to the right.
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Fig. 6. Upper molars of extant Pongo with different degrees of protoconule expression. (a-b)

grade 1A; (c) grade 1B, (d-f) grade 2; and (g-i) grade 3. Mesial views. Right molars depicted.

Lingual aspect to the right.
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Fig. 7. Upper molars of H. erectus s.I. with different degrees of protoconule expression. (a) grade
0; (b-c) grade 1A (d) grade 1B (note a larger accessory tubercle on the mesial marginal ridge).

Mesial views. Right molars depicted. Lingual aspect to the right.
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Fig. 8. Upper molars of H. sapiens with different degrees of protoconule expression. (a) grade O;
(b-c) grade 1A, (d) grade 1B; (e-f) grade2. Mesial views. Right molars depicted. Lingual aspect

to the right.
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Fig. 9. Plot of the first two discriminant functions of mesial fovea shape in M1-M3 combined.
All species of fossil and extant hominids included. See also Table 2. Symbols: Australopithecus
(squares), Paranthropus (squares), H. habilis (dots), H. erectus (stars), H. neanderthalensis

(dots), H. sapiens (dots), Pan (triangles), Gorilla (inverted triangles), extant Pongo (diamonds),

fossil Pongo China (diamonds), and fossil Pongo Vietnam (diamonds).
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Fig. 10. Plot of the first two discriminant functions of mesial fovea shape in M1-M3 combined.
Only species from Homo and Pongo included. See also Table S8. Symbols: H. habilis (dots), H.
erectus (stars), H. neanderthalensis (dots), H. sapiens (dots), extant Pongo (diamonds), fossil

Pongo China (diamonds), and fossil Pongo Vietnam (diamonds).
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Fig. 11. Comparisons of mesial fovea variation between (A) extant and fossil Pongo, (B) H.
erectus and fossil Pongo, and (C) Homo and Pongo based on mean shapes at the EDJ of M1-M3

combined. Mahalanobis distances for (A) 5.583, (B) 7.768, and (C) 11.136. All distances

significant at p<0.01.
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