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ABSTRACT
Two molars recovered at Trinil, Java, have been the subject of more than a century of debate since their discovery
by Eugène Dubois in 1891–92. These molars have been attributed to several ape and human taxa (including Pan
and Meganthropus), although most studies agree that they are either fossil Pongo or Homo erectus molars. Complicating the assessment of these molars is the metric and morphological similarity of Pongo and Homo erectus molars, and uncertainty regarding their serial positions within the maxillary row. Here we applied non-destructive
conventional and synchrotron microtomographic imaging to measure the structure of these molars and aspects
of their development. Comparisons were made with modern Homo and Pongo maxillary molars, as well as small
samples of fossil Pongo and Homo erectus molars. Root spread was calculated from three-dimensional surface models, and enamel thickness and enamel-dentine junction morphology were assessed from virtual planes of section.
Developmental features were investigated using phase contrast X-ray synchrotron imaging.
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The highly splayed root morphology of the Trinil maxillary molars suggests that they are not third or fourth molars. Trinil molar enamel thickness is most similar to Homo sapiens and Homo erectus first molar mean values, and
is thicker than most modern Pongo molars. The shapes of their enamel-dentine junctions are outside the Pongo
range of variation, and within the range of variation in Homo. Moreover, the internal long-period line periodicity
of these two teeth is most similar to fossil and extant hominins, and is outside of the known range of fossil and
living Pongo. Taken together, these results strongly suggest that the two molars are in fact Homo erectus teeth, and
Dubois’ original attribution to “Pithecanthropus erectus” (a junior synonym of Homo erectus) is correct.

INTRODUCTION
uring 1891 and 1892 excavations in Trinil, Java, Eugène
Dubois recovered several fossils that he attributed to
the new hominin taxon “Pithecanthropus erectus” (Dubois
1892, 1894, 1896). Dubois’ assertion that these fossils represented a missing link between apes and humans, and the
intense international debate that followed, helped to establish the field of paleoanthropology (Shipman and Storm
2002; de Vos 2004). Opinions about the skullcap, femur,
and molars were varied around the turn-of-the-century,
although the teeth received less attention (Hooijer 1948).
Groesbeek (1996) reviewed at length the history of taxonomic assessments of the molars, which is briefly discussed
here. Dubois (1894, 1896) considered the two teeth to belong to one individual of “P. erectus.” Hooijer (1948) attributed the teeth to a “peculiar” fossil orangutan individual
after comparison with the massive collection of Sumatran
fossil orangutans recovered by Dubois. Von Koenigswald
also attributed the teeth to a fossil orangutan in his initial
assessment, but later assigned them to the new hominin
genus “Meganthropus” (von Koenigswald 1967). Most recently, Schwartz and Tattersall (2003) suggested that these
two molars “were probably not hominid,” although they
included the lesser-known premolar with their description
of the remaining Trinil hominin material.
Dubois (1894, 1896) originally identified the two molars

D

as a right upper third molar (11620) and a heavily worn left
upper second molar (11621) (Figure 1). While he was convinced that they represented a hominin, he also noted that
the highly splayed roots were not found in living human
molars, suggesting that the Trinil individual was intermediate between living humans and apes. Hooijer (1948) noted that these root angles were not greater than that found
in one of the Sumatran fossil orangutans recovered by Dubois, and argued that the teeth represented an upper fourth
molar (11620) and an upper third molar (11621). He justified this attribution by arguing that fourth molars made
up approximately 1.5% of more than 1,000 isolated fossil
orangutan molars, and 1.3% of several hundred molars
from recent orangutan skulls that he had examined. Lavelle
and Moore (1973) reported an even higher incidence of supernumerary molars (2% maxillary, 4% mandibular) in 100
orangutan skulls.
The taxonomic discrimination of Asian hominoid faunas is particularly difficult due to convergence in tooth
structure and size between Pongo and Homo, as well as
overlap in tooth size between large Pongo and small Gigantopithecus from the Asian mainland (reviewed by Ciochon
et al. 1996; Demeter et al. 2004). The aim of the research
presented here is to assess the structure and development
of the two enigmatic Trinil molars to determine their taxonomic affiliation using modern non-destructive techniques.

Figure 1. The Trinil molars crowns: A) 11620, B) 11621. The scale is equal to 2 mm.
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To assess the serial positions and taxonomy of the Trinil
molars, we collected data on root structure, enamel thickness, enamel-dentine junction (EDJ) shape, and enamel development. While some measurements are known to overlap between modern humans and orangutans (e.g., enamel
thickness: Martin 1985; Olejniczak et al. 2008a; Smith 2007;
Smith et al. 2006; crown formation time: Smith 2007), it is
likely that a combination of structural and developmental
features will yield better taxonomic resolution than analyses based on single variables. Ultimately, we seek to identify a suite of characters that may be used to resolve the
composition of mixed Asian Pleistocene faunas (e.g., Longgupo Cave, central China: reviewed in Wang et al. 2007;
“Chinese Apothecary” material: von Koenigswald 1935,
1952; Tham Khuyen Cave, northern Vietnam: Ciochon et
al. 1996; Mohui Cave, southern China: Wang et al. 2007;
Sangiran Dome, Java, Indonesia: Grine and Franzen 1994).
Resolution of these ambiguous mixed-taxon faunas will
provide important insight into the biogeography and ecology of these Asian hominoids, particularly Homo erectus
(e.g., “Pithecanthropus,” “Meganthropus,” “Sinanthropus”).
MATERIALS AND METHODS
The Trinil molars were photographed, molded with Coltene President impression materials, and cast with Epo-Tek
301 resin. Both teeth show enamel growth disruptions (hypoplasias) in the imbricational enamel; 11620 shows a linear hypoplasia slightly higher in the cervical enamel than
11621. The enamel of both teeth was missing around the
majority of the circumference of the cervical margin, prohibiting complete counts of external growth lines (perikymata). A distal interproximal facet was observed on 11621
but not on 11620.
The teeth were scanned using a Skyscan 1172 microtomographic system (microCT; housed at the Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany)
at 100 kV, 100 mA, with an aluminum-copper filter and an
isometric voxel size of 15.13 microns. Unfortunately, due
to diagenetic remineralization of the teeth (see Olejniczak and Grine 2006; Smith and Tafforeau 2008; Tafforeau
et al. 2006), it was not possible to distinguish the interface
between enamel and dentine in the entirety of the crosssectional slice data. It was possible, however, to model the
external surface of the teeth (discussed below). The teeth
were subsequently scanned on beamline ID 19 at the European Synchrotron Radiation Facility (Grenoble, France)
using several different optical configurations designed to
reveal overall tooth structure and fine microstructure. This
included absorption mode scans with an isotropic voxel
size of 31.12 microns at an energy of 60 keV, long distance
propagation phase contrast scans with a voxel size of 4.96
microns at 51 keV and 5 meters of propagation, and high
resolution propagation phase contrast scans with a voxel
size of 0.7 microns at 52 keV using a multilayer monochromator and propagation distances of 150 and 300 mm (Smith
et al. 2007a; Tafforeau et al. 2006; Tafforeau and Smith
2008).

ROOT STRUCTURE
The two Trinil molars were compared to eight maxillary
molars from Pleistocene sediments of the Sangiran Dome
(Java, Indonesia) and the Lida Ajer cave (Sumatra, Indonesia) (Table 1) (Grine and Franzen 1994; Hooijer 1948; Tyler 2001). Four of these teeth have been attributed to Homo
erectus and two to Pongo pygmaeus sumatrensis, and in two
cases the taxonomic affiliation remains unresolved (either
H. erectus or Pongo). The modern comparative sample comprises maxillary first, second, and third molars of Homo
sapiens (n=35; made available by the Oral Biology Department at the University of Newcastle-upon-Tyne) and Pongo
pygmaeus (n=16; housed at the Museum für Naturkunde
der Humboldt-Universität, Berlin; Department of Cell and
Developmental Biology, University College London, UK;
and Royal College of Surgeons of England, UK). The H.
erectus and fossil Pongo molars from Sangiran were scanned
with the Skyscan microCT. The comparative H. sapiens and
P. pygmaeus sample was scanned on a medical CT scanner
(housed at the Hammersmith Hospital, London) and on a
microCT system (housed at the Bundesanstalt für Materialforschung und -prüfung, Berlin).
Amira imaging software (v. 4.1.2, Mercury Computer
Systems) was employed to render 3D visualizations of the
molars and to take angular measurements, as detailed in
Kupczik (2003). The spread between the palatal (lingual)
and buccal molar roots was quantified as follows (Figure 2):
a best fit plane was defined by up to 10 points at the enamel-cementum junction (cervical plane); the tooth was then
positioned to show the largest extension of bucco-palatal
(BP) root splay; the tooth was then projected onto a Cartesian reference plane and angles were measured between
the long axis of the palatal and buccal roots, respectively,
and an axis perpendicular to the cervical plane. The buccopalatal root angle, representing the sum of palatal and buccal root deviation, was measured from both the mesial and
distal aspects, and an average was calculated. In the case
of curved roots or root tips, the line was projected onto the
cervical two-thirds of the long axis of the root.
ENAMEL THICKNESS AND ENAMELDENTINE JUNCTION SHAPE
Due to the extensive diagenesis of the molars it was not
possible to record 3D measurements of enamel thickness
(sensu Kono 2004; Olejniczak et al. 2008a, b; Tafforeau 2004),
nor 3D EDJ morphology (e.g., Skinner et al. 2008; Tafforeau
2004), so a cross-sectional approach was taken. Mesial section overviews of the Trinil molars were made through the
cusp tips and dentine horns from synchrotron microtomographs at 31.12 micron resolution using OsiriX DICOM visualization and measurement software (Rosset et al. 2004)
and VG Studio MAX 1.2.1 and 2.0 (Volume Graphics, Heidelberg, Germany) (Figure 3). Figure 4 depicts the variables
quantified on each section using a digitizing tablet interfaced with SigmaScan software (SPSS Science, Inc.): the total area of the tooth crown section (a, mm2), the area of the
coronal dentine enclosed by the enamel cap (b, mm2), the
area of the enamel cap (c, mm2), and the length of the EDJ
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TABLEȱ1.ȱFOSSILȱSAMPLEȱOFȱMAXILLARYȱMOLARSȱ
USEDȱFORȱTHEȱCOMPARISONȱOFȱROOTȱSPLAY.ȱ
Taxonȱ

Specimenȱaccessionȱ
numberȱ

Molarȱposition

Collection1ȱ

H.ȱerectus/Pongoȱ?

11620ȱ

??ȱ

DBCȱ

ȱ

11621ȱ

??ȱ

ȱ

S7Ȭ17ȱ

RM

SMFȱ

ȱ

S16ȱ

RM2ȱ

Yogyakartaȱ

S7Ȭ37ȱ

RM1ȱ

SMFȱ

ȱ

S27ȱ

RM1ȱ

Yogyakartaȱ

ȱ

S27ȱ

RM2ȱ

Yogyakartaȱ

ȱ

S11ȬDIJ2ȱ

LM

Yogyakartaȱ

P.ȱpygmaeusȱsumatrensisȱ

11573Ȭ226ȱ

LM1ȱ

DBCȱ

ȱ

11573Ȭ226ȱ

LM

DBCȱ

H.ȱerectusȱ

ȱDBCȱ
1ȱ

3ȱ

2ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ1ȱDBC=DuboisȱCollection,ȱNationaalȱNatuurhistorischȱMuseum,ȱLeiden;ȱYogyakarta=ȱGadjahȱMadaȱUniversity,ȱYogyakarta;ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱSMF=SenckenbergȱForschungsinstitutȱundȱNaturmuseum,ȱFrankfurt.ȱ

(e, mm). Following Martin (1983, 1985), average enamel
thickness (AET) is calculated as [c/e], yielding the average
linear distance (mm units), or thickness, from the EDJ to the
outer enamel surface. Relative enamel thickness (RET) is
calculated as [100 * AET / √ b], a unitless measure of enamel
thickness suitable for inter-taxon comparisons. Estimates
of worn enamel for 11621 were based on the morphology
of the crown of 11620 as well as the curvature of the remaining lateral enamel. The chipped cervical enamel of
the 11621 protocone was similarly estimated. These values
were compared with previously published maxillary molar data on modern Homo (n=113) and Pongo (n=19) (Smith
et al. 2005, 2006). Enamel thickness also was quantified for
virtual mesial sections of two Homo erectus teeth from the
Chinese Apothecary Collections (von Koenigswald 1935,
1952) housed at the Senckenberg Forschungsinstitut und
Naturmuseum, Frankfurt, which were scanned on the Skyscan microCT.
Molar EDJ morphology was quantified in the Trinil
and Chinese Homo erectus mesial sections by collecting nine
landmarks and semi-landmarks in each section (following
Olejniczak et al. 2004, 2007; see Figure 4), and calculating a
series of relative distances from these landmarks. These relative distances were combined with a database of homologous maxillary measurements representing recent taxa
(Olejniczak et al. 2007; Smith et al. 2006): Pongo (n=31), Homo
(n=115), Gorilla (n=9), and Pan (n=7). The relative distances
were subjected to discriminant function analysis (DFA) using SPSS software (v. 12.0, SPSS, Inc.). The Trinil and Chinese Homo erectus molars were treated as ungrouped cases
in the DFA, and the sample size of each taxon was not used

to adjust the probability of molars belonging to any group
(for a discussion of prior probabilities see e.g., Tabachnick
and Fidel 2000). It has been demonstrated elsewhere that
metameric variation in mesial cross-section EDJ shape is
minimal and does not overwhelm the ability of this technique to distinguish taxa (Olejniczak et al. 2007). Moreover,
as the Trinil molars are of uncertain position within the
dental arcade (Groesbeek 1996), molars from all three maxillary positions were combined in the analysis.
ENAMEL DEVELOPMENT
To assess internal developmental features, small portions
of the mid-lateral and cervical enamel of both teeth were
scanned using an isotropic 0.7 micron voxel size with propagation phase contrast X-ray synchrotron micro-CT. This
technique facilitates non-destructive resolution of dental
microstructure at the sub-micron level (Tafforeau 2004; Tafforeau et al. 2006), including the long-period line periodicity
(Smith et al. 2007a; Tafforeau and Smith 2008). Strong ring
artifacts due to the multilayer and detector were corrected using conditional flatfield correction (where the beam
reference is used depending on the sample absorption),
residual horizontal line removal, subtraction of a filtered
average of all scan projections (general ring correction),
and finally a correction of residual rings on reconstructed
slices (adapted from Tafforeau 2004). Because the diagenetic pattern reduced the visibility of incremental lines, a
specific processing tool was applied to selectively enhance
the visibility of the incremental lines slice by slice in the
3D volumes. Virtual histological slices were then prepared
using average projections on a virtual thickness of 40 slices
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(M2). The root spreads of the Trinil molars are markedly
different from those of the third molars among the comparative sample, and are most comparable to the maximum
values found for first and second molars of H. erectus and
P. pygmaeus. In contrast to the compressed crown morphology highlighted in earlier diagnoses, the marked root splay
found in this study suggests that these are unlikely to be
third or fourth molars.

Figure 2. Measurement of bucco-palatal root spread in maxillary
molar 11620: top is distal view, bottom is mesial view. The horizontal line indicates the cervical plane projected onto a Cartesian
reference plane. Root splay was measured from the angle between
the long axis of the palatal and buccal roots, respectively, and an
axis perpendicular to the cervical plane.
(28 microns) after precise alignment along incremental features, following the protocol described in Tafforeau et al.
(2007) and Tafforeau and Smith (2008).
RESULTS
ROOT STRUCTURE
Tables 2 and 3 and Figure 5 demonstrate that both H. sapiens and P. pygmaeus overlap in the degree of root spread
for all maxillary molar positions. There is a decreasing mesial-to-distal gradient in buccal-palatal root splay in both
taxa. Upper third molars in H. sapiens have near-parallel
converging roots (i.e., the BP angle is negative), or fully
coalesced roots. Single teeth of H. erectus (S27) show very
large first and second molar root spreads that exceed those
of modern humans, while third molar roots (S11-DIJ2)
are coalesced similar to the condition in modern humans
(Table 3). Among the taxonomically unresolved specimens,
S7-17 (M1) has a very small root spread compared to S16

ENAMEL THICKNESS AND ENAMELDENTINE JUNCTION SHAPE
The average and relative enamel thicknesses of the Trinil
molars and Chinese Homo erectus molars are given in Table
4. The value of the lightly worn Trinil molar (11620) was
found to be similar to that of the Chinese maxillary first
molar (CA 770: type of “Sinanthropus officinalis”).
Results of the discriminant function analysis of EDJ
relative distances show that recent hominoid taxa are
grouped reliably based on the nine distance ratios (87%
correctly classified; 84% correctly classified in cross-validation). The analysis had three significant functions with a
combined Χ2 (24) = 263.8, Wilk’s λ = 0.182 (p < 0.001). After
removal of the first function, there was still a strong association between groups and predictors: Χ2 (14) = 71.3, Wilk’s
λ = 0.631 (p < 0.001). After removal of the second function,
the significant relationship between groups and predictors
persisted: Χ2 (6) = 23.3, Wilk’s λ = 0.861 (p = 0.001). A plot
of the first two discriminant functions is shown in Figure
6. The first discriminant function accounts for 82.4% of the
variance and has a negative relationship with the relative
width between dentine horns, and positive relationships
with the relative lingual cusp height and the relative buccal
cusp height. The second function accounts for 12.2% of the
variance and has positive relationships with relative height
of the lingual dentine horn, the relative height of the buccal
dentine horn, and relative width of the dentine crown at
the cusp base. The third function accounted for 5.4% of the
variance and has a negative relationship with the relative
width of the lingual cusp, and positive relationships with
the relative width of the buccal cusp and the relative width
of the dentine crown at the midline. Both of the Trinil molars and Chinese Homo erectus molars are within the range
of variation defined by Homo, which is separated from
other taxa primarily on function 1 by dentine horns that
are relatively closer together and taller cusps relative to the
cervical diameter.
ENAMEL DEVELOPMENT
It was not possible to determine the total number of longperiod incremental lines in enamel (perikymata/Retzius
lines) due to the degree of attrition and missing cervical
enamel on both Trinil teeth, prohibiting calculation of the
crown formation time. It was possible to image Retzius lines
non-destructively, however, which were closely spaced in
the lower lateral enamel (Figure 7). In one of the Trinil teeth
(11621) the long-period line periodicity was determined to
be 6 days (Figure 8). The other tooth (11620) was estimated
to be either 6 or 7 days; it was not possible to discern be-
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Figure 3. Virtual sections through the mesial cusps of the Trinil molars, showing the planes used to quantify enamel thickness and
enamel-dentine shape: A)11620, B) 11621. Note the difference in tissue contrast between the upper sections derived from synchrotron
absorption imaging, and the lower sections, which are derived from conventional laboratory microCT imaging (see text for details).
The depression in the lateral/cervical enamel of the left cusp (paracone) of 11620 corresponds to the hypoplasia observed on the surface
of the tooth crown. The scale is equal to 10 mm.
tween these two values due to slight but consistent ambiguity in the incremental lines.
DISCUSSION
ROOT STRUCTURE
Modern human molars are characterized by a gradual
decrease of molar root spread from mesial to distal (i.e.,
M1>M2>M3) (Kupczik 2003). The large root splay of maxillary first molars is potentially related to the increased lat-

eral excursion of the mandible further anteriorly (Macho
and Spears 1999; Spears and Macho 1998). In contrast, third
molars have less splayed or even coalesced roots, and are
less well adapted to resist non-axial occlusal loads (Spears
and Macho 1998). Supernumerary (i.e., fourth) molars often do not develop roots at all, as has been observed in a
Pan troglodytes individual (Kupczik and Dean 2008). Despite Hooijer’s (1948) observation of similarity between the
Trinil molars and a Sumatran fossil orangutan specimen,

TABLEȱ2.ȱMEANȱANDȱSTANDARDȱDEVIATIONȱOFȱBUCCOȬPALATALȱ
ROOTȱSPLAYȱINȱTHEȱEXTANTȱCOMPARATIVEȱSAMPLE.ȱ
Taxonȱ

M1ȱ

M2ȱ

M3ȱ

H.ȱsapiensȱ

28±7ȱ(n=12)

18±7ȱ(n=12)

13±13ȱ(n=11)ȱ

P.ȱpygmaeusȱ

32±13ȱ(n=6)

21±11ȱ(n=5)

19±6ȱ(n=4)ȱ

ȱȱȱSeeȱtextȱforȱcalculationȱdetails.ȱ
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TABLEȱ3.ȱBUCCOȬPALATALȱROOTȱSPLAYȱ(INȱDEGREES)ȱINȱTHEȱFOSSILȱSAMPLE.ȱ
ȱ
Taxonȱ

Specimen

Molarȱserialȱposition BPȬrootȱsplayȱ

H.ȱerectus/Pongoȱ?ȱ

11620ȱ

??ȱ

53ȱ

ȱ

11621ȱ

??ȱ

44ȱ

ȱ

S7Ȭ17ȱ

RM1ȱ

14ȱ

ȱ

S16ȱ

RM2ȱ

42ȱ

S7Ȭ37ȱ

RM1ȱ

32ȱ

ȱ

S27ȱ

RM1ȱ

47ȱ

ȱ

S27ȱ

RM

53ȱ

ȱ

S11ȬDIJ2ȱ

LM3ȱ

9ȱ

P.ȱpygmaeusȱsumatrensisȱ

11573/226ȱ

1ȱ

LM

34ȱ

ȱ

11573/226ȱ

LM2ȱ

25ȱ

Homoȱerectusȱ

2ȱ

ȱ

two molars from this collection (11590/18 and 11591/126)
identified as upper fourth molars by Hooijer (1948) have
root portions that are partially fused and are not splayed
like the two Trinil molars. The extremely splayed root morphology of the Trinil molars therefore suggests that they
are unlikely to represent third or fourth upper molars.

Figure 4. Schematic of Trinil molar 11620 showing the variables
used for quantification of the enamel thickness and enamel-dentine junction shape. The area of the enamel cap is represented as
c, the area of the dentine under the enamel cap is represented as
b, and the length of the enamel-dentine junction is represented as
e. The average enamel thickness (AET) is calculated as (c/e), and
relative enamel thickness (RET) is calculated as [(c/e)/√b] * 100.
Landmarks are defined as follows: 1) tip of the lingual enamel
cervix; 2) lingual intersection of the EDJ and a line parallel to
the cervical diameter and bisecting the length between the cervical diameter and landmark 5; 3) lingual intersection of the EDJ
and a line parallel to the cervical diameter and running through
landmark 5; 4) protocone dentine horn tip; 5) lowest point of the
EDJ between the protocone and paracone cusp tips; 6) paracone
dentine horn tip; 7) buccal intersection of the EDJ and a line parallel to the cervical diameter and running through landmark 5; 8)
buccal intersection of the EDJ and a line parallel to the cervical
diameter and bisecting the length between the cervical diameter
and landmark 5; and, 9) tip of the buccal enamel cervix. Landmark 1 was made to lie at (0, 0) and landmark 9 at (0, 100) in
every specimen examined in order to account for differences in
tooth size.

ENAMEL THICKNESS AND ENAMEL-DENTINE JUNCTION SHAPE
The relative enamel thickness value for the lightly worn
Trinil molar (11620) is most similar to that of a H. erectus
first molar, in addition to average values for modern human
first molars and orangutan third molars (Table 5). Furthermore, the Trinil and Chinese H. erectus values are similar
to an approximated relative enamel thickness value from
a histological section of a H. erectus maxillary first molar
from Sangiran (Figure 9). These data suggest that enamel
thickness in H. erectus first maxillary molars is similar to
that found in modern H. sapiens, and is absolutely and relatively greater than that of Homo neanderthalensis (Olejniczak
et al. 2008b).
Enamel-dentine junction shape in the Trinil molars
strongly indicates that these two molars belong to Homo
rather than to Pongo. Previous researchers have found that
EDJ shape may be useful in phylogenetic and taxonomic
studies due to its conservative morphology relative to the
outer enamel surface, and because the EDJ may be measured in molars that are otherwise too worn for trait analysis (e.g., Corruccini 1987; Korenhof 1961; Kraus 1952; Olejniczak et al. 2004, 2007; Sakai and Hanamura 1973; Skinner
et al. 2008; Tafforeau 2004). The shape of the EDJ in molar
cross-sections differs significantly between primate species
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Figure 5. Box and whisker plots of root spread in the modern comparative and fossil sample. Note the root spread of Trinil 11620 and
11621 (stars in the upper right) relative to M1/M2 values for H. erectus and P. pygmaeus.

ȱ

TABLEȱ4.ȱAVERAGEȱANDȱRELATIVEȱENAMELȱTHICKNESSȱ
INȱTHEȱTRINILȱANDȱCHINESEȱHOMOȱERECTUSȱMOLARS.ȱ

ȱ
Toothȱ
11620ȱ
11621ȱ
CAȱ770ȱ
CAȱ771ȱ

Typeȱ
??ȱ
??ȱ
RUM1ȱ
RUM1/2ȱ

bȱ(mm2)
52.07ȱ
39.75ȱ
52.43ȱ
59.06ȱ

cȱ(mm2)
28.98ȱ
~25.05ȱ
31.17ȱ
30.12ȱ

eȱ(mm)
21.48ȱ
20.26ȱ
23.55ȱ
24.87ȱ

AET
1.35ȱ
~1.24ȱ
1.32ȱ
1.21ȱ

RETȱ
18.69ȱ
~19.61ȱ
18.28ȱ
15.76ȱ

ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱVariable:ȱb:ȱareaȱofȱdentineȱenclosedȱbyȱtheȱenamelȱcap;ȱc:ȱareaȱofȱtheȱenamelȱcap;ȱe:ȱlengthȱofȱtheȱenamelȬȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱdentineȱjunction;ȱAET:ȱaverageȱenamelȱthicknessȱ(c/e);ȱRET:ȱrelativeȱenamelȱthicknessȱ(([c/e]/ȱǆb)ȱ*ȱ100).ȱȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱ~ȱApproximationȱderivedȱfromȱreconstructionȱofȱtheȱwornȱenamelȱcrownȱbasedȱonȱtheȱmorphologyȱofȱtheȱ
ȱȱȱȱȱȱȱȱȱȱȱȱȱȱȱunwornȱ11620ȱcrown.ȱ
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Figure 6. Plot depicting scores on the first two discriminant functions resulting from the DFA of maxillary molar EDJ shape metrics.
Overall, 87% of molars were classified correctly (84% in cross-validation). The Trinil molars fall within the range of Homo sapiens
molars and are outside the range of Pongo molars. Chinese Homo erectus molars also fall within the Homo sapiens range. Both
Trinil molars were classified as Homo sapiens by the DFA when left as ungrouped cases.



ȱ

TABLEȱ5.ȱAVERAGEȱRELATIVEȱENAMELȱTHICKNESSȱINȱMESIALȱMOLARȱSECTIONSȱ
OFȱLIVINGȱORANGUTANȱANDȱHUMANȱMAXILLARYȱMOLARS.ȱ

ȱ
Taxonȱ
Pongoȱpygmaeusȱ
Homoȱsapiensȱ

M1ȱ(n,ȱrange)
13.5ȱ(9,ȱ9.9–16.3)ȱ
18.8ȱ(37,ȱ14.0–23.9)ȱ

ȱȱȱȱȱȱȱȱDataȱfromȱSmithȱetȱal.ȱ(2005,ȱ2006).

M2ȱ(n, range)
16.2ȱ(6,ȱ11.6–18.1)ȱ
21.6ȱ(25,ȱ16.5–28.0)ȱ

M3ȱ(n,ȱrange)
18.1ȱ(4,ȱ15.3–19.9)ȱ
21.8ȱ(51,ȱ17.0–30.0)ȱ
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Figure 7. Phase contrast synchrotron microtomographic image showing closely spaced Retzius lines (blue dotted lines) in the lateral
enamel of 11620. The enamel surface is at the top of the image, and the cervix is to the left of the image. The virtual section is 28 microns thick (40 slices at 0.7 micron voxel size), and scale bar is equal to 200 microns.

Figure 8. Phase contrast synchrotron microtomographic image showing the long-period line periodicity of the Trinil molar 11621: 6 daily cross-striations (light and dark bands to the
right of the small white arrows) can be seen between long-period
Retzius lines (larger white arrows).

Figure 9. Histological section of Sangiran S7-37 Homo erectus
upper first molar from Dean et al. (2001). The relative enamel
thickness was approximately 17.6, although this value is likely
slightly overestimated due to minor section obliquity. Note the
similarity in enamel-dentine junction shape with the Trinil upper molars. The scale is equal to 5 mm. Section prepared by Christopher Dean.
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Figure 10. Retzius line periodicity in Homo erectus S7-37 from Sangiran: seven cross-striations (white arrows) can be seen between
pairs of Retzius lines (running diagonally). The scale is equal to 100 microns. Section prepared by Christopher Dean.
and genera, and overall cross-sectional shape differences
also are useful for distinguishing primates at higher levels
of classification (Olejniczak et al. 2004, 2007). The present
analysis confirms that measurements of the EDJ are a useful tool for taxonomic discrimination, and that significant
differences between Homo and Pongo may be measured,
even in worn specimens, from mixed-species assemblages
where taxonomic resolution is difficult to ascertain based
on external crown morphology.
ENAMEL DEVELOPMENT
Dean et al. (2001) reported a crown formation time for the
mesiobuccal cusp of a H. erectus upper first molar (S7-37)
of 2.5 years. It was not possible to assess crown formation
times in the Trinil molars due to missing cervical enamel
and attrition. The long-period line periodicity in Plio-Pleistocene fossil hominins ranges from 6 to 9 days, with a mean
of approximately 7 days for taxa predating Neanderthals
(reviewed in Lacruz et al. 2008; Smith 2008). Modern human long-period line periodicity ranges from 6 to 12 days
with a mean of 8.3 days (Smith et al. 2007b). In contrast, fossil orangutans typically show values of 9 days (n=4, Smith
and Zhao unpublished data), similar to that of living orangutans (mean=9.5 days, n=24, range=8 to 11 days: Schwartz
et al. 2001). Finding a long-period line periodicity of 6 to 7
days in the Trinil molars therefore strongly suggests that
these are hominin molars. This argument is strengthened
by the observed 7 day long-period line periodicity of a single H. erectus individual from Sangiran (Figure 10) (Lacruz
et al. 2008).
Long-period line periodicity is known to be the same
value within all teeth belonging to an individual, but often
varies among individuals (FitzGerald 1998). We were un-

able to determine if the two teeth are derived from different
individuals due to ambiguity in the long-period line periodicity of 11620. Should it be the case that it was 7 days, this
would prove that the teeth were derived from two individuals, as the periodicity of 11621 was 6 days. Alternatively, a
value of 6 days for both 1160 and 11621 would imply either
that the two teeth were derived from a single individual, or
possibly from two individuals with identical periodicities.
CONCLUSIONS
The attribution of the Trinil molars to Homo erectus advocated by the current study is consistent with the hominin
attribution of the other fossil material (skullcap, femur,
premolar) recovered from Trinil (reviewed in de Vos 2004).
The serial position of these teeth in the maxillary molar
row remains unresolved, although our analysis suggests it
is unlikely that they represent third or fourth molars. Our
assignment of the Trinil molars to H. erectus is further supported by a consideration of the other fauna present at the
site of Trinil, which indicate a more open environment than
the cave localities that have yielded the rich fossil orangutan assemblages (de Vos 1985). The data presented in this
study demonstrate that internal crown morphology and
development, notably enamel-dentine junction shape and
long-period line periodicity, facilitate the distinction of isolated molar remains in mixed-taxa Asian hominoid assemblages where taxonomic attributions have been problematic based on external crown morphology.
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