
Taxonomic Assessment of the Trinil Molars
Using Non-Destructive 3D Structural and Development Analysis

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. Compli-
cating the assessment of these molars is the metric and morphological similarity of Pongo and Homo erectus mo-
lars, 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 mod-
els, 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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INTRODUCTION

During 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 rep-
resented a missing link between apes and humans, and the 
intense international debate that followed, helped to estab-
lish 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 taxo-
nomic assessments of the molars, which is briefly discussed 
here. Dubois (1894, 1896) considered the two teeth to be-
long to one individual of “P. erectus.” Hooijer (1948) attrib-
uted 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 re-
cently, 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 

as a right upper third molar (11620) and a heavily worn left 
upper second molar (11621) (figure 1). While he was con-
vinced 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 interme-
diate between living humans and apes. Hooijer (1948) not-
ed that these root angles were not greater than that found 
in one of the Sumatran fossil orangutans recovered by Du-
bois, and argued that the teeth represented an upper fourth 
molar (11620) and an upper third molar (11621). He jus-
tified 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 su-
pernumerary molars (2% maxillary, 4% mandibular) in 100 
orangutan skulls.  

The taxonomic discrimination of asian hominoid fau-
nas 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 Gigan-
topithecus 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 taxo-
nomic affiliation using modern non-destructive techniques. 

The highly splayed root morphology of the Trinil maxillary molars suggests that they are not third or fourth mo-
lars. 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.

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 thick-
ness, enamel-dentine junction (EDj) shape, and enamel de-
velopment. While some measurements are known to over-
lap 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 analy-
ses based on single variables. ultimately, we seek to iden-
tify a suite of characters that may be used to resolve the 
composition of mixed asian pleistocene faunas (e.g., long-
gupo 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 ecol-
ogy of these asian hominoids, particularly Homo erectus 
(e.g., “Pithecanthropus,” “Meganthropus,” “Sinanthropus”).

MATERIALS AND METHODS
The Trinil molars were photographed, molded with Col-
tene president impression materials, and cast with Epo-Tek 
301 resin. both teeth show enamel growth disruptions (hy-
poplasias) in the imbricational enamel; 11620 shows a lin-
ear 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, pro-
hibiting complete counts of external growth lines (periky-
mata). a distal interproximal facet was observed on 11621 
but not on 11620. 

The teeth were scanned using a skyscan 1172 microto-
mographic system (microCT; housed at the max planck in-
stitute 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 olejnic-
zak 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 cross-
sectional 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 Eu-
ropean 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 monochro-
mator 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, indo-
nesia) (Table 1) (Grine and franzen 1994; Hooijer 1948; Ty-
ler 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 com-
prises maxillary first, second, and third molars of Homo 
sapiens (n=35; made available by the oral biology Depart-
ment 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 material-
forschung 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 enam-
el-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 Car-
tesian 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 bucco-
palatal root angle, representing the sum of palatal and buc-
cal 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 ENAMEL-
DENTINE 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 sec-
tion overviews of the Trinil molars were made through the 
cusp tips and dentine horns from synchrotron microtomo-
graphs at 31.12 micron resolution using osiriX DiCom vi-
sualization and measurement software (Rosset et al. 2004) 
and vG studio maX 1.2.1 and 2.0 (volume Graphics, Hei-
delberg, Germany) (figure 3). figure 4 depicts the variables 
quantified on each section using a digitizing tablet inter-
faced with sigmascan software (spss science, inc.): the to-
tal 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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(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 re-
maining lateral enamel. The chipped cervical enamel of 
the 11621 protocone was similarly estimated. These values 
were compared with previously published maxillary mo-
lar 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 Sky-
scan 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 rel-
ative distances were combined with a database of homolo-
gous 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) us-
ing spss software (v. 12.0, spss, inc.). The Trinil and Chi-
nese 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 tech-
nique 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 max-
illary 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 prop-
agation phase contrast X-ray synchrotron micro-CT. This 
technique facilitates non-destructive resolution of dental 
microstructure at the sub-micron level (Tafforeau 2004; Taf-
foreau 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 correct-
ed 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 diage-
netic 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 

TABLE 1. FOSSIL SAMPLE OF MAXILLARYMOLARS
USED FOR THE COMPARISON OF ROOT SPLAY.

Taxon Specimen accession
number

Molar position Collection1

H. erectus/Pongo ? 11620 ?? DBC 

11621 ??  DBC 

S7-17 RM1 SMF 

S16 RM2 Yogyakarta 

H. erectus S7-37 RM1 SMF 

S27 RM1 Yogyakarta 

S27 RM2 Yogyakarta 

S11-DIJ2 LM3 Yogyakarta 

P. pygmaeus sumatrensis 11573-226 LM1 DBC 

11573-226 LM2 DBC 
                1 DBC=Dubois Collection, Nationaal Natuurhistorisch Museum, Leiden; Yogyakarta= Gadjah Mada University, Yogyakarta; 
              SMF=Senckenberg Forschungsinstitut und Naturmuseum, Frankfurt. 
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(28 microns) after precise alignment along incremental fea-
tures, 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. sa-
piens and P. pygmaeus overlap in the degree of root spread 
for all maxillary molar positions. There is a decreasing me-
sial-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 

(m2). The root spreads of the Trinil molars are markedly 
different from those of the third molars among the com-
parative 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 morphol-
ogy highlighted in earlier diagnoses, the marked root splay 
found in this study suggests that these are unlikely to be 
third or fourth molars.

ENAMEL THICKNESS AND ENAMEL-
DENTINE 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-valida-
tion). 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 associ-
ation 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 mo-
lars 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 long-
period 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-

Figure 2. Measurement of bucco-palatal root spread in maxillary 
molar 11620: top is distal view, bottom is mesial view. The hori-
zontal 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.
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tween these two values due to slight but consistent ambi-
guity 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 maxil-
lary 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 of-
ten do not develop roots at all, as has been observed in a 
Pan troglodytes individual (kupczik and Dean 2008). De-
spite Hooijer’s (1948) observation of similarity between the 
Trinil molars and a sumatran fossil orangutan specimen, 

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. 

TABLE 2. MEAN AND STANDARD DEVIATION OF BUCCO PALATAL
ROOT SPLAY IN THE EXTANT COMPARATIVE SAMPLE.

Taxon M1 M2 M3

H. sapiens 28±7 (n=12) 18±7 (n=12) 13±13 (n=11)

P. pygmaeus 32±13 (n=6) 21±11 (n=5) 19±6 (n=4)
   See text for calculation details. 



Taxonomic Assessment of the Trinil Molars • 123

Figure 4. Schematic of Trinil molar 11620 showing the variables 
used for quantification of the enamel thickness and enamel-den-
tine 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 cervi-
cal 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 par-
allel 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. Land-
mark 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.

TABLE 3. BUCCO PALATAL ROOT SPLAY (IN DEGREES) IN THE FOSSIL SAMPLE.
 

Taxon Specimen Molar serial position BP root splay

H. erectus/Pongo ? 11620 ?? 53 

11621 ?? 44 

S7-17 RM1 14 

S16 RM2 42 

Homo erectus S7-37 RM1 32 

S27 RM1 47 

S27 RM2 53 

S11-DIJ2 LM3 9 

P. pygmaeus sumatrensis 11573/226 LM1 34 

 11573/226 LM2 25 

 

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 mor-
phology of the Trinil molars therefore suggests that they 
are unlikely to represent third or fourth upper molars.

ENAMEL THICKNESS AND ENAMEL-DEN-
TINE 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). further-
more, 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 rela-
tively 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 mea-
sured in molars that are otherwise too worn for trait analy-
sis (e.g., Corruccini 1987; korenhof 1961; kraus 1952; ole-
jniczak 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.

 
TABLE 4. AVERAGE AND RELATIVE ENAMEL THICKNESS
IN THE TRINIL AND CHINESE HOMO ERECTUSMOLARS.

 
Tooth Type b (mm2) c (mm2) e (mm) AET RET
11620 ?? 52.07 28.98 21.48 1.35 18.69 
11621 ?? 39.75 ~25.05 20.26 ~1.24 ~19.61 
CA 770 RUM1 52.43 31.17 23.55 1.32 18.28 
CA 771 RUM1/2 59.06 30.12 24.87 1.21 15.76 

               Variable: b: area of dentine enclosed by the enamel cap; c: area of the enamel cap; e: length of the enamel- 
               dentine junction; AET: average enamel thickness (c/e); RET: relative enamel thickness (([c/e]/ √b) * 100).  
               ~ Approximation derived from reconstruction of the worn enamel crown based on the morphology of the 
               unworn 11620 crown. 
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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. 

 
TABLE 5. AVERAGE RELATIVE ENAMEL THICKNESS INMESIAL MOLAR SECTIONS

OF LIVING ORANGUTAN AND HUMANMAXILLARY MOLARS.
 

Taxon M1 (n, range) M2 (n, range) M3 (n, range)
Pongo pygmaeus 13.5 (9, 9.9–16.3) 16.2 (6, 11.6–18.1) 18.1 (4, 15.3–19.9) 
Homo sapiens 18.8 (37, 14.0–23.9) 21.6 (25, 16.5–28.0) 21.8 (51, 17.0–30.0) 

        Data from Smith et al. (2005, 2006).
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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 up-
per molars. The scale is equal to 5 mm. Section prepared by Chris-
topher Dean. 

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 mi-
crons thick (40 slices at 0.7 micron voxel size), and scale bar is equal to 200 microns.

Figure 8. Phase contrast synchrotron microtomographic im-
age showing the long-period line periodicity of the Trinil mo-
lar 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). 
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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 use-
ful 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-pleis-
tocene 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 hu-
man long-period line periodicity ranges from 6 to 12 days 
with a mean of 8.3 days (smith et al. 2007b). in contrast, fos-
sil orangutans typically show values of 9 days (n=4, smith 
and zhao unpublished data), similar to that of living orang-
utans (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 sin-
gle 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 peri-
odicity of 11620. should it be the case that it was 7 days, this 
would prove that the teeth were derived from two individ-
uals, 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 advo-
cated 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 sup-
ported 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 orang-
utan 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 iso-
lated molar remains in mixed-taxa asian hominoid assem-
blages where taxonomic attributions have been problem-
atic based on external crown morphology.
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