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The original hominin femur (Femur I) and calotte discovered at Trinil, Java by Eugene Dubois in 1891/
1892 played a key role in the early history of human paleontology by purportedly demonstrating the
contemporaneity of archaic cranial form with modern human erect (bipedal) posture. On this basis, both
specimens were subsequently assigned to Pithecanthropus erectus, later transferred to Homo erectus.
However, chronological and phylogenetic links between the two have been questioned from the

é(ley;"’fr;is"t . beginning. Four additional hominin partial femora (Femora II-V) from Trinil were subsequently
Fe(fnira structure described but have played a relatively minor part in evolutionary scenarios. Here we present the results
Homo erectus of a new analysis of structural and density characteristics of the Trinil femora obtained using computed
Java tomography. Trinil Femur I shows none of the characteristics typical of early Homo femora from else-
Solo River where in Asia or Africa, including a relatively long neck, increased mediolateral bending rigidity of

the mid-proximal shaft, or a low position of minimum mediolateral breath on the shaft. In contrast,
Femora II-V all demonstrate features that are more consistent with this pattern. In addition, material
density distributions within the specimens imply more recent and less complete fossilization of Femur I
than Femora II-V. Thus, it is very likely that Trinil Femur I derives from a much more recent time period
than the calotte, while the less famous and less complete Femora IV may represent H. erectus at Trinil.
The morphological variation within the Trinil femora can be attributed to broader changes in pelvic
morphology occurring within the Homo lineage between the Early and late Middle Pleistocene.

© 2015 Published by Elsevier Ltd.

Eugene Dubois

Introduction

The discovery by Eugene Dubois in 1891/2 of a fossilized hom-
inin calotte and femur (and two molars) from the site of Trinil next
to the Solo River, Java was one of the most significant events in the
history of human paleontology. The calotte was markedly more
primitive than any other hominin fossil found to date—Dubois
himself originally considered it to be more closely related to
chimpanzees and only later assigned it to the human lineage
(Dubois, 1894), a viewpoint that was initially questioned by a
number of scientists but eventually widely accepted (Theunissen,
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1989; de Vos, 2008). In contrast, the femur was remarkably
similar to those of modern humans (see Fig. 1). It was also
remarkable for the large exostosis on its proximal shaft, which has
been given various explanations (see Discussion). Its overall simi-
larity to modern humans was immediately recognized by Dubois,
who noted its length and relative slenderness (indicating a long
lower limb relative to body weight), bicondylar angle, and other
human-like features, concluding that “It follows with complete
certainty from this examination of the thigh bone that the Javanese
Anthropopithecus stood and walked in the same upright position as
man” (Dubois, 1893, p. 13). On this basis he assigned the species
name erectus to both the calotte and femur, later transferring them
to Pithecanthropus erectus (Dubois, 1894), which 50 years after-
wards was subsumed into Homo erectus (Mayr, 1944, 1950).
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Figure 1. Anterior photographs of the original Trinil Femora I-V specimens. Femora, II, and V are left sides, and Femora Il and IV are right sides. Femora I and II are shown oriented
in approximate anatomical position, while the others are oriented with the shaft positioned vertically.

However, from the outset questions were raised regarding the
association between the calotte and femur. Dubois did not carry out
the excavations himself and was not present at the site when the
calotte and femur were discovered (nine months apart; Shipman,
2001). He included no stratigraphic diagrams or site maps in his
initial publications (Dubois, 1893, 1894), only producing these in
later presentations (Dubois, 1895, 1896). He argued from the
beginning, however, that the calotte and femur were found at the
same level or layer in the site, although some 15 m apart (later
amended to 10—12 m; Dubois, 1932). However, on the basis of other
contemporary documentary evidence, Bartsiokas and Day (1993)
questioned the attribution of the two specimens to the same stra-
tum, noting that because of a downward inclination of lower beds
in the site, the femur, although at the same absolute level relative to
the river, may have come from a stratigraphically more recent layer.
The later demonstration of much more recent (Late Pleistocene)
deposits at the Trinil site (Barstra, 1982), along with other chemical
evidence (see below), also lent weight to the viewpoint that the
original Trinil femur derived from a later time period than the
calotte.

The very modern morphology of the femur—more modern than
other hominin fossils known at the time (i.e., European Neandertal
specimens)—also raised questions about its antiquity
(Cunningham, 1895; Pearson and Bell, 1919). Dubois seems to have
anticipated this issue and took pains to point out several features
that, while not changing his overall functional interpretation, pur-
portedly distinguished the femur from those of modern humans,
including in particular a more convex popliteal surface (Dubois,
1894, 1896, 1926). His statement at a meeting in 1895 reflects this
potential conflict: “It [the femur] has a human character ... but that
does not mean that it is a human femur” (italics original; Dubois,
1895: 159). However, other researchers demonstrated that these
features could in fact commonly be found among modern humans
(Hepburn, 1896; Pearson and Bell, 1919).

The discovery of the Zhoukoudian femora, associated with cra-
nia similar to the Trinil calotte but showing a different morphology,
also called into question the age and association of the Trinil femur

(Weidenreich, 1938). Weidenreich described several characteristics
of the Zhoukoudian femora that together set them apart from those
of modern humans, including marked mediolateral (M-L) widening
of the shaft (platymeria), a distal position of minimum M-L breadth
(well below midshaft), and thick cortices. None of these features
characterized the Trinil femur, leading him to conclude that the
femur was most likely “one of recent man and with no close rela-
tionship to the skull cap” (Weidenreich, 1938: 615; see also von
Koenigswald and Weidenreich, 1939). Le Gros Clark (1939) ques-
tioned this assertion, arguing that the features described by Wei-
denreich for the Zhoukoudian femora represented variable and
developmentally plastic features (basing this in part on the
comparative studies of Buxton [1938]). However, Weidenreich
defended his position with more detailed analyses of both the
Zhoukoudian and Trinil specimens (Weidenreich, 1941). Day (1971)
extended these comparisons to the (African) H. erectus OH 28 fe-
mur, which exhibited many of the same features as the Zhou-
koudian femora, and again called into question the age and
taxonomic status of the Trinil femur. He later incorporated these
features into a “femoropelvic complex” that characterized Early and
early Middle Pleistocene Homo specimens from East Africa, Europe,
and Asia (but not the original Trinil femur; Day, 1984, 1986a). The
more recently discovered late Early Pleistocene femora from Bouri,
Ethiopia, also fit this pattern (Gilbert, 2008).

In a series of papers in the 1930s, Dubois described five other
partial femora excavated at Trinil in 1900 and discovered in col-
lections of the Leiden Museum (Dubois, 1932, 1934, 1935). The sixth
femoral specimen may not be hominin and is not from the Trinil
locality (Day and Molleson, 1973), so is not further considered here.
The others, referred to as Femora II, III, IV, and V, are shown in
Figure 1 along with the original Femur I. None is complete, although
Femur II preserves much of the neck as well as shaft, and Femora III
and IV preserve most of the shaft, while Femur V is more frag-
mentary. All are also more weathered than Femur I. Their strati-
graphic provenience is not certain, although they came out of the
collection of fossils from the Trinil site, and chemical evidence as-
sociates them with the calotte (see below). Weidenreich considered
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all of the Trinil femora to exhibit a basically similar morphology
(although Femora II-V were more platymeric than Femur I), and to
contrast in the same way with the Zhoukoudian femora (von
Koenigswald and Weidenreich, 1939; Weidenreich, 1941).

Despite early objections, by the 1950s and 60s most researchers
accepted the contemporaneity of the Trinil calotte and femora
(Howells, 1959; Clark, 1964; Pilbeam, 1970), in part based on a
fluorine analysis that indicated no significant differences between
them (Bergman, 1952). Day and Molleson (1973) essentially
duplicated the fluorine results, but on the basis of other analyses
argued that they primarily demonstrated depositional rather than
temporal similarities of the specimens. Later results of x-ray mi-
croanalyses showed Femur I to be distinct from the calotte and
other Trinil femora, with Femur I being derived from an apparently
more recent level (Day, 1986b; Bartsiokas and Day, 1993). Kennedy
(1983: 587) carried out a detailed morphological study of H. erectus
femora and concluded that the Trinil femora “showed a basically
sapient pattern,” although with some differences in the distal shaft
(Kennedy's results are considered further in the Discussion). Based
on these various reservations, later authors have generally taken a
cautious approach to the Trinil femora, considering their associa-
tion with the calotte and attribution to H. erectus to be uncertain
(Aiello and Dean, 1990; Rightmire, 1990; Klein, 1999; Antén, 2003).

While the Trinil femora have been subjected to various
morphological studies, to date no true structural analyses of
biomechanically relevant parameters of these specimens have been
carried out. Such analyses can give insights into body shape,
posture, and behavior of past species (Lovejoy, 1979; Trinkaus et al.,
1999; Ruff et al., 2006; Ruff, 2009; Puymerail et al., 2012), which in
turn may also have taxonomic implications. In this study, using
computed tomography (CT), we derive structural parameters of the
femoral shafts of the five Trinil femora, and compare these to
similar parameters measured on modern and Pleistocene Homo
femora. We also compare CT Hounsfield numbers, related to
physical density and composition (Hendee, 1983), between the
Trinil femora, as a measure of relative fossilization of the speci-
mens. Based on these analyses, we address the following questions:
1) How variable in structure and composition are the Trinil [-V
femora? 2) How do Femora I-V compare structurally to other Homo
femora, modern and earlier? 3) Do the Trinil femora conform to
predictions of the early Homo “femoropelvic complex” (Day, 1984,
1986a; Ruff, 1995)?

Materials and methods
CT scanning and bone length estimates

The Trinil femora were CT scanned using a GE Lightspeed QX/I in
the Rode Kruis Hospital, The Hague. Helical scanning mode was
used, with a reconstructed slice thickness of 0.625 mm and a pixel
size of 0.39 mm?. As described in detail previously (Puymerail et al.,
2012), a semi-automated threshold-based segmentation process
was used to separate fossilized bone from any matrix. Endosteal
contours were clearly visible at all levels. As noted by previous
authors (Dubois, 1926, 1932, 1934; Day and Molleson, 1973), the
external surfaces of the Trinil femora, especial II-V, are affected by
varying degrees of weathering, abrasion, or damage (see Fig. 1).
Small defects in the periosteal surface were filled in manually
during image processing. Larger gaps, including missing cortex in
the midshaft region of Femur IIl and mid-distal region of Femur IV
(see Figs. 1 and 3), were not reconstructed.

Following previous studies (e.g., Ruff and Hayes, 1983; Trinkaus
and Ruff, 1989; Puymerail et al., 2012), cross sections of the Trinil
femora were analyzed at percentages of bone length’ (biome-
chanical length), with length' defined as the distance parallel to the

Trinil |

Figure 2. Determination of femoral biomechanical neck length (heavy arrows) in Trinil
Femur I and Femur II, measured mediolaterally from the most superior point on the
head to the middle of the lateral surface of the greater trochanter. In Femur II, the
dashed circle approximates the femoral head (see text); the solid outline is the
reconstruction of the greater trochanter and superior femoral neck surface. Note that
there is a 4% magnification between the scales, placed on the supporting surfaces, and
measurements taken at the height of the head and greater trochanter.

long axis of the diaphysis between the average distal-most pro-
jection of the condyles and the superior surface of the neck (see
also Ruff, 2002). For Femur I, this can be measured directly as
432 mm. For Femora II-V, following Anton et al. (2007) and
Fellmann (2004), lengths were estimated using the general
approach of Steele and McKern (1969), based on preserved
anatomical landmarks. For Femora II-1V, the available preserved
portions include Steele and McKern's Segment 2, the length parallel
to the shaft between the center of the lesser trochanter and the
point where the linea aspera begins to divide into the medial and
lateral supracondylar lines. Proximal and distal landmarks of
Segment 2 for Femora II-IV are illustrated in Supplementary
Online Material (SOM) Figure 1, which shows local curvature
maps of the posterior surfaces of the specimens derived from CT 3-
D reconstructions. Landmarks were verified through personal in-
spection of the original specimens by one of us (CBR). Femur II
preserves the (broken) outline of the lesser trochanter, and Femora
[l and IV are broken through the base of the lesser trochanter (SOM
Fig. 1). All three specimens extend distally past the division of the
linea aspera. Note that Day and Molleson's (1973: 135) assessment
that the Trinil Il femur “is broken just below the point where the
linea aspera is beginning to divide” is somewhat misleading, since
the beginning of the break occurs more than 50 mm distal to this
point.

Linear regressions based on five different recent human samples
were used to estimate maximum length from Segment 2 length
(following Fellmann, 2004). The recent samples included Missis-
sippian Native Americans (Steele and McKern, 1969), European-
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Figure 3. CT reconstructions of Trinil Femora I-V showing cross sections taken at 20%, 35%, 50%, 65%, and 80% of length' when available. Anterior is above and medial to the left in
each image (images were reversed mediolaterally when necessary). Note that the 50% region for Femur III is missing a large section of the cortex, which we did not attempt to
reconstruct. The 80% and 65% sections for Femur I are distorted by its exostosis; the undistorted 60% section (asterisk) is shown. The proximal portion of the head of Femur I was not

included in the CT scans. Scale bar is 20 mm.

Americans and African-Americans (Steele, 1970), Alaskan Inuits
(Fellmann, 2004), and Neolithic and Mesolithic Europeans (Jacobs,
1992). These are all of the available samples with such equations,
although they do represent a diversity of body sizes and shapes,
which may affect femoral proportions (e.g., see Ruff, 1995). Male
and female equations from each sample were used, giving a total of
10 maximum length estimates, which were then averaged across all
groups. Results are given in Table 1. Maximum length was then
converted to length’ using an equation based on 2053 femora from
an on-going study of Upper Paleolithic through modern European
skeletal samples (Ruff et al., 2012):

Femoral length' = Femoral maximum length * 0.9836 + 0.8
(r = 0.986, SEE = 4.6 mm).

Note that there are no equations for directly converting Segment
2 lengths to length' values.

Using this equation, femoral length' estimates for Femora II, III,
and IV are 411 mm, 408 mm, and 406 mm, respectively. Cross
sections were extracted at 1% intervals of length' between 20%
(distal) and 80% (proximal) of length'. Because none of the Trinil
femora, except for Femur I, preserve the complete proximal end,
the 80% section was considered to lie 1.5 cm distal to the distal edge
of the lesser trochanter, based on comparisons with comparably-
sized modern femora.

Femur V is the most fragmentary of the Trinil specimens. Based
on its anatomy, it clearly derives from the mid-distal portion of the
shaft (Fig. 1; see also Dubois, 1934). Based on morphological com-
parisons to Femora II-IV, we assigned it a length' of 411 mm,
equivalent to that of Femur II. This is slightly shorter than a similar
measurement taken on Dubois' (1934) reconstruction of the spec-
imen. Using this length estimate and preserved anatomical features
(e.g., the distal termination of the linea aspera about 3 cm proximal
to the most distal complete cross section), cross sections between
about 25% and 57% of length' are preserved. This also matches quite
closely with Dubois' (1934) original estimate of its relative position.

Cross-sectional properties

Sections were aligned relative to A-P and M-L axes following
Ruff (2002), using anatomical features such as position of the linea
aspera to help align the more fragmentary specimens (see Fig. 2).
Following previously described procedures (Bondioli et al., 2010;
Puymerail et al., 2012), cross-sectional properties (areas, second
moments of area, external breadths) were calculated on virtual
images reconstructed from the CT scans. To identify the position of
minimum mediolateral (M-L) breadth, LOWESS curves (Cleveland,
1979) were fit (using a smoothing window of 0.3) to each distri-
bution of M-L breadth against percentage of bone length'. The
procedure is demonstrated for Trinil Femora I and II in SOM
Figure 2. In addition to the Trinil femora, continuous cross-
sectional data at 1% intervals were available for a sample of 20
modern (Roman and 19th century French) femora (Puymerail et al.,
2012); these were used in analyses of the position of minimum M-L
breadth relative to length'.

Cross-sectional data at 15% intervals from 20% to 80% of bone
length' were available for a large sample of Early through Late
Pleistocene Homo femora, mainly obtained from the summary by
Trinkaus and Ruff (2012) (Table 2). Following earlier analyses
(Puymerail et al., 2012), for comparative purposes these were
divided into five morpho-chronological samples: Early Pleistocene
(EP, >780,000 BP), early Middle Pleistocene (EMP,
400,000—780,000 BP), late Middle Pleistocene (LMP,
126,000—400,000 BP), Neandertals (Nea), and Late Pleistocene
modern humans (LPMH).

Femoral neck length
Femoral biomechanical neck length (Ruff, 1995) was measured

from scaled photographs of Trinil Femora I and II as the medio-
lateral distance between the most superior point on the femoral
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Table 1
Maximum length estimates (mm) from Segment 2 lengths using technique of Steele and McKern (1969).
Specimen Segment 2 Maximum length estimate
Mississippian® Euroamerican® Af.-American? Inuit® Mes./Neol.”
Length?® Male Female Male Female Male Female Male Female Male Female Mean®
Femur II 235 426 426 431 409 436 416 463 445 474 457 438
Femur III 232 424 424 429 406 433 414 461 442 471 455 436
Femur IV 228 422 421 425 402 430 411 458 439 468 451 433

Distance, parallel to the shaft, between center of lesser trochanter and distal-most extent of linea aspera before dividing into medial and lateral supracondylar lines.

Steele (1970), n: males: 50, females: 50.
Steele (1970), n: males: 50, females: 50.
Fellmann (2004), n: males: 61, females: 56.
f Jacobs (1992), n: males: 33, females: 26.

a
b Steele and McKern (1969), n: males: 72, females: 29.
c
d

e

& Note that true maximum length in at least Femur Il was likely to be about 10 mm longer than this (see text).

head and the midpoint of the lateral contour of the greater
trochanter, with the femur in anatomical position (Fig. 2). Photo-
graphic magnification of images (4%) was determined by
comparing total specimen length measurements of the original
specimens and the photographs. Biomechanical neck length in
Femur I was measured directly from its scaled photo as 58 mm.
Because Femur II does not preserve the distal end, a bicondylar
angle of 9°—average for modern human femora (Ruff, 1995) and
also about equal to that for Femur I—was used for this specimen.
The bicondylar angles of two African early Homo femora—KNM-ER
1472 and 1481a—are similar at 12° and 10°, respectively (Ruff,
1995). Even moderate changes in this angle (+5°) have a negli-
gible effect on the estimated neck length of Trinil Femur II
(<0.5 mm).

A sphere of 45 mm in diameter centered on the preserved
femoral head core of Femur II (Fig. 2) was used to locate the

approximate position of the most superior point of the head.
Approximation of femoral head diameter in Femur Il was based on
comparisons with early Pleistocene Homo femora as well as Femur [
(which has an equivalent diameter). KNM-ER 1472, 1481a, and
Dmanisi D4167, all shorter than Trinil Femur II (lengths' of 376 mm,
370 mm, and about 362 mm, respectively; see Table 4), have
femoral head breadths or estimated breadths between 40 and
44 mm (Lordkipanidze et al., 2007 [and personal measurement
from their Fig. 2]; Trinkaus and Ruff, 2012); KNM-WT 15000, with a
length' of 402 mm (pers. measurement), only slightly shorter than
that of Trinil Femur II, has a femoral head breadth of 44.9 mm (Ruff,
2007); and OH 28, with a longer estimated length' of 425 mm, has
an estimated femoral head breadth of 47.8 mm (Trinkaus and Ruff,
2012). Slight changes in femoral head breadth have a very small or
no effect on the measurement of femoral neck length, depending
on the centering of the sphere. A modest amount of lateral

Table 2
Comparative Pleistocene Homo samples.
Section Sample Specimens
20% EP KNM-ER 737, 1472, 1481a, 1808mn
EMP Ain Maarouf 1
Nea. Amud 1, Chapelle-aux-Saints 1, Feldhofer 1, Ferrassie 1, Fond-de-Forét 1, Spy 2
LPMH Skhul 4, 6, Cro-Magnon 1, 4322, Dolni Véstonice 3, 13, 14, 16, Minatogawa 1, 3, 4, Mladéc 27, Ohalo 2, Paviland 1, Pavlov 1, Tianyuan 1
35% EP KNM-ER 736, 737, 803, 1472, 1481a, 1808mn, Kresna 11
EMP Ain Maarouf 1, Gesher-B.-Y. 1, OH 28
LMP Broken Hill E690
Nea. Amud 1, Chapelle-aux-Saints 1, Feldhofer 1, Ferrassie 1, 2, Fond-de-Forét 1, Spy 2, Tabun 1
LPMH Qafzeh 9, Skhul 4, 5, 6, 7, Cro-Magnon 1, 4322, 4328, Dolni Véstonice 3, 13, 14, 16, 40, Minatogawa 1, 3, 4, Mladéc 27, Nahal 'En-Gev 1,
Ohalo 2, Paviland 1, Pavlov 1, Sunghir 1, 4
50% EP KNM-ER 736, 737, 803a, 1472, 1481a, 1808mn, BOU_VP_2/15, 19/63, Kresna 11
EMP Ain Maarouf 1, Gesher-B.-Y. 1, OH 28, Zhoukoudian 1, 2, 4, 5, 6
LMP Berg Aukas 1, Broken Hill E690, E793, Castel di Guido 1, La Chaise-BD 5, Ehringsdorf 5, Mammolo 1, Tabun E1
Nea. Amud 1, Chapelle-aux-Saints 1, Feldhofer 1, Ferrassie 1, 2, Fond-de-Forét 1, Palomas 96, Quina 5, Rochers-de-V. 1, Saint-Césaire 1,
Shanidar 4, 5, 6, Spy 2, Tabun 1, 3
LPMH Qafzeh 3, 8, 9, Skhul 3, 4, 5, 6, 7, Arene Candide 1, Barma Grande 2, Cro-Magnon 1, 4322, 4324, Dolni Véstonice 3, 13, 14, 16, 35,
Grotte-des-Enfants 4, Minatogawa 1, 2, 3, 4, Mladec 27, Nahal 'En-Gev 1, Ohalo 2, Paglicci 25, Paviland 1, Pavlov 1, Rochette 2,
Sunghir 1, 4, Veneri 1, 2, Willendorf 1, Zhoukoudian-UC 67, UC 68
65% EP KNM-ER 736, 737, 803a, 1472, 1481a, 1808mn, Kresna 11
EMP Thomas Quarry,® Ain Maarouf 1, Gesher-B.-Y. 1, OH 28
LMP Broken Hill E690, Tabun E1
Nea. Amud 1, Feldhofer 1, Ferrassie 1, 2, Fond-de-Forét 1, Krapina 257.32, 257.33, Palomas 52, 92, 96, Quina 38, Shanidar 6, Spy 2
LPMH Qafzeh 6, 8, 9, Skhul 4, 5, Cro-Magnon 1, 4322, 4324, Dolni Véstonice 3, 13, 14, 16, 41, Minatogawa 1, 3, 4, Mladec 27, 28, Nahal 'En-Gev 1,
Ohalo 2, Paviland, Pavlov 1, Sunghir 1, 4, Tianyuan 1, Willendorf 1
80% EP KNM-ER 736, 737, 803a, 1472, 1481a, 1808mn, Kresna 11
EMP Gesher-B.-Y. 1, OH 28
LMP Broken Hill E689, E690, E709, La Chaise-BD 5, Tabun E1
Nea. Amud 1, Chapelle-aux-Saints 1, Feldhofer 1, Ferrassie 1, 2, Krapina 213, 214, Saint-Césaire 1, Spy 2, Tabun 1
LPMH Qafzeh 8, 9, Skhul 4, 5, 6, 9, Arene Candide 1, Barma Grande 2, Cro-Magnon 1, 4322, Dolni Véstonice 3, 13, 14, 16, 35, Grotte-des-Enfants 4,

Minatogawa 1, 2, 3, 4, Mladec 27, 28, Nahal 'En-Gev 1, Ohalo 2, Paglicci 25, Paviland 1, Pavlov 1, Rochette 2, Sunghir 1, 4, Tianyuan 1,

Veneri 1, 2

2 Unpublished specimen (E. Trinkaus, pers. comm.).
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Table 3
Cross-sectional geometric properties at 15% intervals of bone length’ from the distal end for the Trinil femora.”.

Specimen Section TA CA %CA Ix ly Ix/ly ] Zx Zy Zp Imax Imin

Femur | 20% 776 282 36.3 30,062 27,178 1.11 57,241 1833 1718 3552 30,114 27,110
35% 633 375 59.3 28,682 25,028 1.15 53,711 1947 1817 3768 28,688 25,080
50% 593 448 75.5 30,486 23,976 1.27 54,462 2006 1794 3814 30,820 23,625

Femur II 20% 578 319 22.5 22,746 20,006 1.14 42,752 1649 1455 3104 22,521 20,303
35% 554 382 69.1 24,197 21,037 1.15 45,235 1708 1567 3279 24,169 21,034
50% 559 406 72.7 23,622 22,891 1.03 46,513 1732 1691 3423 23,689 22,847
65% 576 395 68.6 22,545 26,957 0.84 49,502 1728 1847 3582 27,213 22,307
80% 587 389 66.3 19,807 30,452 0.65 50,259 1584 1969 3594 30,513 19,697

Femur III 20% 685 293 42.8 24,670 26,147 0.94 50,817 1691 1686 3378 27,087 23,681
35% 551 363 65.8 22,546 21,045 1.07 43,591 1630 1579 3210 23,246 20,334
65% 529 430 814 22,248 24,082 0.92 46,329 1723 1708 3430 27,416 18,903
80% 563 408 72.5 20,291 31,123 0.65 51,414 1631 1970 3642 31,691 19,695

Femur IV 20% 650 331 50.8 24,690 26,719 0.92 51,409 1732 1809 3542 27,231 24,152
35% 551 347 62.9 20,909 21,224 0.99 42,133 1540 1566 3106 23,527 18,633
50% 521 393 75.6 18,916 26,237 0.75 44,153 1501 1810 3327 27,706 16,470
65% 542 416 76.7 18,800 29,267 0.64 48,067 1510 1983 3533 29,526 18,543
80% 586 409 69.8 18,551 37,622 0.49 56,173 1534 2285 3934 37,895 18,315

Femur V 35% 490 314 64.1 19,386 16,745 1.16 36,131 1442 1329 2774 22916 13,232
50% 491 349 70.9 15,008 22,289 0.67 37,297 1260 1570 2858 23,166 14,148

2 Abbreviations: TA, CA: total and cortical areas (mm?); %CA: (CA/TA)*100; Ix, Iy: second moments of area about x and y axes (A-P and M-L bending rigidities, respectively;
mm*); J: polar second moment of area (torsional and twice average bending rigidity, mm®); Zx, Zy: section moduli about x and y axes (A-P and M-L bending strengths,
respectively; mm?); Zp: polar section modulus (torsional and twice average bending strength, mm?); Imax, Imin: maximum and minimum second moments of area (bending

rigidities, mm?).

projection of the mostly missing greater trochanter of Femur Il was
assumed (Fig. 2). Day and Molleson (1973) noted some cracking of
bone around the base of the trochanter that they felt exaggerated
the degree of lateral projection of the preserved portion, but any
such distortion appeared minor upon examination of the original.

Because Femur II does not preserve the femoral condyles, it is
not possible to directly factor in the possible effect of femoral neck
anteversion on femoral biomechanical neck length, which is
measured in the true M-L anatomical plane (Ruff, 1995). The posi-
tion of Femur II in the photograph used to measure neck length
(Fig. 2) is the same as that in which it was CT scanned (see Fig. 3),
which shows the linea aspera oriented in a typical anatomical po-
sition (see also SOM Figure 1 for a complete contour map of the
posterior surface of Femur II in this position). Thus, there is no
anatomical evidence that the femoral neck in Figure 2 is not ori-
ented anatomically. However, the effects of typical degrees of
anteversion on femoral biomechanical neck length are relatively
minor in any event. Femoral anteversion averages about 12° in

Table 4

Femoral biomechanical neck length relative to femoral length' in Trinil Femora I and
II, and five Early Pleistocene femora, compared to Pecos and East African modern
humans.

Specimen? Length' (mm) Biom. Nk. Ln. (mm) Rel. Dev.”
Trinil I 432 58 -0.22
Trinil 11 411 72 2.59
KNM-ER 1472 376 59 1.70
KNM-ER 1481a 370 64 2.65
KNM-ER 3728 365 63 2.66
KNM-WT 15,000 402 69 241
Dmanisi D4167 362 67 3.37
Mean, modern sample 401 53 -

2 Trinil [ and II: present study; KNM-ER specimens: Ruff, 1995; KNM-WT 15000:
pers. meas.; Dmanisi specimen measured from Figure 2 in Lordkipanidze et al.
(2007).

b Fossil residual/modern sample standard error of estimate, based on reduced
major axis regression through modern sample (see Fig. 6).

modern humans (Elftman, 1945), as well as early Homo (10° in
KNM-ER 1471 and 15° in KNM-ER 1481a; pers. measurement). It
can be shown trigonometrically that anteversion values in this
range would reduce femoral biomechanical neck length by only
1.5—3.4% relative to neck length measured in the plane of the head
and neck, i.e.,, maximum neck length.

To place Trinil Femora I and II into context, femoral biome-
chanical neck length relative to length' is compared in these
specimens and five other Early Pleistocene specimens, four of
which have been attributed to early Homo (Ruff, 1995;
Lordkipanidze et al., 2007), as well as a sample of modern
humans from Pecos Pueblo, New Mexico and East Africa (Ruff,
1995). Data for the fossil specimens are shown in Table 3. The
modern human samples were chosen because they represent ex-
tremes of body shape and femoral neck length/total length pro-
portions among modern humans (Ruff, 1995). To quantify relative
neck length, following earlier analyses (Organ and Ward, 2006;
Ruff, 2009), a reduced major axis regression line was fit through
the modern human sample, and the deviations of the fossil data
points from this line relative to the standard error of estimate of the
line were calculated.

CT numbers

CT numbers, expressed in Hounsfield units, were used to
investigate relative density, and by implication relative fossiliza-
tion, of the Trinil specimens. CT numbers are related to both ma-
terial density and chemical composition of the scanned material
and can vary depending on a number of factors (Zatz, 1981; Hendee,
1983). By convention, air is assigned a value of —1000H and water a
value of OH. Modern long bone compact cortical bone typically has
values in the range of about 1300—2300H (Ruff and Leo, 1986; Lam
et al., 1998) and fossilized compact cortical bone may range up to
values of 3000H or more (measured using standard medical CT
systems; Spoor et al., 1993; Mafart et al., 2004). The H values for
individual pixels within mediolateral cross-sectional traces at
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midshaft (50% sections) of the Trinil femora were determined from
CT reconstruction matrices, and the distribution of values were
compared between specimens.

Results

Available cross-sectional contours at 20%, 35%, 50%, 65%, and
80% of bone length’ from the distal end for the five Trinil femora are
shown in Figure 3. All sections are available in Femora Il and IV; the
65% and 80% sections are distorted in Femur I because of the large
proximal exostosis and were therefore not measured; the 50%
section is unmeasurable in Femur IIl because of a large cortical
defect in that region; and only the 35% and 50% sections are
available in Femur V. A complete listing of structural properties at
these locations is given in Table 3. The section contours at 60% of
bone length for Femur I, the most proximal section not directly
affected by the exostosis, are also shown in Figure 3.

Because none of the Trinil femora, except Femur I, preserve the
femoral head, it is not possible to standardize cross-sectional
properties by estimates of body size (e.g., Ruff et al., 2006;
Trinkaus and Ruff, 2012). Instead, we concentrate our geometric
analyses on critical shape characteristics that have been used to
distinguish early Homo femora from those of more recent humans:
the ratio of A-P (anteroposterior) to M-L bending rigidity at
different locations on the shaft, the relative position of minimum
M-L breadth of the shaft, and the relative length of the femoral neck
(Weidenreich, 1941; Day, 1971; Kennedy, 1983; Ruff, 1995;
Puymerail et al., 2012; Trinkaus and Ruff, 2012).

Figure 4 is a box plot of A-P/M-L bending rigidity at the five
standard locations on the femoral shaft in the Trinil femora and five
morpho-chronological samples of Pleistocene Homo. The ratio for
the 60% section in Femur I is also plotted for reference with the 65%
data. The ratio always increases between the 65% and 50% sections,
so the position of this point is slightly too high, but is still likely
close to what the true (undistorted) value for the Femur I 65%
section would have been. As noted previously (Ruff, 1995;
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Figure 4. Ratios of A-P to M-L bending rigidity (Ix/ly) in the Trinil femora relative to
five morpho-chronological samples of Pleistocene Homo at five locations in the femoral
shaft (80% is most proximal). EP: Early Pleistocene; EMP: early Middle Pleistocene;
LMP: late Middle Pleistocene; Nea.: Neandertal; LPMH: Late Pleistocene modern
humans. A-P/M-L bending rigidity of the 60% section for Trinil Femur I is shown in
parentheses. For composition of the comparative samples, see Table 2.

Puymerail et al., 2012; Trinkaus and Ruff, 2012), Early and early
Middle Pleistocene Homo femora have relatively increased
mediolateral bending rigidity (lower A-P/M-L ratios) throughout
the proximal and middle regions of the shaft compared to those of
more recent Homo. Trinil Femora IV and V clearly show this pattern.
Femora II and III also have low ratios in the most proximal (80%)
section, although there is some overlap with more recent samples.
Femur I has much higher ratios than the other Trinil femora in its
most proximal (50% and 60%) sections, being most similar to Late
Pleistocene modern humans. Interestingly, all of the Trinil femora
tend to have somewhat high ratios in the distal two sections,
especially the 20% location, consistent with Dubois' observation of a
“convex” popliteal surface (Dubois, 1926, 1932; see also Fig. 3).

External mediolateral breadths at 1% intervals between 20% and
80% of length' are shown for the Trinil femora and a modern human
sample (Roman and 19th century French) in Figure 5. The positions
of minimum M-L breadth are indicated for each fossil specimen,
along with the median and interquartile range of positions for the
modern sample. The location of minimum breadth in Trinil Femora
[I-V occurs between 34% and 44% of length', below the inter-
quartile range of the modern human sample (46—60%). The loca-
tion in Femur I is more proximal, at 50% of length'. Trinil Femur IV is
missing cortex in the 39—47% locations. Its minimum breadth oc-
curs in the first section distal to this (38%) but could be more
proximal; however, given the general longitudinal trend of values
in this specimen (Fig. 5), it is highly likely that this occurred more
distally than 44% of length'. All of the Trinil femora show less of an
increase in M-L breadth distal to the point of minimum M-L breadth
than the modern sample. This is consistent with their rounder cross
sections in this region (see Figs. 3 and 4).

Femoral biomechanical neck length is plotted relative to length'
for Trinil Femora I and II, five Early Pleistocene femora, and a
sample of modern humans of diverse body shape (Ruff, 1995) in
Figure 6. The relative deviations of the fossil specimens from a
reduced major axis line through the modern sample are shown in
Table 4. All of the Early Pleistocene specimens have relatively very
long femoral necks, falling outside the 95% prediction interval (>2
SEE) of modern humans, except for KNM-ER 1472 (1.7 SEE), whose
neck is damaged and may be artificially shortened (Day et al., 1975;
Wolpoff, 1978). The one modern human outlier that overlaps with
the range of the Early Pleistocene specimens is highly unusual in
other respects, converging in shaft morphology with H. erectus
(Ruff, 1995). Trinil Femur II falls close in relative position to the
Early Pleistocene specimens, four of which have been attributed to
H. erectus (KNM-ER 3728 may be H. erectus but is too weathered for
a definitive attribution [Ruff, 1995]). In contrast, Trinil Femur I falls
very close to the predicted value for modern humans.

Linear traces of Hounsfield CT numbers taken transversely
across 50% sections of the five Trinil femora are shown in Figure 7
(the 45% section of Femur IIl was used here because of damage to
the 50% section). The traces include air surrounding the specimens
and any matrix within the medullary cavities. The distributions of
individual pixel values for Hounsfield numbers within the cortical
areas of each specimen (determined through reference to the
whole section) are shown in Figure 8, along with median values.
The data are truncated at 3071H, the maximum value provided by
the scanner. All five femora reach this value in at least a few pixels.
However, the overall distribution of values varies substantially
between specimens. The median value for Femur I is about 2400H,
with many (>40%) values falling between 2100 and 2300H, i.e.,
within the range of modern unfossilized compact cortical bone
(Ruff and Leo, 1986). In contrast, median values for the other four
Trinil femora are all at about 2700H or higher, with very few values
below 2400H. The high H values observable in Femur I are all near
the edges of the specimen, particularly the periosteal surface
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(Fig. 7). Pixels in the interior of the cortex, more than a few milli-
meters from the external and internal surfaces, exhibit uniformly
lower values (<2400H). Most of the other Trinil femora also show
some decline in values in the middle of the cortex, but not to the
same degree as in Femur 1. To some extent this reduction of values
in the interior of the cortices may reflect beam hardening (Hendee,
1983; Ruff and Leo, 1986), although this is unlikely to account for all
of the reduction and does not explain the different patterns seen in
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Figure 6. Femoral biomechanical neck length relative to femoral length' in modern
humans (Pecos Puebloans, open squares; East Africans, filled circles), five Early Pleis-
tocene femora (blue smaller triangles), and Trinil Femora I and II (red larger triangles).
Modified from Ruff, 1995: Fig. 3. “ER” refers to KNM-ER, and “WT” to KNM-WT.
“Dmanisi” is the D4167 specimen, measured from Figure 2 in Lordkipanidze et al.
(2007). Reduced major axis regression line fit through combined modern human
sample: Biom. Nk. Ln. = 0.205(Length') — 29.1.

Femur I and the other femora. Note that the degree of filling of the
medullary cavity with high density matrix varies greatly between
specimens, with very little (at this section location) in Femora Il and
III, and almost complete filling in Femora I and IV.

Discussion

Weidenreich (1938, 1941) and Day (1971) described several
features of Early/Middle Pleistocene Homo femora that taken
together distinguished them from those of modern humans. Most
of these features can be explained as adaptations to increase rela-
tive M-L bending rigidity or strength of the shaft, especially prox-
imally (Ruff, 1995). This is directly reflected in A-P/M-L bending
rigidity or strength proportions, and indirectly reflected in a low
position of minimum M-L breadth, which results from expanded
M-L dimensions more proximally. In both respects Trinil Femora
II-V more closely group with Early/Middle Pleistocene Homo
femora than does Trinil Femur I, which is similar to modern (i.e.,

3,000 N\ /A — Femurl
v [/ [¢ y — Femurl
o N \U — Femurll
\ Femur V|
o \ A — FemurV
O 2,000
e}
€
=}
Z
k=]
° 1,000
=
17}
C
3
o
L ok

1,000 - s | ' u\\k&m

Figure 7. Mediolateral traces of Hounsfield numbers in CT sections through the Trinil
femora, taken at 50% of length' (except in Femur III, taken at 45%), including both air
external to the section and matrix within it, if present. Scale bar is 2 mm.
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Figure 8. Hounsfield values of individual pixels for the cortical bone regions of each
section shown in Fig. 7. Horizontal bars are median values. Note truncation of values at
3071H.

Late Pleistocene or Holocene) femora. The mediolateral strength-
ening of the proximal femoral shaft in early Homo can be attributed
to a relatively long femoral neck, which increases M-L bending
loads in the shaft (Ruff, 1995). This in turn may be related to a wide
biacetabular breadth and several other associated features of the
pelvis, part of the early Homo “femoropelvic complex” (Day, 1984,
1986a; Ruff, 1995). Restructuring of the pelvis in later Homo, and
consequent changes in femoral morphology, may coincide with
increases in relative cranial capacity and/or an altered birth
mechanism (Ruff, 1995).

Trinil Femur II has a relatively long neck (in the same range as
other early Homo femora), while Femur I is completely modern in
this respect. Both the length of the femoral neck and total bone
length are reconstructed in Femur Il and subject to error. However,
given the fairly conservative reconstruction of the position of the
femoral head (Fig. 2), biomechanical neck length is unlikely to have
been much shorter than its reconstructed value of 72 mm. Factoring
in possibly (although unlikely) unaccounted for moderate ante-
version would reduce its neck length by only about 1-2 mm.
Increasing its length' by 20 mm (leading to an estimated maximum
length of about 469 mm, almost a cm longer than Day's (1971)
estimate) would still place it at about the upper 95% prediction
interval for modern humans.

Day and Molleson felt that the large proximal exostosis in Trinil
Femur I (see Fig. 1) had produced “distortion of the shaft” and that
“its effects can be traced well down the shaft in the form of an
unduly pronounced and deformed linea aspera that may well have
affected the form of the shaft cross-section” (1973: 133). However,
the nonpathological mid-diaphyseal (35%, 50%, and 60%) cross
sections of Femur [ are very typical in morphology for Holocene or
Late Pleistocene early anatomically modern human femora, with no
exaggeration of the linea aspera (e.g., see Ruff, 1995: Fig. 18;
Trinkaus and Ruff, 1999: Fig. 3; Trinkaus, 2006: Figs. 18.15 and
18.16). The exostosis itself has been variously attributed to an injury
(Dubois, 1894), an infection (Virchow, 1895), myositis ossificans
(Day and Molleson, 1973), or fluorosis (Soriano, 1970), although this
last diagnosis has been strongly questioned (Day and Molleson,

1973). Some minor arthritic changes in the distal femoral artic-
ular surface may be indirectly related to the more proximal lesion
(Day and Molleson, 1973), but there is no indication that the
morphology of the shaft itself, distal to the lesion, was significantly
affected. In addition to the normal (for modern humans) general
contours, there is no evidence for reduction of weight-bearing on
that side, such as cortical thinning (Fig. 2) or a reduction in percent
cortical area (Table 3). We also saw no evidence for “irregular
opacification and uneven borders” of the cortex distal to the lesion
(Kennedy, 1983: 607), unless this referred to the increased density
of the outer cortex or high density matrix that fills most of the
medullary cavity (Fig. 7).

The increased circularity of the distal shaft in all of the Trinil
femora relative to modern humans is interesting, and consistent
with Dubois' original observations (1926, 1932). This is also evident
in some Early Pleistocene Homo femora, such as KNM-ER 1481a
(Ruff, 1995: Fig. 18). It is possible that this is related to increased A-P
loading about the knee joint, associated with high mobility (Ruff,
1987), which is not a trait diagnostic for early Homo alone.

Day (1971; see also Day and Molleson, 1973) and Kennedy
(1983) assessed external (subperiosteal) and radiographically
determined cortical breadths of the Trinil femora and concluded
that in most respects they were not distinguishable from each other
or from modern humans. Kennedy (1983: 613) noted that Trinil
Femora II-IV shared relatively thick cortices with a group of
H. erectus specimens, particularly in the mid-distal region of the
shaft, but still concluded that “their overall morphological pattern
clearly allies them with the sapients.” This was based in part on
external shaft shape (A-P/M-L) indices determined at intervals
along the diaphysis—when these were compared to those of
modern human and H. erectus samples, the Trinil specimens fell
closer to modern humans in the mid-proximal shaft (Kennedy,
1983: Fig. 2; also reproduced in Aiello and Dean, 1990: Fig. 21.27).
However, there are some problems regarding the locations of some
of the sections; for example, the “mid-shaft” section was taken “at
the level of maximum A-P shaft diameter,” which may bias its
placement since it relies on shaft shape. The two most distal section
locations were based on percentages of bone length. For these,
Weidenreich's (1941) very long length estimate of 500 mm was
used for Femur II, and Femur IIl was considered to be of equivalent
length. Use of very long length estimates for incomplete specimens
will obviously affect positioning of analogous section locations, and
thus morphological comparisons. In addition, perhaps most
importantly when interpreting any such results, external breadth
indices are not equivalent to ratios calculated using true mechan-
ical section properties (Stock and Shaw, 2007).

Weidenreich (1941) did not detail how he arrived at his estimate
of about 500 mm for the length of Trinil Femur II, a figure that has
been used not only in Kennedy's (1983) analyses but also in some
later analyses of stature in H. erectus (Feldesman et al., 1990). Using
the Steele and McKern (1969) method, we arrive at an estimate of
438 mm. However, this is almost certainly an underestimate of true
maximum length, since it does not factor in the relatively longer
femoral neck apparent in Femur Il compared to that of modern
humans. Based on those comparisons, a modern femur with a
length' of 411 mm (our estimate for Femur II) would have a pre-
dicted biomechanical (mediolateral) neck length of about 55 mm
(see Fig. 3), rather than 72 mm, as estimated here for Femur II. With
a neck-shaft angle of 121° in Femur I, the effect of shortening neck
length by 17 mm would be to reduce maximum length by about
10 mm. Applying this correction, the adjusted maximum femoral
length of Femur II is 448 mm. This is very similar to the estimate of
447 mm by Fellmann (2004) and Anton et al. (2007), derived using
a similar technique. Without more complete material, it is not
possible to know if this correction also applies to Femora IIl and IV,
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but if they form a coherent morphological and taxonomic group, as
argued here, then it is also likely that their maximum lengths were
on the order of a cm longer than those estimated by the Steele and
McKern (1969) method (Table 1). It is still appropriate to use the
Steele and McKern method on these femora, however, since the
main objective here was to estimate length' for positioning of cross
sections, and the maximum length to length' conversion that we
used is based on femora with a modern morphology, i.e., a shorter
femoral neck.

Day (1971) estimated the maximum length of Trinil Femur II as
460 mm, only slightly longer than our estimate. Use of the much
longer Weidenreich estimate has consequences in addition to its
effect on cross-sectional shape indices. First, the position of mini-
mum M-L shaft breadth relative to length will move proximally (as
more non-preserved bone is added distally), which explains why
both Weidenreich (1941) and Kennedy (1983) found minimum M-L
breadth of Femur III to be at about midshaft, rather than distal to
midshaft, as found here (Fig. 5). Second, the proportion of neck
length to shaft length will decrease, and this partly explains why
Kennedy (1983) found essentially no difference between Trinil I and
Il in this characteristic (her estimate of femoral neck length in Trinil
I also seems to be in error, as it is given as slightly shorter than that
of Trinil I, which appears impossible based on the preserved
morphology; see Fig. 2). As discussed above, even using a some-
what longer total bone length estimate, Femur II has a relatively
very long neck. Use of a much longer length estimate for Femur II,
or for any of the other incomplete Trinil femora, also affects as-
sessments of the relative slenderness or gracility of the specimens
(Weidenreich, 1941; Kennedy, 1983).

In addition to morphology, relative density, as inferred from CT
Hounsfield numbers, distinguishes Trinil Femur I from the other
Trinil femora. Femur I shows a pattern of density variation
consistent with relatively more recent (i.e., incomplete) fossiliza-
tion, whereby only the outermost cortex appears significantly more
dense than modern unfossilized cortical bone. Femora II-V appear
overall more fossilized, and the reduction in density in the interior
cortex is less marked. (Some of the apparent reduction in density in
the interior regions in all specimens is also likely due to beam
hardening.) While the precise depositional environment of the
different specimens would also have affected the process of
fossilization, the results are at least consistent with a longer time
period of fossilization of the latter group. As also pointed out by Day
and Molleson (1973), most of the specimens, including Femur I, are
filled with high density matrix to some degree. This, and the
external fossilization of Femur I, explains the superficial similarity
in appearance and “weight” of all of the femora (Fig. 1 and pers.
obs.). As noted earlier, Femur I is also remarkable in showing very
little surface weathering in comparison to the other Trinil femora; it
is also much more complete. The present observations support
other evidence (Day, 1986b; Bartsiokas and Day, 1993) that Femur I
is derived from a different, more recent level than Femora II-V,
consistent with its more modern morphology.

A very recent paper (Joordens et al., 2014), which appeared as
the present paper was in press, included a discussion of the pro-
venience of Femur I and concluded that there was no evidence that
it derived from a more recent level at Trinil than the calotte (or, by
implication, the other Trinil femora). We strongly disagree with this
conclusion, for several reasons. First, the repeated assertion that
Femur I is “heavily mineralized” (Joordens et al., 2014, Supple-
mentary Information, pp. 5 and 11) is based on a superficial
assessment of its external appearance and overall weight. As we
show here (see above), only the outer few millimeters of the cortex
of Femur I (and the cortex immediately adjacent to the endosteal
border) have CT values above the range of modern unfossilized
cortical bone. The similarity in external appearance of Femur [ with

the other Trinil specimens (e.g., its “dark chocolate-brown color”
(Joordens et al., 2014; SI p. 11)) is due to this external mineraliza-
tion. The filling of the medullary cavity of Femur I with high density
matrix (also noted by Day and Molleson, 1973: Plates 4 and 5)
produces the impression that the bone is heavily fossilized, but our
analysis shows that this is based on incomplete information and
incorrect.

The large difference in composition between the outermost and
more interior regions of the Femur I cortex that we demonstrate
here may also explain the difference in results that Joordens et al.
(2014) and Bartsiokas and Day (1993) obtained in their analyses
of elemental composition of the Trinil specimens. As Joordens et al.
note, their technique measured only the surface bone material of
the specimens. Using this technique, Femur I is similar to the Trinil
calotte and Femora II-V (Joordens et al., 2014: Table S3). However,
using material obtained from deeper in the cortex, Bartsiokas and
Day (1993) found significant differences between Femur I and all
of the other Trinil specimens. While the precise causal relationship
between our CT values and the elemental data obtained by Joor-
dens et al. and Bartsiokas and Day cannot be determined without
more information, the similarity in results between the three
studies (Femur I bearing a literally superficial but not deeper
resemblance to the other Trinil specimens) supports our contention
that the depositional history of Femur I was different from that of
the other specimens.

Joordens et al. (2014) also rely heavily on Kennedy's (1983) vi-
sual assessment of radiographs of Femur I, in which she described
“irregular opacification” and other purportedly pathological fea-
tures distal to the exostosis. This is used to argue both against
employing morphology to evaluate Femur I's taxonomic status, as
well as to explain the difference in results obtained by Bartsiokas
and Day (1993). However, Kennedy (1983) provided no evidence
in support of these visual observations. Day and Molleson (1973),
who also took radiographs of the Trinil specimens, do not mention
these features. In fact, they note that “microradiographs made of
thin sections cut from the cortex of Femur I confirmed the normal
nature of the bone” (p. 143). We saw no evidence for “irregular
opacification” of the cortical bone of Femur I distal to the exostosis
(e.g., see Fig. 7). The “presence of linear areas of vertically oriented
increased density along the cortico-medullary boundary, extending
the entire length of the shaft” noted by Kennedy (1983: 607) and
cited by Joordens et al. (2014: SI p. 8), may have been her impres-
sion based on the increased density of the Femur I cortex adjacent
to the matrix-filled medullary cavity (Fig. 7), or even the matrix
itself. However, there is no evidence that the bone itself exhibits
pathological alteration distal to the exostosis. As noted above, the
cross-sectional geometry of sections taken distal to the exostosis is
completely normal in appearance (for a Late Pleistocene or Holo-
cene anatomically modern human), with no unusual or irregular
cortical thickening or thinning, exaggeration of the linea aspera,
etc. that might reflect a pathological process (Fig. 3). There is thus
no valid reason for excluding consideration of shaft morphology in
taxonomic assessments of Femur I. One other factor that can be
noted in this regard: relative femoral neck length, which also
strongly allies Femur I with modern humans and not early Homo
(Fig. 6), is extremely unlikely to have been affected by any later
pathological process affecting the shaft region. Thus, contra

Joordens et al. (2014), both the morphology and composition of

Femur [ argue against its association with the other Trinil femora, or
inclusion within Homo erectus.

Conclusions

Trinil Femur I does not exhibit any of the structural features that
have been found to characterize early Homo femora in other
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regions, i.e., a relatively long neck, increased mediolateral bending
rigidity of the mid-proximal shaft, or a distal position of minimum
M-L breadth of the shaft, compared to modern humans. Where
these features can be evaluated, the morphology of Trinil Femora
[I-V is more consistent with the early Homo pattern. They also
appear to be more heavily fossilized than Femur I. Thus, with
respect to both structure and composition, the two groups are
distinct, with Femora II-V more closely fulfilling expectations
based on the early Homo “femoropelvic complex” (Day, 1984,
1986a; Ruff, 1995), as well as a longer period of deposition. It is
not possible to say from our results whether any of the femoral
specimens is more closely associated (temporally) with the Trinil
calotte, although other chemical evidence groups the calotte more
closely with Femora II-V than with Femur I (Day, 1986b; Bartsiokas
and Day, 1993). On morphological grounds, Femur I would fit
comfortably within Late Pleistocene modern Homo sapiens, while
Femora [I-V would not. Thus, long-held doubts expressed about
the contemporaneity of the calotte and Femur I are supported by
our results. This is somewhat ironic given that the morphology of
Femur I inspired the species attribution of “erectus” to both the
calotte and femur. However, Trinil Femora II-V do support the
possible presence of typical early Homo postcranial morphology at
Trinil, which would be consistent with evidence from the calotte.
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