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a b s t r a c t

Late Pleistocene hominin postcranial specimens from Southeast Asia are relatively rare. Here we
describe and place into temporal and geographic context two partial femora from the site of Trinil,
Indonesia, which are dated stratigraphically and via Uranium-series direct dating to ca. 37e32 ka. The
specimens, designated Trinil 9 and 10, include most of the diaphysis, with Trinil 9 being much better
preserved. Microcomputed tomography is used to determine cross-sectional diaphyseal properties,
with an emphasis on midshaft anteroposterior to mediolateral bending rigidity (Ix/Iy), which has been
shown to relate to both body shape and activity level in modern humans. The body mass of Trinil 9 is
estimated from cortical area and reconstructed length using new equations based on a Pleistocene
reference sample. Comparisons are carried out with a large sample of Pleistocene and Holocene East
Asian, African, and European/West Asian femora. Our results show that Trinil 9 has a high Ix/Iy ratio,
most consistent with a relatively narrow-bodied male from a mobile hunting-gathering population. It
has an estimated body mass of 55.4 kg and a stature of 156 cm, which are small relative to Late
Pleistocene males worldwide, but larger than the penecontemporaneous Deep Skull femur from Niah
Cave, Malaysia, which is very likely female. This suggests the presence of small-bodied active hunter-
gatherers in Southeast Asia during the later Late Pleistocene. Trinil 9 also contrasts strongly in
morphology with earlier partial femora from Trinil dating to the late Early-early Middle Pleistocene
(Femora IIeV), and to a lesser extent with the well-known complete Femur I, most likely dating to the
terminal Middle-early Late Pleistocene. Temporal changes in morphology among femoral specimens
from Trinil parallel those observed in Homo throughout the Old World during the Pleistocene and
document these differences within a single site.

© 2022 Elsevier Ltd. All rights reserved.
e University of Manchester,
1. Introduction

Hominin postcranial remains from the Late Pleistocene are
relatively rare in Southeast Asia (Santa Luca, 1980; Baba et al., 1990;
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Brown et al., 2004; D�etroit et al., 2004, 2019; Shackelford and
Demeter, 2012; Curnoe et al., 2019). Recent discoveries have
increased the range of variation in both body size (Brown et al.,
2004; D�etroit et al., 2013) and potentially locomotor behavior
(Jungers et al., 2009a; D�etroit et al., 2019) among Late Pleistocene
populations from this region. The significance of archaic vs. modern
postcranial morphology, in terms of both behavior and ancestry,
has also been a topic of ongoing discussion for Late Pleistocene
Southeast Asia and East Asia as a whole (Tocheri et al., 2007;
Jungers et al., 2009a,b; Shang and Trinkaus, 2010; Curnoe et al.,
2015, 2019; Xing et al., 2018; Wei et al., 2020, 2021).

Here we describe and place into temporal and regional
context two Late Pleistocene partial femora, designated Trinil 9
and 10, from the site of Trinil on Java, Indonesia. The specimens
were discovered by T. Jacob in 1978 and were included in some
later compendia of Indonesian fossil hominin specimens (de
Lumley, 1993; Indriati, 2004). However, aside from a few met-
rics included in a brief comparative analysis (Grimaud-Herv�e
et al., 1994), they have remained undescribed and largely un-
known. The indicated discovery location (Widiasmoro, 1991) was
recently identified as a Late Pleistocene fluvial terrace, provisio-
nallydthrough stratigraphic correlationdassigned an age of
31 ± 6 ka (Berghuis et al., 2021). This would make them part of
only a very small number of adult femora known from Late
Pleistocene Southeast Asia, the others being the Deep Skull fe-
mur from Niah Cave, Malaysia (Curnoe et al., 2019, 2021), frag-
mentary remains from Wajak, Indonesia (Storm, 1995), and the
Terminal Pleistocene sample from Tam Hang, Laos (Shackelford
and Demeter, 2012).

Dubois' early discoveries at Trinil played a pivotal role in the
development of hominin paleontology (Theunissen, 1989). In
addition to the famous calotte and Femur I, which formed the
basis for defining the taxon Pithecanthropus erectus (Dubois,
1894), four other femora (IIeV) from Trinil were later identified
by him among museum collections (Dubois, 1932, 1934; see
Table 1). Based on both morphological comparisons (Ruff et al.,
2015b) and new stratigraphic and dating analyses (Hilgen et al.,
in prep.; Pop et al., in prep.), it now appears that Femur I is
significantly younger than the calotte and Femora IIeV. Femora
IIeV and the calotte derive from Early or Middle Pleistocene
fossiliferous beds, whereas Femur I derives from younger terrace
deposits, probably dating to around the Middle to Late Pleisto-
cene boundary (Hilgen et al., in prep.; Pop et al., in prep.).

The inclusion of the two new femora described herein, Trinil 9
and 10, expands the temporal range of specimens recovered from
the Trinil site and allows further investigation of temporal trends
in morphology in this region. We also include broader compar-
isons of femoral structural properties and reconstructed body
size with a large sample of other Pleistocene and more recent
Homo from East Asia, Africa, and Europe/West Asia. We aim to
assess long-term temporal trends as well as regional differences
in these characteristics, and address their implications for the
evolution of postcranial morphological variation within Homo.
Table 1
Femora discovered at Trinil.

Trinil # Femur # Discovery First description

3 I Dubois, 1892 Dubois, 1893
6 II Dubois, 1900 Dubois, 1932
7a III Dubois, 1900 Dubois, 1932
8 IV Dubois, 1900 Dubois, 1932
7b V Dubois, 1900 Dubois, 1934
9 Jacob, 1978 Grimaud-Herv�e et al., 1994
10 Jacob, 1978 Grimaud-Herv�e et al., 1994

2

2. Materials and methods

2.1. Trinil 9 and 10 femora

Photographs of the Trinil 9 and 10 specimens are shown in
Figure 1. Both are from the right side and are missing proximal and
distal ends. Trinil 9 is more complete, extending from the inter-
trochanteric region to near the distal end of the diaphysis (more
details are given in sections 2.5 and 3.1). Trinil 10 is broken
somewhat distal to the lesser trochanter, with a small proximally
projecting spike, and does not extend as far distally. Total preserved
lengths, as measured here, are 307 mm (Trinil 9) and 283 mm
(Trinil 10). Both specimens are currently housed in the Laboratory
of Bioanthropology and Paleoanthropology at the Gadjah Mada
University in Yogyakarta (Indonesia).

It should be noted that a dual numbering system has been used
for the Trinil femora, as indicated in Table 1, with both Trinil
numbers and ‘Femur’ numbers (designated with Roman numerals)
used for the first five femora discovered from the site. There has
been some variation over the years in the correspondence between
the two systems (Jacob,1973,1975,1978; de Lumley,1993). Herewe
follow the numbering scheme of Grimaud-Herv�e et al. (1994) and
Indriati (2004), and do not assign a ‘Femur’ number to Trinil 9 and
10. We do use the ‘Femur’ numbers for the previously discovered
femora, as these have been most commonly used in past consid-
erations of these specimens (e.g., Dubois, 1932, 1934; Day and
Molleson, 1973; Kennedy, 1983; Ruff et al., 2015b).

2.2. Provenience

The Trinil 9 and 10 femora were discovered by Teuku Jacob in
1978 along the right bank of the Solo River close to Trinil, just south
of the Trinil Museum and opposite to the left bank site where
Dubois excavated the other hominin femora, skullcap, and teeth
(Fig. 2). Recent studies have shown that the Trinil area has a com-
plex geological build-up, consisting of Early to Middle Pleistocene
volcaniclastic deposits overlain and incised by younger terrace-
related deposits, forming a landscape of seven fluvial terraces (T7
to T1) dating back to ~300 ka (Berghuis et al., 2021).

Trinil 9 and 10were found in isolated remnants of a lower fluvial
terrace on the opposite side of the river, which is the youngest
terrace of the Trinil area (terrace T1; Fig. 2). The terrace surface has
a height of ~50 m above mean sea level, which is ca. 8 m above low
water level of the river. Terrace T1 is a fill terrace made up of loosely
consolidated ash, dominated by vitric grains and monocrystalline
feldspars, showing fine cross-bedding and stacked shallow channel
structures. For this terrace, no direct dating results are available.
However, Berghuis et al. (2021) correlated the terrace sequence of
Trinil with thewell-dated fluvial terraces in the Kendeng area (Rizal
et al., 2020), ca. 18 km downstream, referring to positionwithin the
terrace sequence, composition of terrace sediments and available
luminescence-age of the T2 terrace in nearby Ginseng. It was found
that Trinil terrace T1 correlates with the youngest terrace (Nglebak
terrace) of the Kendeng area, which has been luminescence-dated
to 31 ± 6 ka.

2.3. Uranium-series dating

Uranium-series dating on the Trinil bone fragments was carried
out by measuring several isotopes of the 238U decay chain,
including 238U, 234U, and 230Th. In addition, other isotopes not part
of the 238U decay sequence such as 232Th and 235U were measured
to account for detrital thorium contamination or to confirm nat-
ural abundance ratios, respectively. Trinil 9 and Trinil 10 were
sampled by M. Aubert in the Laboratory of Bioanthropology and



Figure 1. Photographs of Trinil 9 and 10 femora. Proximal is to the right. Scale bar is 5 cm. Arrows indicate longitudinal positions of proximal and distal landmarks for Segment 2
distance used in length reconstruction.

Figure 2. Provenience of Trinil 9 and Trinil 10. A: The Solo River around Trinil, with the Dubois excavation site on the left bank and the discovery site of Trinil 9 and 10 on the right
bank. B: View of the river bank and discovery site of Trinil 9 and 10 with annotated stratigraphy. See Berghuis et al. (2021) for stratigraphic details. **The ~31 ka age of terrace T1 is
based on a correlation with dated terraces 18 km downstream (Rizal et al., 2020). *Uranium-series age of Trinil 10 (this study) yielded a minimum age of 32 ka. Fm ¼ formation;
M. ¼ Middle; E. ¼ Early.
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Paleoanthropology, Universitas Gadjah Mada, Indonesia (where T9
and T10 are curated), using an electric cutting device to obtain a
small fragment from both femora. Uranium-series measurements
on Trinil 9 and 10 bone fragments were obtained using an ESI
NW213 laser ablation instrument coupled to an MC-ICPMS
Neptune XT and an Agilent 7700 ICPMS at the BIOMICS labora-
tory, Geoarchaeology and Archaeometry Research Group (GARG)
of Southern Cross University. Bones were first sectioned and pol-
ished to a 5 mm smoothness before being placed in the ablation
chamber for analyses. Each fragment was measured by a
3

succession of rasters beginning at the outer edge of the bones and
moving toward the center. Each raster was measured with the
following parameters: 1200 mm in length, a spot size of 110 mm, a
translation speed of 5 mm per second, and an average energy of
5.15 J/cm2. 234U and 230Th were measured simultaneously, with
uranium in the center faraday cup coupled with a secondary
electron multiplier and thorium in the L3 faraday cup coupled to
an ion counter. All other faraday cups were set to use high-gain
1011 U amplifiers. Baseline and drifts were corrected using NIST
610 and NIST 612 glass standards, whereas two corals (the MIS7
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Faviid and MIS5 Porites corals from the Southern Cook Islands;
Woodroffe et al., 1991) were used to correct 234U/238U and
230Th/238U ratios and assess the accuracy of measurements. To
account for potential matrix effects, a fossil rhinoceros tooth
fragment from Africa with known and homogenous isotope con-
centrations was used as a matrix match standard. (For more in-
formation about the analytical protocol, see Grün et al., 2008;
Herries et al., 2018.)
2.4. Cross-sectional analyses

Trinil 9 and 10 were mCT scanned using the custom-built and
highly flexible CT scanner, FleX-ray scanner, developed by TESCAN-
XRE NV located at Centrum Wiskunde & Informatica, Amsterdam,
The Netherlands. The apparatus consists of a cone beammicrofocus
X-ray point source that projects polychromatic X-rays onto a
1944 � 1536 pixels, 14-bit, flat detector panel. The detector was
vertically tiled to increase the pixel resolution. This process and
more details of the apparatus are given in Coban et al. (2020). The
spatial tiling returned a reconstruction volume with a voxel size of
35 mm3. The data were collected over 360� in circular and contin-
uous motion with projections distributed evenly over the full circle
(2000 projections per detector tile). The scans were performed
with a tube voltage of 70 kV and tube power of 50 W. The exposure
time was 1050 ms per projection image.

For each femur, the associated mCT image stack was imported
into Avizo Lite v. 9.0.1 (FEI Visualization Sciences Group, 2015) and a
combination of thresholding and manual selection segmentation
was used to generate a surface model. Standard anatomical axes
were identified from the surface model following Ruff (2002), and
these axes then were rotated to align with the virtual coordinate
axes. This rotation transformation was applied to the image stack,
which then was resampled at the original voxel dimensions. This
transformation ensured that CT images were oriented perpendic-
ular to the shaft axis. Transverse cross-sectional images were
extracted at 20%, 35%, 50%, 65%, and 80% of a bone length dimen-
sion (length’dsee below for derivation), measured from the
reconstructed position of the distal end, following previous studies
(Ruff and Hayes, 1983; Puymerail et al., 2012; Trinkaus and Ruff,
2012; Ruff et al., 2015b). As in an earlier study of Trinil partial
femora (Ruff et al., 2015b), the 80% section was considered to lie
1.5 cm from the distal edge of the lesser trochanter. Together with
the bone length estimate, this allowed placement of the other four
cross sections. Any trabecular bone or matrix infill in the medullary
cavity was manually removed from section images, and small
cracks were filled in. External and internal cortical contours were
well defined in all sections (see Fig. 3 below).

Cross-sectional diaphyseal structural properties were derived
from CT images using the MomentMacro routine (Ruff, n.d.).
Properties include bone areas, secondmoments of area, and section
moduli, which can be used to assess axial, bending, and torsional
rigidity and strength. Comparative analyses focus in particular on
anteroposterior/mediolateral (A-P/M-L) bending rigidity of the 50%
(midshaft) section, referred to as Ix/Iy (Ruff, 2019). This is in part
because the 50% section is best represented among other available
specimens and samples, and because this cross-sectional ‘shape’
property has been shown to reflect activity as well as body shape
effects in past studies (Ruff, 1995; Weaver, 2003; Stock, 2006; Shaw
and Stock, 2011; Wescott, 2014; Davies and Stock, 2014b; Ruff et al.,
2015a). It should be noted that section moduli here are ‘true’ sec-
tion moduli, calculated using the maximum distance from the
neutral axis or centroid rather than half external diameters, which
have been used in some previous studies (see Ruff, 2019 for a dis-
cussion of these differences).
4

2.5. Bone length and body size reconstruction

As in a previous study of Trinil femora IeV (Ruff et al., 2015b),
maximum bone length in Trinil 9 was estimated using the general
approach of Steele and McKern (1969), based on the distance
between preserved landmarks on the diaphysis. Steele and
McKern's Segment 2 measures the distance parallel to the long
axis of the diaphysis from the center of the lesser trochanter to the
point where the linea aspera begins to separate into medial and
lateral supracondylar lines, both of which landmarks are clearly
visible in the specimen (Fig. 1; the lesser trochanter position is
based on the outline of its broken base). The maximum length was
estimated from this distance using 10 available regression equa-
tions based on five different modern human pop-
ulationsdMississippian Native Americans (Steele and McKern,
1969), Alaskan Inuits (Fellmann, 2004), European-Americans and
African-Americans (Steele, 1970), and Neolithic and Mesolithic
Europeans (Jacobs, 1992). The mean of the five estimates was used
for Trinil 9. The same landmarks cannot be determined with any
precision for Trinil 10, because of its proximal break distal to the
lesser trochanter and extensive surface wear (Fig. 1; also see
below), so no length reconstruction was attempted for this spec-
imen. For locating cross sections, a dimension referred to as
‘biomechanical length,’ or length’, taken as the distance along the
long axis of the shaft from the proximal surface of the femoral
neck to the average distal projection of the condyles (Ruff, 2002),
was calculated from maximum femoral length using the formula:
Length’ ¼ 0.9354 � Maximum length þ 0.9 (Ruff et al., 2015b;
lengths in mm).

Stature was reconstructed from femoral maximum length in
Trinil 9 using five sets of equations based on a variety of modern
reference samples: two Thai samples (Mahakkanukrauh et al.,
2011; Gocha et al., 2013), South African Blacks (Feldesman and
Lundy, 1988), Holocene Europeans (Ruff et al., 2012), and African
‘Pygmies’ (Hens et al., 2000). Four of the samples are from lower
latitude populations whose limb length to stature proportions
might be expected to better match those of Trinil 9 (Holliday and
Ruff, 1997). All include small-bodied individuals whose femoral
lengths overlap with that estimated for Trinil 9, except for African
‘Pygmies,’who are shorter. Because, as shown later, Trinil 9 is likely
to have been a male, male formulae were used, again except for
African ‘Pygmies’ where only a mixed-sex sample equation was
available. As in four cases Trinil 9 fell well within the size (length)
range of the reference sample, ordinary least squares equations
were used. Where this was not the case, in African ‘Pygmies’, a
mean of four stature estimates generated from ‘inverse’ (ordinary
least squares), ‘classical,’ reduced major axis, and major axis
equations was calculated (Hens et al., 2000). Because one of the
equations for the Thai samples was based on cadaveric statures
(Mahakkanukrauh et al., 2011), 2.5 cm was subtracted to convert
the estimate to living stature (Trotter and Gleser, 1952). Formula (1)
from Raxter et al. (2006), with an age of 30 years (Ruff et al., 2019),
was used to convert skeletal height to living height when using the
other Thai sample equation (Gocha et al., 2013). All equations used
to estimate maximum femoral length from Segment 2 length, and
stature frommaximum femoral length, are given in Supplementary
Online Material (SOM) Table S1.

Lower limb articular breadths are the preferred dimensions for
estimating body mass from hominin skeletal remains, for several
reasons (Ruff et al., 2018), and are used here whenever possible in
comparative samples (see below). However, because neither Trinil
9 nor 10 preserves an articulation, alternative methods were also
explored for this study. We have previously argued that the use of
diaphyseal breadth dimensions to estimate body mass can be
problematic, because of known environmental effects (other than



Figure 3. Three-dimensional rendering of Trinil 9 and 10 (medial views) from mCT scans, and extracted cross sections at percentages of reconstructed length’ (see text). Proximal is
to the right.
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weight-bearing itself) on such dimensions, including activity level
and relative muscularity (Ruff et al., 2018). These arguments apply
in particular to non-Homo taxa, where large systematic differences
in estimates are found when applying articular and diaphyseal-
based equations (McHenry, 1992; Ruff et al., 2018). Within
Homo, the largest systematic change in diaphyseal robusticity
(strength relative to body size) occurs in the Holocene, as pop-
ulations became more sedentary (e.g., Ruff et al., 2015a), with
relatively little variation among Pleistocene samples (Trinkaus and
Ruff, 2012; Friedl et al., 2016). Several previous studies have used
primarily or exclusively Holocene samples to develop equations
for estimating body mass from diaphyseal dimensions (Rightmire,
1986; Grabowski et al., 2015; Will and Stock, 2015). Here we avoid
potential problems with such an approach by limiting our refer-
ence sample to Pleistocene Homo specimens with body mass es-
timates determined from lower limb articular breadths.

We also base our regression equations on cortical area (CA)
rather than diaphyseal external dimensions. CA should reflect
axial compressive loads, which in turn should be proportional to
body mass (Ruff, 2019). Systematic variation in the relative
thickness of long bone cortices within Pleistocene and Holocene
Homo is well known (e.g., Ruff et al., 1993), and is not accounted
for in external dimensions alone, but is reflected in CA. Second
moments of area and section moduli are more heavily influenced
by external dimensions and should be proportional to bending
and torsional loads; thus, they would be expected to vary more
with changes in activity level (Warden et al., 2014). The use of CA
rather than these parameters as an estimator may therefore
reduce such potentially confounding effects. In addition to CA, we
also include bone length as another variable in multiple regres-
sion equations. Bone length alone is not advisable as a body mass
predictor, because of marked differences in body proportions
among Holocene and Pleistocene populations/taxa (Ruff, 1994;
Davies and Stock, 2014a). But when combined with CA, it may
provide additional information on body size that could be useful
in body mass estimation (see Niskanen et al., 2018 for another
example). We carry out least squares regressions of estimated
body mass on midshaft femoral CA, and CA and maximum femoral
length, in 69 Pleistocene Homo specimens, and compare their
effectiveness using percent standard errors of estimate (%SEE) and
average absolute percent prediction errors (%PE, calculated as
|(observed � predicted)/predicted| � 100) as criteria.
5

Although, as noted earlier, stature estimates are derived for
Trinil 9, the principal body size parameter evaluated here is body
mass. This is in part because stature estimations are dependent on
linear body proportions, which are impossible to evaluate directly
in the new Trinil femora, but primarily because of the critical
importance of body mass in many biological and ecological con-
texts (Calder, 1984; Schmidt-Nielson, 1984; Gardezi and da Silva,
1999; Brown and West, 2000). Several recent studies have evalu-
ated bodymass trends in Homo (Will and Stock, 2015; Jungers et al.,
2016; Will et al., 2017, 2021; Ruff et al., 2018), and the present study
allows further consideration of these trends, including in particular
an assessment of variation within and between regions.

2.6. Comparative samples

Thirty-six Pleistocene femoral specimens from East Asia
(defined as locations east of 90� E. latitude) used in comparative
analyses are listed in Table 2. They range in age from ca. 900 to
14.5 ka, and geographically from northern China through
Indonesia. In terms of both geographic location and period, the
Deep Skull femur from Niah Cave, Malaysia (Borneo; 39e30 ka;
Curnoe et al., 2019) and a partial femur fromWajak, Java, Indonesia
(37.4e28.5 ka; Storm et al., 2013), are the closest to Trinil 9 and 10.
In evaluating geographic proximity, it is important to realize that
the present islands of Sumatra, Borneo, and Java were (intermit-
tently) connected by land bridges (‘Sundaland’) to each other and to
the Asian mainland during much of the Pleistocene, when the
Sunda Shelf was not submerged (Voris, 2000; van den Bergh et al.,
2016b; O'Connell et al., 2018). Thirty of the 36 femora have available
cross-sectional diaphyseal properties for the femoral 50% section,
whereas the other four have only body mass estimates, based on
articular size (Table 2). Cross-sectional properties are also available
for Tianyuan 1, but due to pathological distortion, they are not used
in comparative analyses (see Supplementary OnlineMaterial [SOM]
S1). However, the specimen is included as a data point in a plot of
midshaft anteroposterior/mediolateral bending rigidity, for refer-
ence. Further details on all specimens, including references and
properties used in analyses, are given in SOM Table S2 and SOM S1.

A total of 167 additional Pleistocene femora from sub-Saharan
Africa and Europe/West Asia, listed in Table 3, were also included
in broader comparative analyses. Eighty-six of these have cross-
sectional dimensions, whereas the others were used only in body



Table 2
East Asian Pleistocene comparative specimens.

Specimen Location Date (ka) BM/XSa

Kresna 11 Sangiran, Java, Indonesia ca. 900 1/1
Trinil femora II, IV, V Trinil, Java, Indonesia 830e773 3/3
Zhoukoudian femora I, II, IV, V, VI Zhoukoudian, North China 770 5/5
Hualongdong 11 Central China ca. 300 1/1
Jinnuishan 1 Northeast China 260 1/0
Trinil femur 1 Trinil, Java, Indonesia 140e90 1/1
Liujiang 1 Tongtianyan Cave, South China 139e67 1/1
Liang Bua 1 Flores, Indonesia 100e60 1/1
Tianyuan 1 Zhoukoudian, North China 40 1/(1)b

Zhoukoudian UC 67, 68, 105, 117 Zhoukoudian, North China 38.3e33.5 4/2
Wajak W-H-27 Java, Indonesia 37.4e28.5 1/0
Deep Skull femur Niah Cave, Malaysia 39e30 1/1
Trinil 9, 10 Trinil, Java, Indonesia 37e32 1/1
Minatogawa 1, 2, 3, 4 Okinawa, South Japan 19.9 4/4
Tam Hang 2, 3, 7, 11, 13, 14, 22 Laos 15.7 7/6
Maomaodong GM7506, 7, 8 Southwestern China 14.5 3/3

a Numberof individualswithbodymassestimates/femoral cross-sectionaldimensions. SeeSOMTable S2 for referencesandSOMS1for additional information.
b Cross-sectional properties of Tianyuan 1 not included in analyses (see text, section 2.6, and SOM S1).

Table 3
African and European/West Asian Pleistocene comparative samples.

Region Period Date (ka) Taxon/group BM/XSa

Africa Early Pleistocene 2035e1470 Early Homo 8/6
Middle Pleistocene 700e160 H. erectus/MP archaic Homo 7/3
Middle Pleistocene 385e236 Homo naledi 5/3
Late Middle Pleistocene 195 Anatomically modern H. sapiens 1/0
Late Late Pleistocene 25e20 Anatomically modern H. sapiens 4/0

Europe/W. Asia Early Pleistocene 1770 Early Homo 1/0
Middle Pleistocene 700e130 H. erectus/MP archaic Homo 25/11
Late Pleistocene 110e36 LP archaic Homo 24/17
Early Late Pleistocene 120e90 Anatomically modern H. sapiens 8/8
Late Late Pleistocene 25e12 Anatomically modern H. sapiens 84/38

Abbreviations: MP ¼ Middle Pleistocene; LP ¼ Late Pleistocene.
a Number of individuals with body mass estimates/femoral cross-sectional dimensions. See SOM Table S3 for individual specimens and references and

SOM S2 for additional information.

C.B. Ruff, A.D. Sylvester, N.T. Rahmawati et al. Journal of Human Evolution 172 (2022) 103252
mass analyses. Ages range from 2.035 Ma to 12 ka. Further infor-
mation on the samples and all individual properties are given in
SOM Table S3 and SOM S2.

Finally, to provide a more recent comparative context, several
Holocene samples, ranging from the Mesolithic through to living
populations, were included from East Asia, sub-Saharan Africa, and
Europe (Table 4). A total of 520 individuals and 104 sex/population
Table 4
Holocene comparative samples.

Region Sample Location Date (yrs BP)a BM/XSb

East Asia Cau Giat Vietnam 7500 5/0
Jomon Japan 5400e2400 156/33
Recent skeletal Japan 110 20/20
Living East Asiac 50 24/0

Africa Gobero Niger 9600e4400 16/0
Late Stone Age South Africa 10,000e2000 53/53
Recent skeletal Kenya, Uganda 80 40/40
Living Sub-Saharan Africa 50 43/0

Europe Mesolithic Europe 10,500e5900 74/74
Recent skeletal Europe 60 156/153
Living Europe 50 37/0

a Calibrated years before present (1950 AD). For recent skeletal and living sam-
ples, years before 2020 AD. See SOM Tables S4 and S5 for references and SOM S3 for
additional information.

b Number of data points for body mass/femoral cross-sectional dimensions. For
skeletal samples, number of individuals, for living samples, number of sex/popu-
lation means. Body masses estimated for skeletal samples, measured for living
samples.

c East Asia defined as Asia east of 90� east longitude.
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means (for living samples) were included in body mass analyses,
and 373 (skeletal) individuals in cross-sectional comparisons. For
purposes of graphing, mean ages of 5000 years BP for the South
African Late Stone Age sample and 3900 years BP for the Japanese
Jomon sample were used in cross-sectional analyses. For bodymass
graphs, all early Holocene Africans (including the Gobero sample)
were grouped together, with an average age of 6600 years BP. The
living samples include a geographically wide range of populations
from each region, derived mainly from Eveleth and Tanner (1976)
and Ruff (1994). Most were measured in the mid-20th century,
before the general worldwide increase in body mass characteristic
of more recent populations (Katzmarzyk and Leonard, 1998).
Further details are given in SOM Table S4 (skeletal samples), SOM
Table S5 (living samples), and SOM S3.

Most comparisons are carried out as data plots of cross-sectional
properties or body mass against time, with time represented on a
logarithmic scale to better visualize more recent (Late Pleistoce-
neeHolocene) trends. For regional comparisons, LOWESS
nonparametric regression lines (Cleveland, 1979) are plotted
through East Asian, African, and European/West Asian samples. For
comparisons between the sexes, LOWESS regressions are plotted
through males and females, for individuals with pelvic and/or
cranially based sex assignments (or of known sex for very recent
skeletal and living samples).2 Sex differences within samples are
2 The exception is some of the Atapuerca specimens, which were sexed based on
several criteria (Ruff et al., 2018).
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also explored through box plots, scatterplots, and analysis of vari-
ance. The Deep Skull femur is particularly highlighted in these
comparisons, as the temporally and geographically closest spec-
imen to Trinil 9 and 10 with available cross-sectional properties.
SYSTAT (SYSTAT13, 2009) was used for all statistical and graphical
analyses.

3. Results

3.1. Age of Trinil 9 and 10

Trinil bone fragments 9 (T-9) and 10 (T-10) were sectioned,
polished, and measured by LA-MC-ICPMS for U-series dating (SOM
Figs. S1 and S2). Rasters were sampled from the outer (periosteal)
to inner (endosteal) surfaces. Trinil 9 did not offer any exploitable
data for dating purposes (SOM Table S6). The uranium and thorium
concentrations within this fragment were below detection levels
for most rasters, and no meaningful isotopic ratios could be
calculated for the entire sample. The T-10 samples showed signs of
diagenetic processes, with discoloration and cracks within the
skeletal tissues (SOM Fig. S1). Many rasters showed the presence of
detrital thorium (diffusion of thorium from the sediment into the
bone), which required correction of the measured isotopic ratios.
Nine rasters provided meaningful isotopic ratios, producing ages of
11.4 ka ± 1.1 to 33.4 ka ± 1.4 (SOM Table S6).

Uranium-series dating is based on the decay of uranium 238
into Thorium 230. Living tissues are usually free of uranium and
thorium; therefore, the U-series ages obtained correspond to the
migration of the radioisotope into the skeletal tissues after burial
and not the death of the individual. The diffusion process can be
slow or rapid and can happen early or late in the burial process.
Furthermore, the migration can happen in one event, in several
waves or continuously, and accumulate over the burial life. Not
knowing exactly the uranium diffusion history into the skeletal
remains limits the dating accuracy. Therefore, U-series dating
provides a minimum age, with the bone being systematically older.
Frequently, uranium migrates rapidly (geological time scale) into
fossil remains, with preferential pathways in fractures and other
decalcified areas. Younger ages in many areas of Trinil 10 can be
explained by a heterogeneous uranium diffusion pattern across the
tissue. Therefore, the oldest U-series age obtained represents the
closest approximation to the true age of the bone. For Trinil 10, this
is 33.4 ka ± 1.4. This age corresponds well with the age estimate of
31 ± 6 ka for the terrace inwhich the fossils were found (see section
2.2. above). Using the minimum U-series date of 32.0 ka and the
maximum stratigraphically based date of 37 ka, we arrive at an
estimated range of 37e32 ka for the Trinil 9 and 10 specimens.

3.2. Descriptive morphology

The external surface of Trinil 9 is generally well preserved with
only minor weathering, most noticeable laterally in the middle re-
gion of the shaft (Fig. 1). Proximally the specimen is broken poste-
riorlyand laterally at a level just proximal to theproximal edge of the
original lesser trochanter, which is broken off, and distal to the
greater trochanter. Anteriorly and medially it extends about 15 mm
more proximally and includes a portion of the base of the femoral
neck. There is awell-defined gluteal tuberosity. Anteroposterior and
M-L breadths 1.5 cm distal to the distal edge of the lesser trochanter
base are 23.5mmand 25.5mm, respectively, giving a platymeric (A-
P/M-L) index of 92, which is relatively round (eurymeric).

The linea aspera is well marked, with a well-developed pilaster
(see also Fig. 3 below). Anteroposterior and M-L breadths at 50% of
length’ (391 mmdsee below) are 27.0 mm and 21.4 mm, respec-
tively, giving a pilasteric (A-P/M-L) index of 126. (If a location
7

equivalent to traditionalmidshaft basedonmaximumlength is used,
the index is almost identical.) The distal division of the linea aspera
occurs 209 mm from the reconstructed center of the lesser
trochanter (distance of Segment 2 in Steele and McKern, 1969). The
distal break is irregular and extends a maximum of 63 mm distal to
this division. There is a well-defined nutrient foramen at 130 mm
fromthedistal end. ThepositionofminimumM-Lbreadth (21.0mm)
is at about 150mm from the distal end, which is proximal to the 50%
section (or traditional midshaft based on maximum length).

Trinil 10 is much less well-preserved than Trinil 9. Most of the
surface is severely eroded, particularly in the middle and distal
regions (Fig. 1). The medial surface is better preserved than the
lateral surface in the middle region; this is also evident in cross-
sectional contours near midshaft (Fig. 3). The proximal break oc-
curs distal to the lesser trochanter, with a small portion of the
medial cortex extending several centimeters proximally, possibly to
the distal edge of the neck. Extensive abrasion has removed most
surface detail, but the remnants of a linea aspera are visible (Fig. 3).
The distal break occurs about 2 cm distal to its apparent division,
with a lateral portion of the cortex extending about 2 cm further
distally. A crack in the anterior cortex extends about 7 cm proxi-
mally from the break. Dimensions taken 110 mm from the most
distal extent of the specimen, in a region that appears morpho-
logically to be near the 50% section, are 24.2 mm for both A-P and
M-L breadths. These are equivalent to the average 50% location
breadth dimensions for Trinil 9, and, factoring in the extensivewear
on Trinil 10, indicate that it had a somewhat thicker shaft overall.
Given the amount of surface wear and its apparent asymmetry
(Fig. 3), it is not possible to assess cross-sectional shape. In terms of
general size, the preserved portions of Trinil 10 suggest a recon-
structed total length similar to that of Trinil 9. Some ante-
roposterior bowing of the shaft is apparent in both specimens.

3.3. Bone length and stature reconstruction

Using a Segment 2 length of 209 mm, a mean maximum length
estimate for Trinil 9 of 417 mm is obtained when applying the 10
regression equations based on the method of Steele and McKern
(1969; see SOM Table S7 for individual results). In using this
method, it is implicitly assumed that the proportion of femoral neck
length to total maximum length in Trinil 9 would have been
equivalent to that of the modern human samples used to develop
the regression equations. This assumption is based on other in-
dications that the specimen is morphologically modern (see
below), as well as themodern neck length proportions of the earlier
Trinil Femur I (Ruff et al., 2015b).

Stature estimates for Trinil 9 using regression equations for five
modern samples are shown in Table 5. The femur maximum length
ranges for each of the samples are also given, demonstrating that
except for the ‘Pygmy’ sample of Hens et al. (2000), the estimated
length of Trinil 9 falls within the range of the reference sample. The
mean stature estimate for Trinil 9, rounded to the nearest cm, is
156 cm. All estimates fall between 155.9 and 157.0 cm, i.e., there is
little variation despite differences in ethnicity and body size (femur
length) ranges.

3.4. Cross-sectional properties

Cross-sectional images extracted from 3-D reconstructions of
Trinil 9 and 10 are shown in Figure 3. The length’ dimension, used
to locate sections, can be calculated from the maximum bone
length estimate of Trinil 9 (417 mm) as 391 mm, using the formula
presented earlier. Together with the assumption that the 80% sec-
tion lies 1.5 cm distal to the distal edge of the lesser trochanter (Ruff
et al., 2015b), this can be used to locate the 20%, 35%, 50%, and 65%



Table 5
Stature estimates for Trinil 9.

Reference sample Sourcea Femur length range (cm) T9 Stature (cm)

European males Ruff et al., 2012 38.3e54.3 156.3
Thai males Gocha et al., 2013 39.1e46.4 157.0
Thai males Mahakkanukrauh et al., 2011 38.3e50.0 156.5
South African males Feldesman and Lundy, 1988,b 39.8e49.9 155.9
‘Pygmies’ Hens et al., 2000,c 34.3e41.0 156.0
Mean 156

a See SOM Table S1 for individual equations.
b Least squares formula. Femur length range estimated from the given standard deviation (SD) as mean ± 2.5 SD, based on the number of SD units that would produce an

expected single individual at each end of the range under a normal distribution, with a sample size of 175.
c Average of results using inverse (153.9 cm), classical (157.4 cm), reduced major axis (155.6 cm), and major axis (157.2 cm) formulae. Femur length range estimated from

the given standard deviation (SD) asmean ± 1.6 SD, based on the number of SD units that would produce an expected single individual at each end of the range under a normal
distribution, with a sample size of 19.
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sections. The 20% section lies just proximal to the distal end of the
specimen. A section close to the presumptive 50% section of Trinil
10 is also shown. This clearly indicates the asymmetric external
wear (heavier on the lateral side), as well as the scalloped periosteal
surface throughout, except for a smoother portion on the medial-
posterior surface. The relatively round subtrochanteric (80%) re-
gion and well-developed pilaster of Trinil 9 near midshaft are also
evident.

Cross-sectional properties for the five sections of Trinil 9 are
given in Table 6. As is typical for human femora (Puymerail et al.,
2012; Trinkaus and Ruff, 2012), CA relative to total subperiosteal
area (%CA) increases from distal to proximal, reaching a maximum
in the 65% section. Relative CA at the 50% location is 70.5%, which is
in the lower range for Late Pleistocene anatomically modern Homo
sapiens (mean ± standard deviation: 79.5 ± 6.5%, range 61%e93%,
based on the 66 specimens listed in Tables 3 and 4; see SOM
Tables S2 and S3 for individual data). As usual in anatomically
modern H. sapiens, maximum A-P/M-L bending rigidity (Ix/Iy) oc-
curs in the 50% section, rather than more distally as in archaic
H. sapiens or Homo erectus (Puymerail et al., 2012; Trinkaus and
Ruff, 2012; Ruff et al., 2015b). This is consistent with the midshaft
or more proximal position of minimum M-L breadth of Trinil 9
noted earlier, which is similar to that of recent humans but again
contrasts with archaic H. sapiens or H. erectus, where it is more
distally positioned (Puymerail et al., 2012; Ruff et al., 2015b).

Cross-sectional contours at the 50% location in 17 of the East
Asian femora listed in Table 2, including Trinil 9, are shown in
Figure 4. Although there is variability within broad temporal
groups, femora dated to the late Early or early-middle Middle
Pleistocene (i.e., ca. 900e300 ka; Fig. 4, top row) are generally
relatively mediolaterally broad compared to those dated to later
periods (Fig. 4, bottom two rows). None of the former show evi-
dence for a marked linea aspera or pilaster, while many of the latter
do. Some of the variation in morphology within periods is likely
due to sexual dimorphism, as shown here for two Tam Hang
specimens and explored further below.
Table 6
Cross-sectional diaphyseal properties of Trinil 9 femur.

Locationa TA CA %CA Ix Iy Ix/Iy

20% 623 124 19.9 10581 11869 0.892
35% 450 220 49.0 14819 9919 1.494
50% 422 297 70.5 16594 10345 1.604
65% 418 319 76.2 14025 12121 1.157
80% 459 293 64.0 13305 16159 0.823

Abbreviations: TA ¼ total subperiosteal area (mm2); CA ¼ cortical area (mm2); %CA ¼ (
rigidities (mm4), respectively; Imax, Imin ¼ maximum and minimum bending rigidities (m
bending strengths (mm3), respectively; Zp ¼ torsional and (twice) average bending stren

a Percent of bone length from distal end (see text, sections 2.4 and 2.5).
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These shape differences at midshaft can be quantified using the
A-P/M-L bending rigidity ratio (Ix/Iy), which is plotted against time
for EastAsian,African, andEuropean/WestAsian samples in Figure5.
All three regions show a broadly similar temporal pattern: low
indices in the Early- to early-Middle Pleistocene (ca. 2000e600 ka),
followed by a gradual increase through at least the late Late Pleis-
tocene (ca. 30e12ka), and thenadecrease to recentpopulations. The
precise timing of the latter inflection is difficult to determine in the
African sample, given the lack of available Late Pleistocene cross-
sectional data. Among the much more densely sampled European/
West Asian sample, the decline in the index clearly occurs during the
Mesolithic (10.5e5.9 ka). All regions show a decline after the Ter-
minal Pleistocene/early Holocene to very recent samples.

The femora from Trinil follow this same pattern, with lower
values of the Ix/Iy index among the late Early to early Middle
Pleistocene specimens (Femora II, IV, and V), an increase in the late
Middle to early Late Pleistocene Femur I, and a further increase in
the late Late Pleistocene Trinil 9. The index for Trinil 9 is relatively
high compared to average trends (LOWESS regressions), although
not atypical for Late Pleistocene samples, including several East
Asian specimens. The Deep Skull femur has amuch lower index, but
is still well within the range of other Late Pleistocene individuals.
The very round (Ix/Iy z 1.0) midshaft of the Liang Bua 1 femur is
also evident.

Another pattern that is apparent in Figure 5 is that although all
three regions have broadly similar Ix/Iy values in the Early and
Middle Pleistocene, African values are higher than East Asian and
European/West Asian values during the Holocene, including both
the Late Stone Age sample from South Africa and the very recent
sample from East Africa. East Asians and Europeans/West Asians
exhibit fairly similar average values throughout. The low position of
late Middle Pleistocene/Late Pleistocene archaic H. sapiens from
Europe/West Asia, i.e., Neandertals, relative to penecontempora-
neous specimens from this region, is evident. Tianyuan 1, not
included in the calculation of the LOWESS line for East Asians and
shown in brackets in the figure, exhibits the highest index of the
Imax Imin J Zx Zx Zp

11921 10529 22450 766 767 1351
14824 9914 24738 1007 839 1684
16718 10221 26939 1150 906 1871
14126 12020 26146 1133 1038 2059
16507 12957 29464 1084 1169 2081

CA/TA) � 100; Ix and Iy ¼ Antero-posterior (A-P) and medio-lateral (M-L) bending
m4); J ¼ torsional and (twice) average bending rigidity (mm4); Zx, Zy ¼ A-P and M-L
gth (mm3).



Figure 4. Femoral midshaft (50% location) cross sections of representative East Asian Pleistocene specimens. Specimens arranged in chronological order from top left to lower right.
Top row: late Early Pleistocene-middle Middle Pleistocene (ca. 900e300 ka); middle row: late Middle Pleistocene-early Late Pleistocene (140e26 ka); bottom row: late Late
Pleistocene (20e14 ka). Zhouk.: Zhoukoudian; Maom.: Maomaodong. See Table 2 and SOM Table S2 for details on individual specimens. Sources of images: Kresna 11: Puymerail
et al. (2012); Trinil Femora I, II, IV, V: Ruff et al. (2016); Zhoukoudian Femur I: Weidenreich (1941); Hualongdong 11: Xing et al. (2021); Zhoukoudian UC 67, 68: Weidenreich (1941)
and present study (see SOM S1); Deep Skull: Curnoe et al. (2019); Trinil 9: present study; Minatogawa 1: Kimura and Takahashi (1992); Tam Hang 2, 4: L.L. Shackelford (pers. comm.,
3/11/20); Maomaodong GM7506, 7507, 7508: Wei et al. (2021).
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entire sample. The two Zhoukoudian Upper Cave and two of the
three Maomaodong specimens show the next highest values
among Late Pleistocene East Asian specimens (also see Fig. 4).

Temporal trends in the Ix/Iy index by sex are shown in Figure 6.
Throughout the Pleistocene and early Holocene, males always have
higher indices on average than females. However, there is no dif-
ference between the sexes in any of the recent samples (also see
below). Trinil 9, with its high index, falls above the average male
trend line but well within the male distribution, and above almost
all (96%) of females. The Deep Skull femur falls directly on the
average female trend line.

Because the trends shown in Figure 6 could potentially be
influenced by geographic differences and sex bias in representation
between regions, comparisons of femoralmidshaft Ix/Iy between the
sexes within narrow temporally and geographically defined groups,
or when possible, specific sites, were also carried out, with results
given in Figure 7. In every comparison within samples, except for
very recent populations, males show greater average values of the
index than females. This is true of all three regions, and samples
spanning the Middle Pleistocene through the early Holocene.
Furthermore, it is characteristic of samples that on the whole vary
greatly in the index, e.g., Neandertals and South African Late Stone
Age samples. A multiple analysis of variance among pre-late Holo-
cene samples with group and sex as predictors shows a highly sig-
nificant effect of both variables on femoral midshaft Ix/Iy
(p < 0.0001). Thus, differences in average shape between regions or
periods do not affect sexual dimorphism in shape. A lack of sexual
dimorphism among modern (20th century) populations is also
characteristic of all three regions, despite variation in overall values
of the index between regions (i.e., modern Africans have higher
indices than Europeans or Japanese). Temporal changes within re-
gions, in both sexes, are also evident, supporting results for the sex-
combined samples shown in Figure 5.
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Trinil 9 has an Ix/Iy value that is most similar to those of males
from the Skhul-Qafzeh and South African Late Stone Age samples. It
also overlaps broadly with European Late Upper Paleolithic and
Jomon males, and is close to the Tam Hang male. The Deep Skull
femur overlaps broadly with females from several samples,
including Jomon and Tam Hang, as well as some male samples, the
latter from groups with overall low indices (e.g., Neandertals,
modern samples). The contrast in cross-sectional shape (as well as
overall size) between Trinil 9 and the Deep Skull femur is very
similar to that between a male and female from Tam Hang (Fig. 4).

3.5. Body mass

Body mass estimation equations using femoral 50% CA, and CA
and femoral maximum length, based on 69 Pleistocene femorawith
articular estimates of body mass (67 for CA and length), are given in
Table 7. Percent standard errors of estimate and average absolute
prediction errors are relatively low: 9e11% and 7e8%, respectively.
(It should be recognized that true prediction errors will be higher
than this, because body mass was itself estimated in the reference
sample.) The addition of bone length as a predictor reduces esti-
mation errors, so this technique was used whenever possible.
Among the 192 Pleistocene specimens with estimated body masses
(Tables 3 and 4), 145 are estimated from articular size (of the lower
limb except for Tianyuan 1, estimated from its distal humerus), 20
from CA and femoral length, and 27 from CA alone (see SOM
Tables S2 and S3 for details). Body masses of all of the Holocene
samples are estimated from lower limb articular size.

The body mass of Trinil 9 is estimated from its 50% section CA
and the estimated maximum length is 55.4 kg. Body mass esti-
mated from CA alone is 51.5 kg. Because of the smaller estimation
errors of the combined formula, 55.4 kg is used in all subsequent
analyses. An accurate body mass cannot be estimated for Trinil 10,



Figure 5. Temporal trends in femoral midshaft (50% location) anteroposterior to
mediolateral bending rigidity in East Asian, sub-Saharan African, and European/West
Asian specimens, fit with LOWESS regression lines. The x-axis scale is in logarithmic
units. Representative cross-sectional shapes associated with specific bending rigidity
ratios shown to right. East Asians: blue circles and heavy solid line; Africans: red
squares and dashed line; European/West Asians: green crosses and thin solid line.
Solid blue star: Trinil 9; open blue star: Deep Skull (Niah Cave) specimen. F1, F2, F4, F5:
Trinil Femora I, II, IV, V. LB1: Luang Bua 1 specimen. European/West Asian Neandertals
outlined. See Tables 2e4 and SOM Tables S2e4 for composition of samples. Tianyuan 1
indicated within parentheses (value derived from section properties corrected for
obvious pathological deposits, provided by S. Xing), not used in calculating East Asian
trend line. In all three regions, cross-sectional shape is relatively mediolaterally
expanded in Early and early Middle Pleistocene specimens, becomes more ante-
roposteriorly oriented in the later Middle Pleistocene and Late Pleistocene, and then
becomes rounder among very recent populations. The Pleistocene trend is apparent
within the site of Trinil itself.

Figure 6. Temporal trends in femoral midshaft (50% location) anteroposterior to
mediolateral bending rigidity, separately by sex. Males: blue x's; females: red circles.
Trend lines within sex fit with LOWESS regressions. The x-axis scale is in logarithmic
units. Representative cross-sectional shapes associated with specific bending rigidity
ratios shown to right. Black solid star: Trinil 9; red solid star: Deep Skull (Niah Cave)
specimen. See Tables 2e4 and SOM Tables S2e4 for composition of samples. Males
show consistently greater anteroposterior reinforcement of the shaft on average
throughout the Pleistocene and early Holocene, until very recent populations where
the sexes are indistinguishable. The Trinil 9 and Deep Skull specimens fall near the
middle of the distributions for Late Pleistocene males and females, respectively.
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given its state of preservation. It has a measured CA of 280 mm2,
which produces a body mass estimate of 50.1 kg; therefore, its
actual estimated bodymass with a restored cortexwould have been
larger than this.

Temporal trends in estimated body mass in the three regional
groups are shown in Figure 8. Average body masses in the Early and
early Middle Pleistocene are similar in all three regions, decline
during the Middle and/or Late Pleistocene, and then remain rela-
tively constant during the Holocene. The timing of the decline in
bodymass varies somewhat between regions, with African and East
Asian samples showing a steady decrease (on average) through the
Middle and Late Pleistocene, and the European/West Asian sample
only decreasing during the later Late Pleistocene (ca. 30e11 ka).
However, the apparent decline through the Middle Pleistocene
among Africans is heavily influenced by the inclusion of five femora
of Homo naledi, which has been shown to be quite small-bodied for
Pleistocene Homo (Garvin et al., 2017). Thus, we also calculated a
LOWESS line through the African sample excluding H. naledi, and
plot this in Figure 8. If H. naledi is excluded, the general temporal
trend line for Africans does not begin declining until the Late
Pleistocene, and is consequently similar to that of Europeans/West
Asians throughout the Middle Pleistocene. Regardless, by the later
Late Pleistocene and Holocene, including very recent populations,
Europeans/West Asians are larger in body mass than East Asians
and Africans, which are similar to each other. Average regional body
masses for the very recent skeletal samples and living samples, the
latter including a wide geographical range (see above and SOM
Table S5 and SOM S3), are similar, indicating that the lower body
10
masses for very recent populations are not biased by the specific
skeletal samples included. There is, however, a slight indication of
an increase in the most recent living European samples, reflecting
recent secular trends in this region (Ruff, 2018). The slight upward
shift in East Asian bodymasses in the large Holocene (3.9 ka) Jomon
sample in Figure 8 may be climatically related (see Discussion).

Trinil 9 falls close to the general trend line for Late Pleistocene
East Asians, whereas the Deep Skull femur falls well below it, but
within the range of several other East Asian specimens (also see
Figs. 9 and 10). Following the general East Asian temporal trend, the
three early Trinil femora (Femora II, IV, and V) and the late Middle
to early Late Pleistocene Trinil Femur I are larger than Trinil 9
(Femur V just barely), and similar in size to early femora from
Zhoukoudian and Kresna. The Wajak femur falls in the larger size
range for Late Pleistocene East Asian specimens, slightly higher
than Trinil Femur I. The two largest East Asian Pleistocene speci-
mens are Jinnuishan 1 (260 ka) and Tianyuan 1 (40 ka). The very
small bodymass of the Liang Bua specimen is apparent. Inclusion of
this specimen in the East Asian sample has no discernable effect on
the general trend line for this group, however.

Temporal trends in body mass by sex are shown in Figure 9. As
expected, males are consistently larger than females throughout all
periods. When grouped in this way (i.e., averaged across regions),
each sex shows a slight decline in body mass through the Middle
Pleistocene, followed by a rapid decline in the Late Pleistocene,
then a leveling off through very recent samples. Trinil 9 falls just
below the average body mass of females, and the Deep Skull femur
is in the smaller range for females.

Body mass estimates for Late Pleistocene East Asian males, fe-
males, and individuals of indeterminate sex, by site, are shown in
Figure 10. Trinil 9 is smaller than two males from Minatogawa and
TamHang, but larger than the Liujiangmale specimen, and overlaps
with the largest female from Tam Hang. The Deep Skull femur falls
within a cluster of females from Minatogawa and Tam Hang. The



Figure 7. Box plots of femoral midshaft (50% location) anteroposterior to mediolateral bending rigidity in males and females within narrowly defined temporal/geographic groups,
or single sites, arranged chronologically within three major geographic regions. Males: solid blue boxes; females: open red boxes. Black solid star: Trinil 9; red solid star: Deep Skull
(Niah Cave) specimen. UP ¼ Upper Paleolithic; LSA ¼ Late Stone Age. See Tables 2e4 and SOM Tables S2e4 for composition of samples. Modern samples are recent skeletal samples.
In all Pleistocene and early Holocene comparisons, males show relatively greater anteroposterior rigidity than females on average, except for modern populations where they are
equivalent. The difference between the Trinil 9 and Deep Skull femora is similar to that between males and females of the Tam Hang and Jomon skeletal samples.

Table 7
Body mass estimation equations.

Equationa n r SEEb %SEEc |%PE|d

Body mass ¼ CA � 0.0797 þ 27.8 69 0.782 7.0 10.9% 8.5%
Body mass ¼ CA � 0.0448 þ FL � 0.1136e5.3 67 0.832 6.0 9.3% 7.2%

a CA ¼ cortical area at femoral 50% section (mm2); FL ¼ femoral maximum length (mm); body mass in kg.
b Standard error of estimate (kg).
c Percent standard error of estimate.
d Absolute value of percent prediction error.
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specimens of indeterminate sex, including Trinil Femur I, fall within
or above the range of males, whereas Liang Bua is again much
smaller than any other specimen, although within 7 kg (18%) of one
female from Tam Hang.

4. Discussion

4.1. General characteristics

The general morphology of Trinil 9 is consistent with that of
anatomically modern H. sapiens in both East Asia and worldwide,
with none of the features characteristic of archaic H. sapiens and/or
H. erectus (Weidenreich, 1941; Day, 1984, 1986; Ruff, 1995; Trinkaus
and Ruff, 2012): it is not platymeric (relatively M-L expanded)
proximally; the position of minimumM-L breadth is located near or
proximal to rather than distal to midshaft; it has a high A-P/M-L
bending rigidity ratio in the middle region of the diaphysis, with a
well-marked linea aspera and pilaster; and it does not have rela-
tively thick cortices. Relative M-L expansion of the proximal
femoral diaphysis has been postulated to be related to a relatively
long femoral neck in H. erectus and earlier ‘erectus-like’ Homo,
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increasing M-L bending loads on the proximal femoral shaft (Ruff,
1995). Such a loading pattern would also contribute to a rounder
femoral midshaft region and a less apparent linea aspera and
pilaster, although these may also be affected by general body shape
differences as well as behavior (see below). The extreme wear on
Trinil 10 precludes assessment of these characteristics, but it does
show evidence of a linea aspera, and no evidence for M-L broad-
ening of the proximal shaft.

In contrast, Trinil Femora IIeV, from the late Early to early
Middle Pleistocene, show a morphology more consistent with that
of H. erectus worldwide (present results; see also Ruff et al.,
2015b). Trinil Femur I aligns morphologically with Late Pleisto-
cene anatomically modern humans (AMH), consistent with its
relatively short neck, although it is less extreme in this regard than
Trinil 9. This could be related to differences in body shape or
behavior between the two specimens, or simply represent the
range of morphologies characteristic of Late Pleistocene AMH. In
any event, the temporal sequence of femoral morphologies at
Trinil parallels that seen more generally within Pleistocene Homo,
and is the only example to date where this can be assessed within
a single site.



Figure 8. Temporal trends in estimated body mass in East Asian, sub-Saharan African,
and European/West Asian specimens, fit with LOWESS regression lines. The x-axis
scale is in logarithmic units. East Asians: blue circles and heavy solid line; Africans: red
squares and dashed line (all specimens) and dotted line (excluding H. naledi speci-
mens); European/West Asians: green crosses and thin solid line. Solid blue star: Trinil
9; open blue star: Deep Skull (Niah Cave) specimen. F1, F2, F4, F5: Trinil Femora I, II, IV,
V. W: Wajak specimen. LB1: Luang Bua 1 specimen. Homo naledi specimens indicated.
See Tables 2e4 and SOM Tables S2e5 for composition of samples. Three most recent
groups are sex/population means for living samples (see Table 4 and SOM Table S5),
slightly offset in time to avoid overlap. Body mass declines between the Early and early
Middle Pleistocene to the early Holocene, and is larger on average in European/West
Asian specimens from the Late Pleistocene through recent populations. Trinil 9 and
Deep Skull are both relatively small-bodied, but fall well within the range for East
Asian Late Pleistocene specimens.

Figure 9. Temporal trends in estimated body mass, by sex. Males: blue x's; females:
red circles. Trend lines within sex fit with LOWESS regressions. The x-axis scale is in
logarithmic units. Black solid star: Trinil 9; red solid star: Deep Skull (Niah Cave)
specimen. See Tables 2e4 and SOM Tables S2e5 for composition of samples. Three
most recent groups are sex/population means for living samples (see Table 4 and SOM
Table S5), slightly offset in time to avoid overlap. Males and females show very similar
temporal trends in body mass, with a slow decline in the Middle Pleistocene and an
accelerating decline in the Late Pleistocene. The difference in body mass between
Trinil 9 and Deep Skull is similar to the average difference between males and
females.

Figure 10. Estimated body mass in late Middle-Late Pleistocene East Asian specimens,
arranged chronologically from left to right. Males: blue x's; females: red circles; not
sexed: purple triangles. Black solid star: Trinil 9; red solid star: Deep Skull (Niah Cave)
specimen. Zhouk. UC ¼ Zhoukoudian Upper Cave. See Table 2 for complete list of
specimens. Both Trinil 9 and Deep Skull fall within the range of values for males and
females, respectively.
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A partial proximal femur from the Terminal Pleistocene
(14.3e13.6 ka) site of Maludong, in Southwest China, has been
claimed to possess archaic features similar to those of Early Pleis-
toceneHomo (Curnoe et al., 2015). If true, this could have important
implications regarding the retention of nonmodern postcranial
morphology and temporal overlap between archaic and anatomi-
cally modern Homo in East Asia (Curnoe et al., 2015; Wei et al.,
2020, 2021). However, as described in more detail in SOM S4, we
find this interpretation of the Maludong specimen to be uncon-
vincing, for several reasons. These include lack of data (preserva-
tion of the proximal end of the specimen is insufficient to
accurately estimate femoral neck length); questionable orientation
of the specimen relative to A-P and M-L axes, which affects
assessment of the position of the lesser trochanter as well cross-
sectional diaphyseal dimensions; incorrect identification of mid-
shaft, based on a total length estimate that appears to be too short,
which also affects cross-sectional diaphyseal dimensions; and an
inappropriate method for standardizing dimensions for body size.
Thus, in our opinion, this specimen provides little or no evidence
for the retention of archaic postcranial features in a ‘relic’mainland
East Asian Late Pleistocene population (contra Curnoe et al., 2015).

Postcrania of other small-bodied, island endemic hominins in
Southeast Asia, including Homo luzonensis and Homo floresiensis, do
show clear archaic features (Brown et al., 2004; Morwood et al.,
2005; Tocheri et al., 2007; Jungers et al., 2009a, b; D�etroit et al.,
2019). A detailed consideration of the Liang Bua 1 H. floresiensis
femur is beyond the scope of this study; however, it can be noted
that, as in previous descriptions (Brown et al., 2004; Jungers et al.,
2009b), we found its midshaft region to be very round, that is, to
12
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have an Ix/Iy ratio close to 1.0. In this regard, it resembles not only
Neandertals (Jungers et al., 2009b) but also several other Middle
and Late Pleistocene femora from East Asia. The implications of
small body size in both H. luzonensis and H. floresiensis in an East
Asian context are discussed in the next section.

Based on its midshaft cross-sectional shape, we infer that Trinil
9 was very likely male. Anteroposterior/M-L bending rigidity of the
middle region of the femoral diaphysis is consistently higher on
average in males in all our Pleistocene and early Holocene samples.
Trinil 9 falls within the higher range for Pleistocene males, and
above almost all females. It fits comfortably within the male dis-
tributions of values for several other Pleistocene and early Holo-
cene samples from East Asia, Africa, and Europe/West Asia. The
Deep Skull femur, which is very likely female based on its associ-
ation with the Deep Skull cranium (Curnoe et al., 2016, 2021), has a
much lower A-P/M-L bending rigidity index. The contrast in cross-
sectional shape between Trinil 9 and the Deep Skull femur is very
similar to the degree of sexual dimorphism in this parameter
observed within the Late Pleistocene site of Tam Hang and the early
Holocene Jomon sample. As discussed further below (section 4.3.),
the underlying explanation for the consistent sex difference in
femoral shape, before very recent humans, is likely to be primarily
behavioral.

4.2. Body size

The estimated body mass of Trinil 9 (55.4 kg) is small for a male
when considered in a worldwide Late Pleistocene context. How-
ever, it is 24% larger than the estimated bodymass of the Deep Skull
individual (44.6 kg), which is very likely to be female. The Wajak
femur, representing another Southeast Asian penecontempora-
neous individual, is larger (65.4 kg), as is the terminal Middle to
early Late Pleistocene Trinil Femur I individual (62.6 kg). D�etroit
and coworkers (D�etroit et al., 2004, 2013; Corny et al., 2016) have
commented on the great dispersion in size and robusticity repre-
sented in the Late Pleistocene (47e16 ka) Tabon Cave site (Palawan,
Philippines), with some cranial material showing similarities to the
very large and robustWajak 2mandible and other specimens to the
much smaller and more gracile Deep Skull cranium. They felt that
the range of variation exceeded that to be expected from sexual
dimorphism within a single population, and suggested instead the
possible existence of two morphologically distinct populations at
the site, with the smaller-bodied population linked to the Niah Cave
(Deep Skull) individual. [Palawan was likely separated by water
from Sundaland, including Niah Cave, during the Late Pleistocene
(Voris, 2000), but was very close to it, with a very similar fauna,
unlike the considerably more endemic environment in more
eastern regions of the Philippines, including Luzon (D�etroit et al.,
2013)]. If this is true, then Trinil 9 could represent a male of such
a small-bodied population, with Wajak and Trinil Femur I
belonging to a larger-bodied population, or possibly representing
other males of the small-bodied population. As discussed previ-
ously (Curnoe et al., 2021), there is nothing in the morphology of
the Deep Skull femur to associate it specifically with Southeast
Asian ‘Negrito’ populations, and the same is true for the Trinil 9
femur, although the possibility of a historical/genetic relationship
between small-bodied Pleistocene and modern populations in the
region cannot be ruled out (D�etroit et al., 2013; Curnoe et al., 2016).

Evidence for even smaller-bodied humans has been found on
the more geographically isolated islands of Southeast Asia,
including Luzon, Philippines (H. luzonensis; Mijares et al., 2010;
D�etroit et al., 2019), and Flores (H. floresiensis; Brown et al., 2004;
Morwood et al., 2005; Jungers et al., 2009b). Our body mass esti-
mate for the LB1 individual from Liang Bua, Flores, based on
femoral head breadth, is 31.4 kg, considerably smaller than our
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mean for Mbuti females (38.2 kg), the smallest living humans. The
latter matches the estimated body mass of our smallest Pleistocene
individual, a female from Tam Hang, and is close to the smallest
values estimated from femoral head size for two ‘Negrito’ pop-
ulations: the Aeta, from Luzon (Curnoe et al., 2021), and Andaman
Islanders (Stock, 2013, pers. comm., 5/19/21). Our estimate for LB1
falls within the range of values cited by Brown et al. (2004),
16e36 kg, and is relatively close to their estimate based on the
estimated stature of LB1 and stature/body mass proportions of
adult African ‘Pygmies’ (28.7 kg), and also to that of Jungers et al.
(2009a: SI Table 2; 32.5 kg), based on femoral head diameter and
equations in McHenry (1992). Given that an adult tibia from Liang
Bua, LB8/1, is considerably smaller than the corresponding element
of LB1 (Morwood et al., 2005; Jungers et al., 2009b; also see van den
Bergh et al., 2016a), it is clear that extremely small body size was
characteristic of this taxon. No body masses have been estimated
for the more limited postcranial remains available for H. luzonensis,
but preserved dental and postcranial elements are similar, if not
smaller, in size than corresponding elements in H. floresiensis
(Mijares et al., 2010; D�etroit et al., 2019), suggesting a similar body
size. The fact that no Pleistocene individual from what was then
mainland Southeast Asia (including Sundaland) has been found
with a body mass in this range emphasizes the highly endemic
nature of both taxa, which may have developed in situ since the
early Middle Pleistocene or earlier (Brumm et al., 2010; van den
Bergh et al., 2016a; Ingicco et al., 2018).

Climatic adaptation may also have played a role in body size
distributions observed in Pleistocene and modern East Asia.
Bergmann's Rule (Bergmann, 1847)dthat within endothermic
species spanning a wide geographic range, larger-bodied pop-
ulations will be associated with colder climates and smaller-
bodied populations with warmer climatesdhas been found to
apply in general to modern humans (Roberts, 1953, 1978; Ruff,
1994; Foster and Collard, 2013). The two largest individuals
(73e74 kg) in our East Asian Pleistocene sampledTianyuan 1 and
Jinnuishan 1dare both from northern latitudes. As Jinnuishan 1 is
female (Rosenberg et al., 1999), this suggests the likelihood of
even larger body masses for late Middle Pleistocene northern
Asian males. A few of the Holocene Jomon individuals reach this
body mass range, but this sample is also from a mid-higher lati-
tude (34e44� N.; Temple, 2008), higher than our preceding Ter-
minal Pleistocene and early Holocene samples (Tam Hang,
Maomaodong, and Cau Giat). This may explain the slight upward
shift of East Asian body mass values that we found in the corre-
sponding period for the Jomon sample (3.9 ka). Among living East
Asian populations in our sample, the largest sex/population
average body mass is for Mongolian males (66.5 kg), with small-
bodied males (<56 kg) and females (<49 kg) all limited to trop-
ical and subtropical regions (�24� N. latitude). A more formal
analysis of climatic effects on body size variation during the
Pleistocene would include estimates of actual paleoclimatic con-
ditions (e.g., Will et al., 2021). The interaction of population his-
tory and climatic adaptation on body size distributions in East
Asia must also be considered (Dennell et al., 2020). However, on a
general level, the tropical and subtropical climatic conditions of
Southeast Asia may have contributed to the presence of small-
bodied populations/taxa in this region, including those repre-
sented by Trinil 9 and the Deep Skull femur.

Climatic adaptation may also at least partly explain broader
patterns of variation in body size observed in our worldwide
comparisons. From at least the beginning of the Late Pleistocene
through to the present, populations from East Asia and sub-Saharan
Africa average smaller body masses than those from Europe/West
Asia. As the latter are from systematically higher latitudes (with a
few East Asian exceptions, including those noted earlier), the



3 This concept has been critiqued (Pearson et al., 2014). However, that study
examined correlations between femoral midshaft maximum/minimum bending
rigidity (Imax/Imin) and pelvic breadth, not A-P/M-L bending rigidity and pelvic
breadth or relative breadth. The two measures of femoral midshaft shape are not
equivalent, i.e., the direction of maximum bending rigidity of the femoral midshaft
departs significantly from anteroposterior (Ruff and Hayes, 1983), and may even
more closely approximate mediolateral (see Fig. 4). Thus, analyses of Imax/Imin

cannot be used to test predicted associations between midshaft femoral and body
shape.
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difference in average body size also conforms to the expectations of
Bergmann's Rule. Thus, regional differences in body size since the
Late Pleistocene may be largely attributable to environmental ef-
fects (also see Shackelford, 2007). The possible effects of systematic
differences in nutritional levels between regions should also be
considered here (Black et al., 2013; Akseer et al., 2017), but the fact
that this pattern is also present before the last few centuries sug-
gests that recent disparities of this kind do not explain all the
observed regional variations. The very wide range of body mass
values within regions, particularly in Africa, should also be appre-
ciated. In every period before very recent populations where there
are sufficient data for comparisonsdin the Early Pleistocene,
Middle Pleistocene, and early HolocenedAfrica has a greater range
of body mass values than Europe/West Asia or East Asia (this does
not include the endemically dwarfed Liang Bua specimen).
Whether this reflects increased competition for resources (Garvin
et al., 2017), adaptations to local environmental conditions in
semi-isolated populations (Scerri et al., 2018), and/or greater ge-
netic diversity among African populations (Campbell and Tishkoff,
2008), are topics worthy of further exploration.

The estimated stature of Trinil 9 of 156 cm is not too far below
the mean for 18 different samplings of living rural Indonesian men
carried out in the early-mid-20th century (159.3 cm, range of
sample means 156.5e163.5 cm; Bailey, 1962). The body mass index
(BMI) of Trinil 9, calculated from its estimated body mass and
stature [BMI ¼ (body mass (kg)/stature2 (m)) � 100], is 22.8 kg/m2,
which is somewhat higher than our average for modern tropical-
subtropical populations (<30� latitude, 20.8 kg/m2; SOM
Table S5). It is also similar to that of very recent urban Indonesian
males (22.2 kg/m2; Chuan et al., 2010).

We would like to add one final word regarding the application
of the new body mass estimation methods developed here. As the
Trinil 9 femur lacked articulations, its body mass was estimated
from midshaft CA and estimated length, using a Pleistocene Homo
reference sample. Because cortical diaphyseal morphology is
developmentally responsive to mechanical loadings during life,
use of such a methodology presumes that loadings due to factors
other than body mass per se do not vary systematically between
the reference sample and target specimen. As noted earlier, this
assumption appears reasonable for Pleistocene Homo, in general.
However, there is evidence that non-Homo taxa have stronger
limb bones relative to body size, due perhaps to greater overall
muscular loadings (Ruff et al., 2016). Thus, it would not be
appropriate to apply the present equations to such taxa. Differ-
ences in locomotor behavior that could affect lower limb loadings,
i.e., increased arboreality and/or altered terrestrial bipedalism in
non-Homo taxa as well as Homo habilis sensu stricto (Lovejoy
et al., 2009; Ruff, 2009; Zipfel et al., 2011; Churchill et al., 2013;
Ruff et al., 2016), also argue against application of equations
developed from a fully bipedal Homo reference sample. Given
some evidence from the upper limb that H. naledi retained sig-
nificant arboreal capabilities (Kivell et al., 2015; Feuerriegel et al.,
2017), this might also suggest caution in applying the present
estimation equations, although lower limb bones of this taxon
appear to be essentially modern in most respects (Harcourt-Smith
et al., 2015; Marchi et al., 2017). Application of any technique that
includes diaphyseal cortical geometry as a predictor will increase
estimation error due to inevitable individual variation in non-
body mass-related factors such as activity level (Ruff et al.,
2018). We attempted to minimize such errors by using an
appropriate reference sample and a geometrical parameter that
may be less influenced by bending and torsional loadings gener-
ated by vigorous activity, but the limitations of this method
should also be recognized when applying it to any paleontological
specimen.
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4.3. Body shape and behavior

Both body shape and behavior have been implicated as factors
influencing cross-sectional diaphyseal shape of the lower limb
bones (for a review, see Ruff and Larsen, 2014). Body (pelvic)
breadth is negatively correlated with femoral midshaft A-P/M-L
bending rigidity (Ix/Iy), i.e., wider bodies are correlated with more
M-L reinforced shafts (Weaver, 2003; Shaw and Stock, 2011), as
predicted theoretically (Ruff, 1995).3 In addition, longer femoral
necks are associated with increased M-L bending strength of the
femoral shaft, again as expected based on theoretical models (Ruff,
1995). In contrast, greater terrestrial mobility is associated with
higher femoral midshaft A-P/M-L bending rigidity (Ruff, 1987;
Stock, 2006). This is likely due to increases in relative ante-
roposterior bending of the lower limb bonesdparticularly in re-
gions near the kneedwith increased mobility (Ruff, 1987, 2005), an
effect that is magnified in areas with rougher terrain (Holt and
Whittey, 2019).

Figure 11 shows a simple summary of these contrasting effects.
The combination of effects suggests that the highest Ix/Iy values will
be found in populations or taxa with short femoral necks, narrow
bodies, and high mobility, whereas the lowest Ix/Iy values will be
associated with long femoral necks, wide bodies, and low mobility.
Populations or taxawith different combinations of morphology and
behavior should exhibit mixed or intermediate effects on cross-
sectional shape, e.g., a narrow body combined with lower
mobility should result in a moderate Ix/Iy value.

These predictions can be used to interpret observed temporal
and regional differences in cross-sectional shape in our samples,
including Trinil 9. Where it can be evaluated, a relatively long
femoral neck is characteristic of all Early Pleistocene and early
Middle Pleistocene Homo (Ward et al., 2015; Ruff et al., 2015b). This
is likely part of a functional complex that includes a relatively wide
pelvis as well (Ruff, 1995). Thus, as predicted, femoral specimens
from this time range exhibit low Ix/Iy values (also see Trinkaus and
Ruff, 2012; Ward et al., 2015). In addition to East African specimens
dating to 2035e700 ka, this includes East Asian specimens from
Kresna, Trinil, and Zhoukoudian (900e770 ka) as well as our
earliest European/West Asian specimens (Gesher Benot Ya'aqov
and Ain Maarouf, 700e600 ka). Femoral midshaft Ix/Iy values then
increase during the later Middle Pleistocene and Late Pleistocene,
as femoral neck length assumes more modern proportions
(Weaver, 2003; Carretero et al., 2012; Ruff et al., 2015b). Neander-
tals are a partial exception, retaining relatively low Ix/Iy values,
probably as a result of their ‘hyperpolar’ (very wide) body form
(Weaver, 2003). Peak Ix/Iy values are reached in the late Late
Pleistocene or early Holocene in all three major regions, then
decline in very recent populations. As there is no evidence that
fundamental body shape within regions changed systematically
during the Terminal Pleistocene/Holocene, the recent decline in the
index is best attributed to a decline in mobility, first manifested in
the Mesolithic and continuing through the introduction of food
production and a more sedentary lifestyle during the Holocene
(Ruff et al., 2015a; Holt et al., 2018). African populations have sys-
tematically higher indices during the Holocene because of their



Figure 11. Theoretical model relating variation in femoral midshaft shape (Ix/Iy, anteroposterior/mediolateral bending rigidity) to femoral neck length, body shape, and mobility.
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relatively narrow bodies (Ruff, 1994). Our South African Late Stone
Age sample, with a very high Ix/Iy index, is characterized by a very
narrow pelvis, particularly relative to lower limb length (Stock,
2013). Their cross-sectional shape is exactly what would be pre-
dicted for a narrow-bodied, mobile (Stock and Pfeiffer, 2001) pop-
ulation (Fig. 11).

Trinil 9 conforms well to this temporal pattern, with a high Ix/Iy
value that falls near the middle of the distribution for anatomically
modern Late Pleistocene males. Among other East Asian Late
Pleistocene specimens, it falls below the values for the two Zhou-
koudian Upper Cave femora and two of the femora from Mao-
maodong, and somewhat above Trinil Femur 1, Liujiang 1, and the
Tam Hang male. Barker et al.'s (2007) investigation of Niah Cave,
the source of the Deep Skull femur, sheds light on the paleoecology
and subsistence strategy of the inhabitants of another inland
Southeast Asian site that is nearly contemporaneous with the Trinil
9 specimen. The Niah Cave inhabitants combined hunting of a
range of terrestrial, terrestrial-arboreal, and aquatic vertebrates
with procurement of a variety of botanical resources. They were
mobile, exploiting several different habitats within the general
region of the cave, including tropical forest, swamp, open wood-
land, scrub, and the shores of rivers and lakes. Stone sources for
tools found in the cave ranged up to almost 50 km away. While
microenvironmental conditions varied across Sundaland during
the Late Pleistocene, by the later Late Pleistocene the region was
dominated by tropical lowland evergreen rainforest, with a tem-
porary return to drier conditions and more grassy vegetation dur-
ing the Last Glacial Maximum (Louys and Roberts, 2020). Thus, the
inhabitants of the regions around Trinil and Niah Cave during this
period may have been engaged in broadly similar subsistence ac-
tivities. A mobile hunting-gathering economy is consistent with the
femoral morphology of Trinil 9.

The Deep Skull femur, very likely from a female, is much
rounder (lower Ix/Iy) than Trinil 9. This is also consistent with dif-
ferences in average femoral midshaft shape between males and
females that are characteristic ofHomo from theMiddle Pleistocene
through the early Holocene. Using the model in Figure 11, it might
be suggested that such differences are a result of different body
shapes, with the relatively broader hips of females creating rela-
tively greater M-L bending of the femur and thus a decline in Ix/Iy
(Ruff, 1995). However, the fact that very recent industrial pop-
ulations, from any region, do not show sexual dimorphism in
femoral midshaft shape (Ruff, 1987 and present study), yet still
exhibit the same sexual dimorphism in pelvic morphology and
body shape as earlier populations (Tague, 1989; Ruff, 1994; Kurki,
2011), argues for a different explanation. As shown previously
(Ruff, 1987, 2019; Berner et al., 2018), among Holocene populations
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there is an association between degree of sexual dimorphism in
femoral midshaft shape and sexual dimorphism in mobility. In
hunting-gathering societies, males are generally more mobile than
females; this difference (and differences in average femoral mid-
shaft Ix/Iy) declines in agriculturalists, and is nonexistent in in-
dustrial societies, where mobility differences would be expected to
be minimal. This pattern exists despite overall differences in body
shape between populations. The present study confirms and ex-
tends this observation to additional regions and periods. The dif-
ference in femoral midshaft shape between Trinil 9 and the Deep
Skull femur is thus consistent with that expected in an active
foraging population with sexual division of labor. It is quite similar
in this regard to the difference between the male and female
specimens from Tam Hang, another Late Pleistocene inland site in
Southeast Asia.

These findings also have implications for the sexing of other Late
Pleistocene East Asian specimens. As noted earlier, the two Zhou-
koudianUpperCave femoralmidshafts,UC67and68, haveveryhigh
Ix/Iy indices. Weidenreich (1941: Figure 45) identified both as male,
without explanation. The present results support this attribution.
Two of the three Maomaodong femora, GM7506 and GM7507, also
have veryA-P elongatedmidshafts, whereas the thirdMaomaodong
femur,GM7508, ismuch rounder (seealso Fig. 4), suggesting that the
first two may be male and the third female. Estimated body masses
of these specimens, and the two other Zhoukoudian Upper Cave
specimens (UC 105 and 117), provide more mixed results. Wei-
denreich (1941: Figs. 40, 42) considered UC 105 to be male and UC
117 to be female, again without explanation. This would give body
masses of 60.0, 67.5, and 69.0 kg for the three possible Upper Cave
males, and 58.6 kg for the one possible female (SOM Table S2). The
two possible Maomaodong males have estimated body masses of
59.8 and 63.6 kg, and the one possible female 59.8 kg, thus showing
little overall variation as well as overlap between the sexes. Given
normal overlap in both femoral midshaft cross-sectional shape and
body size between males and females throughout the Pleistocene
(Figs. 6 and 9), consideration of both types of characteristicsmayaid
in the sexing of fragmentary specimens. More independently sexed
specimens from this region and period would be helpful in further
evaluating these observations.

The sample from Minatogawa, with relatively low values of
femoral midshaft Ix/Iy and only slight sexual dimorphism in the
index, despite deriving from a Late Pleistocene foraging popula-
tion, would seem to be a partial exception to these general trends.
However, as discussed in SOM S1, the specific environmental and
subsistence characteristics of this sample, in particular a
relatively insular culture and subsistence economy, may explain
these findings.
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Liang Bua 1 also has a relatively round femoral midshaft, as
noted previously (Brown et al., 2004; Jungers et al., 2009b),
although it is quite similar to that of the three Minatogawa females
as well as one of the Tam Hang females. This could be a result of
limited mobility, but it may also be affected by body shape. The
estimated body mass of LB1, based on its femoral head breadth, is
31.4 kg [using its proximal tibial M-L breadth and the same refer-
ence sample (Ruff et al., 2018) yields a very similar estimate of
30.9 kg]. Combined with its estimated stature of 106 cm (Brown
et al., 2004), this produces a BMI of 27.9 kg/m2, which is much
higher than that typical of modern tropical populations (Leonard
and Katzmarzyk, 2010; also see above and SOM Table S5) and
strongly implies a relatively wide body. Although the lack of a
sacrum precludes direct assessment of total pelvic breadth, its large
femoral bicondylar angle of 14� (Brown et al., 2004) also implies a
relatively wide pelvis, which is consistent with its high BMI. This
fits general patterns observed within modern populations,
whereby within climatic zones variation in stature is much greater
than variation in body breadth (Ruff, 1991, 1994). The relatively
wide body of LB1 likely increased M-L bending loads on its femur
(Ruff, 1995), which contributed to its low Ix/Iy value.

Some variation in relative body breadth between Southeast
Asian and sub-Saharan African Late Pleistocene and early Holocene
populations may also have contributed to observed differences in
femoral diaphyseal shape. Pelves from Tam Hang and Minatogawa
(Baba and Endo, 1982; Shackelford and Demeter, 2012) are wider
than those from Late Stone Age South Africans (Stock, 2013),
despite longer femoral lengths in the latter. Thus, a somewhat
wider body relative to stature in some Late Pleistocene Southeast
Asian populations may have contributed to generally lower sex-
specific femoral midshaft Ix/Iy values compared to Late Stone Age
South Africans (Fig. 7). The only moderately low BMI for Trinil 9
suggests that it, too, had a moderately narrow body. The fact that it
still exhibits a relatively high femoral midshaft Ix/Iy value suggests a
high level of mobility (Fig. 11).

A recent morphometric analysis of Pleistocene Homo femora
concluded that “It is therefore unclear to what extent the distri-
butions of diaphyseal shape among Middle and Late Pleistocene
humans, as presented here, reflect the biomechanical effects of
body proportions and activity levels versus population variation
across the Old World during the Pleistocene” (Xing et al., 2021:
296). We would argue that all of these factors must be considered
when interpreting variation in femoral cross-sectional diaphyseal
shape, using the model in Figure 11. Variation due to population
history is certainly a potential consideration, as illustrated by the
possible differences in body form of some lower latitude pop-
ulations from East Asia and sub-Saharan Africa discussed above.
Cross-sectional shape of the femoral diaphysis is best understood as
a product of the interaction between body shape, behavior
(including sexual dimorphism in behavior), and in early Homo, hip
biomechanics.

5. Conclusions

The Trinil 9 and 10 partial femora, dated to approximately
37e32 ka, add to our understanding of body size and behavior in
the later Late Pleistocene of Southeast Asia. The overall morphology
of the specimens indicates that they derive from anatomically
modern H. sapiens. Cross-sectional diaphyseal shape of the better
preserved Trinil 9 femur is consistent with that of an active mobile
population. Based on systematic sexual dimorphism in shape
throughout the Pleistocene, it was also most likely a male. Using a
Pleistocene reference sample, its body mass can be estimated from
its CA and estimated length as about 55 kg, and its stature as about
156 cm. In terms of both body size and behavior inferred from
16
cross-sectional shape, it forms a male counterpart to the pene-
contemporaneous Deep Skull femur from Niah Cave (estimated
body mass 45 kg), which was most likely female. These imply the
presence of relatively small-bodied, active hunting-gathering
populations in the Sundaland region of Southeast Asia, together
with possibly larger-bodied individuals or populations (e.g., the
Wajak remains), during the later Late Pleistocene.
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