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a b s t r a c t

The abundant femoral assemblage of Homo naledi found in the Dinaledi Chamber provides a unique
opportunity to test hypotheses regarding the taxonomy, locomotion, and loading patterns of this species.
Here we describe neck and shaft cross-sectional structure of all the femoral fossils recovered in the
Dinaledi Chamber and compare them to a broad sample of fossil hominins, recent humans, and extant
apes. Cross-sectional geometric (CSG) properties from the femoral neck (base of neck and midneck) and
diaphysis (subtrochanteric region and midshaft) were obtained through CT scans for H. naledi and
through CT scans or from the literature for the comparative sample. The comparison of CSG properties of
H. naledi and the comparative samples shows that H. naledi femoral neck is quite derived with low
superoinferior cortical thickness ratio and high relative cortical area. The neck appears superoinferiorly
elongated because of two bony pilasters on its superior surface. Homo naledi femoral shaft shows a
relatively thick cortex compared to the other hominins. The subtrochanteric region of the diaphysis is
mediolaterally elongated resembling early hominins while the midshaft is anteroposteriorly elongated,
indicating high mobility levels. In term of diaphyseal robusticity, the H. naledi femur is more gracile that
other hominins and most apes. Homo naledi shows a unique combination of characteristics in its femur
that undoubtedly indicate a species committed to terrestrial bipedalism but with a unique loading
pattern of the femur possibly consequence of the unique postcranial anatomy of the species.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The discovery of Homo naledi in the Dinaledi Chamber of the
Rising Star Cave System, South Africa (Berger et al., 2015), provided
a rich, though mainly fragmentary, assemblage of fossils with
multiple specimens of almost all bones of the postcranial skeleton.
The abundance of postcranial material discovered in the Dinaledi
Chamber led to a detailed description of the morphology of the
hi).
species and to some hypotheses about its behavior (Harcourt-Smith
et al., 2015; Kivell et al., 2015; Feuerriegel et al., 2017; Marchi et al.,
2017; Williams et al., 2017; VanSickle et al., 2018). Primitive
shoulder anatomy, low humeral torsion (Feuerriegel et al., 2017),
curved phalanges (Kivell et al., 2015), and primitive thoracic
(Williams et al., 2017) and pelvic (VanSickle et al., 2018) shape
describe a hominin that retained a significant degree of climbing
abilities. On the other hand, the long and slender lower limb
(Marchi et al., 2017) and the derived foot (Harcourt-Smith et al.,
2015) highlight the terrestrial bipedal behavior of H. naledi. How-
ever, aside from initial descriptions of the Dinaledi Chamber fossil
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material, more detailed biomechanical analyses of the H. naledi
postcranial skeleton have not yet been provided. The lower limb in
particular may answer important questions concerning the loco-
motor pattern of H. naledi and its relationship with other fossil
hominins.

The lower limb bones of H. naledi show a mix of plesiomorphies
(ancestral traits) and apomorphies (derived traits), with few auta-
pomorphies (uniquely derived traits; Harcourt-Smith et al., 2015;
Hawks et al., 2017; Marchi et al., 2017; VanSickle et al., 2018). The
femur, specifically, is morphologically similar to that of austral-
opiths and earlyHomo in having a relatively long neck, which is also
anteroposteriorly compressed and strongly anteverted, but differs
in its autapomorphic possession of two bony pillars on the superior
neck (Marchi et al., 2017). Characteristics of the femur shared
(synapomorphically) with Homo species (in particular Homo erec-
tus) include well-marked lineae asperae, strong insertion of m.
gluteus maximus, and a distal displacement of the minimum
diaphyseal breadth of the femur (Marchi et al., 2017). These traits
are external morphologies that can be potentially useful in under-
standing phylogenetic relationships of H. naledi with other fossil
hominins (Berger et al., 2015; Hawks et al., 2017), though the
developmentally plastic nature of limb bones (Losos et al., 2000;
Kelly et al., 2006; Langford et al., 2014; Nadell and Shaw, 2016;
Pollard et al., 2017, but see Hallgrímsson et al., 2002) makes them
less informative than the skull for such purposes.

Primate limb characteristics such as interlimb proportions and
linear dimensions, because of their developmental plasticity, have
been extensively studied to make inferences about past hominin
behavior, in particular locomotion (Stern and Susman, 1983;
Jungers, 1985; Latimer et al., 1987; Rose, 1988; Richmond et al.,
2002; Haeusler and McHenry, 2004; Harcourt-Smith and Aiello,
2004; Kivell and Schmitt, 2009; Ward et al., 2011). In addition,
cross-sectional diaphyseal dimensions have proven to be quite
effective in discriminating between locomotor groups in living
primates (Ruff, 2002; Marchi, 2010; Marchi et al., 2016) and useful
for inferring fossil hominin locomotor behavior (Ruff, 2008, 2009;
Marchi et al., 2019).

Long bone cross-sectional properties are highly influenced by
actual activity patterns over an individual's lifetime (especially ju-
venile stages) and change in response to changes in their me-
chanical loadings (Bertram and Swartz, 1991; Sumner and
Andriacchi, 1996; Ruff, 2003; Pearson and Lieberman, 2004;
Cowgill et al., 2010; Young et al., 2010; Warden et al., 2014;
Sarringhaus et al., 2016). This characteristic makes the structural
analysis of limb bone cross-sectional properties well suited for
exploring loading patterns, and inferring locomotor patterns and
other behaviors, across fossil individuals and species (Trinkaus and
Ruff, 1989, 1999; Churchill and Formicola, 1997; Trinkaus and
Churchill, 1999; Holt, 2003; Shaw et al., 2012; Ruff et al., 2015,
2016; but see Morimoto et al., 2011). Structural analysis provides
insight into the behavior and body shape of past hominin species,
which in turn can have taxonomic implications (Ohman et al., 1997;
Ruff et al., 1999, 2015; Trinkaus and Ruff, 1999; Trinkaus et al.,
1999a, c; Lovejoy et al., 2002; Ruff and Higgins, 2013). One of the
major challenges with regard to these efforts, however, is the
limited preservation of fossils representing a particular species,
individual, or limb element. The discovery of a large number of
fossil lower limb bones in the Dinaledi Chamber (Berger et al., 2015)
constitutes a unique opportunity to make locomotor, and possibly
also taxonomic, inferences about a fossil hominin (H. naledi) on the
basis of postcranial skeletal elements.

Biomechanical appendicular properties, in particular cross-
sectional geometric properties, have been shown to vary with ac-
tivity (Ruff et al., 1994, 2006; Warden et al., 2005, 2014; Marchi
et al., 2006; Sparacello and Marchi, 2008; Shaw and Stock, 2009a,
b; Marchi and Shaw, 2011; Sparacello et al., 2018), terrain proper-
ties (Ruff, 1999; Marchi, 2008; Sparacello et al., 2008; Holt and
Whittey, 2019), age (Ruff and Hayes, 1988; Bouxsein et al., 1994),
climatically-induced body proportions (Pearson, 2000a; Stock,
2006), ontogeny (Cowgill et al., 2010; Cowgill, 2014), chronolog-
ical context (Pearson, 2000a; Trinkaus and Ruff, 2012; Friedl et al.,
2016; Marchi et al., 2019), hormones (Wang et al., 2004; Travison
et al., 2008), and genetic factors (Pearson, 2000a; Lovejoy et al.,
2003). When examining hominin remains, all of these aspects
become relevant, and appropriate comparisons should be made
based on presumed shared characteristics (i.e., activity, climate, and
chronological context). The fossil remains from the Dinaledi
Chamber date to theMiddle Pleistocene (Dirks et al., 2017), a period
inwhich the African hominin fossil record is extremely sparse (for a
review of available evidence see Berger et al., 2017), even more so
for postcranial material (and for lower limb bones in particular).
The only femora from (likely) Middle Pleistocene Africa preserved
enough for such comparisons are the Berg Aukas specimen from
Namibia, and two femora from Kabwe in Zambia (Pycraft, 1928;
Kennedy, 1984; Grine et al., 1995; Trinkaus et al., 1999b), of which
one (Berg Aukas) has been described as somewhat anomalous
(Trinkaus et al., 1999b) due to its very low neck-shaft angle and the
extremely large femoral head, characteristics matched only by
cold-adapted hominins from Middle to Late Pleistocene Europe.
Besides these somewhat unusual characteristics, the Berg Aukaus
femur aligns well with other Pleistocene femora in having thick
diaphyseal cortices and with Late Pleistocene hominins and recent
humans in having a short femoral neck (Grine et al., 1995; Trinkaus
et al., 1999b). Similar shaft characteristics are present also in the
Kabwe femora, which according to Kennedy (1984) align more
closely with recent humans than with H. erectus.

Femora of earlier members of the genus Homo (early Homo and
to some degree H. erectus) are characterized by having thicker
cortices compared to modern humanswhile at the same time being
relatively gracile relative to some species from Middle and Late
Pleistocene Homo (such as Homo neanderthalensis and Homo hei-
delbergensis), and by long femoral necks and small heads. Femoral
shafts also tend to be mediolaterally elongated in the sub-
trochanteric region (Ruff, 1995; Trinkaus and Ruff, 2012; Ruff et al.,
2015). Earlier hominins (i.e., australopiths) show similar charac-
teristics (Ruff et al., 1999, 2016; Ruff and Higgins, 2013), although
there is a substantial amount of variation in all these features
among specimens of early Homo and among australopiths (Ward
et al., 2015). Later Pleistocene hominins present femora that are
generally more robust (i.e. showing greater overall diaphyseal
strength, see below), are anteroposteriorly reinforced at the mid-
shaft, have shorter and rounder necks with asymmetrical cortical
distribution, and have higher neck-shaft angles and larger femoral
heads (Trinkaus, 1993; Pearson, 2000b; Holt, 2003; Trinkaus and
Ruff, 2012).

The very rich assemblage of H. naledi femora from the Dinaledi
Chamber (21 adult and eight immature specimens, representing a
minimum of eight mature and three immature individuals; Marchi
et al., 2017) provides a unique opportunity to characterize the
morphology and biomechanical properties of one species of Middle
Pleistocene African Homo. Recent studies have used femoral neck
and diaphyseal cross-sectional properties to make functional and
taxonomic inferences about fossil hominins (Trinkaus and Ruff,
2012; Ruff and Higgins, 2013; Ruff et al., 2015). Building upon
these previous results, the aims of this paper are: 1) to describe the
inner structure of the femoral neck and diaphysis through cross-
sectional geometric analysis; 2) to assess the femoral diaphyseal
strength and shape of H. naledi relative to the other members of the
genus Homo (and to a lesser degree to australopiths and apes); and
3) to infer the lower limb loading regimes of H. naledi.
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2. Materials and methods

2.1. The Dinaledi sample

The femoral specimens from the Dinaledi assemblage are
curated at the Evolutionary Studies Institute at the University of the
Witwatersrand (U.W. in the specimen numbers is after University
of the Witwatersrand) and have been described in detail elsewhere
(Marchi et al., 2017). Out of the total femoral sample, only adult
specimens that preserve key anatomical regions (shaft and/or neck)
were included in this study (n ¼ 9; Table 1). A subsample was used
for the structural analysis of the neck, which included specimens
that preserved enough of the proximal diaphysis to identify the
longitudinal axis of the diaphysis, as needed to orient the bone
following Ruff (2002). These requirements were met in three
specimens: U.W. 101-002, U.W. 101-398, and U.W. 101-1391.

Diaphyseal cross-sectional properties were evaluated on speci-
mens that preserved either the subtrochanteric or midshaft re-
gions, or both. Three specimens included the midshaft region (U.W.
101-003, U.W. 101-012, U.W. 101-268) and eight specimens
included the subtrochanteric region (U.W. 101-002, U.W. 101-003,
U.W.101-018, U.W.101-268, U.W.101-398, U.W.101-1136, U.W.101-
1391, U.W. 101-1475).
2.2. Comparative samples

The comparative sample consists of a wide array of individual
subsamples. The data are derived either from the literature or
directly from CT scans in samples that were collected by us, or
samples that are publicly available. Comparative samples for the
femoral neck include data on South African australopiths and early
Homo (Ruff and Higgins, 2013, certain neck data that we used and
were not reported in tables were derived from their published,
scaled images), recent modern humans from the Eneolithic, Bronze
Age, and Iron Age of central Europe (EN/IA group; Friedl, 2013),
Gorilla and Pongo from the digital collections of the Smithsonian
Institution, and additional metric ape data collected by one of us
(A.G.C.). Comparative samples for the diaphysis include recent
modern humans (data from Friedl, 2013), fossil hominins (data
from Ruff, 2008; Trinkaus and Ruff, 2012; Ruff et al., 2016), and
extant ape data (data from Ruff, 2002). More information on
comparative samples and individuals is listed in Supplementary
Online Material (SOM) Table S1. Some individuals of the compar-
ative EN/IA sample did not have complete neck. Though this did not
hamper the collection of diaphyseal cross sections, neck cross
sections could not be collected for these specimens. Therefore,
analyses on neck properties have been conducted on a subsample
Table 1
Raw cross-sectional diaphyseal properties for the Dinaledi femora.

Specimen Location TA MA CA

U.W. 101-002 subtrochanteric 401.0 145.7 255.
U.W. 101-003 midshaft 351.0 85.8 265.

subtrochanteric 422.5 96.3 326.
U.W. 101-012 midshaft 289.0 39.1 249.
U.W. 101-018 subtrochanteric 327.6 99.5 228.
U.W. 101-268 midshaft 361.4 64.9 296.

subtrochanteric 360.5 78.2 282.
U.W. 101-398 subtrochanteric 389.6 78.2 311.
U.W. 101-1136 subtrochanteric 323.1 74.5 248.
U.W. 101-1391 subtrochanteric 336.0 124.1 211.
U.W. 101-1475 subtrochanteric 416.2 73.3 342.

Abbreviations: TA¼ total area; MA¼medullary area; CA¼ cortical area; %CA¼ percent co
modulus; Ix ¼ anteroposterior second moment of area; Iy ¼ mediolateral second momen
of the total EN/IA sample showed in SOM Table S1. Members of the
genus Homo have been sorted into temporal/specific groups (SOM
Table S1): early Homo, Middle Paleolithic Modern Humans
(MPMH), Neandertals, Early Upper to Middle Upper Paleolithic
modern humans (EUP/MUP), and Eneolithic to Iron Age modern
humans (EN/IA).
2.3. CT acquisition and processing

Femoral specimens of the Dinaledi sample were CT-scanned
using two different setups. CT scans of preserved shafts were
scanned at the Department of Radiology, Charlotte Maxeke Hos-
pital, Johannesburg on a Philips Brilliance 64 CT medical scanner
(slice thickness 0.9 mm, slice increment 0.45, voltage 120 kV, cur-
rent 117 mA, reconstructing algorithm facial bone, pixel size
635 mm). Proximal femoral fragments were mCT-scanned on a Nikon
Metrology XTH 225/320 LC dual source industrial CT system at the
University of the Witwatersrand's Paleosciences Centre (voltage
70 kV, current 120 mA, no filter used, pixel size between 30 and
90 mm). The resolution of CT images might have an effect on the
precision of segmentation of the cortical bone from trabecular bone
or mineral infill. Therefore, whenever possible we used mCT scans
with higher resolution. This proved to be especially important for
the femoral neck where cortical bone is thinner than in shafts and
there is more trabecular bone that may be confused with cortical
bone. As a result, all data on the femoral neck ofH. naledi came from
mCT images. Data on femoral subtrochanteric and midshaft regions
are derived frommedical CT scans (with the exception of U.W. 101-
002 subtrochanteric level, which is also derived from mCT).
Although we are aware of the lower resolution of these images, it
should not disturb the reliability of the data since, contrary to the
structure of the neck, diaphyses contain significantly less trabecular
bone (if any) and it has been previously shown (Shaw and Ryan,
2012) that images with low resolution used for cross-sectional
analyses produce comparable results to high-resolution images.

Every specimen (i.e., the stack of slices) was oriented into
anatomical planes following Ruff (2002) before analysis in order to
extract information on anteroposteriorly and mediolaterally ori-
ented variables. Extraction of cross-sectional properties was carried
out in Fiji-ImageJ (Schindelin et al., 2012) using the BoneJ plugin
(Doube et al., 2010). The automatic segmentation tool available in
BoneJ, which works well in sections with a rather low volume of
trabecular bone, was used for diaphyses. A combination of auto-
matic and manual segmentation was used for the neck. In a few
instances small portions of cortical bone were missing and had to
be reconstructed (Fig. 1). In particular, for U.W. 101-1391 very small
portions of the cortical bone around the contour of the base of neck
%CA J Zp Ix Iy

2 63.7 22,605 1749 9087 13,518
1 75.5 18,582 1571 9181 9401
2 77.2 29,749 1957 13,008 16,741
9 86.5 13,510 1237 7887 5624
1 69.6 16,114 1342 6270 9844
6 82.1 20,388 1696 11,538 8850
3 78.3 19,887 1718 8345 11,542
5 79.9 23,673 1919 10,158 13,514
6 76.9 16,787 1314 6048 10,738
9 63.1 15,960 1338 6330 9630
9 82.4 29,420 1948 9099 20,321

rtical area (CA/TA *100); J¼ polar moment of area (J¼ Imaxþ Imin); Zp¼ polar section
t of area.



Figure 1. Sample of cross-sectional slices for the Dinaledi femoral neck specimens used in this study (upper two rows) and their binary threshold versions used for generating
geometrical properties (lower two rows).
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were missing (Fig. 1) and were reconstructed by connecting the
periosteal and endosteal contours from both sides of the gap. For
U.W. 101-002, the superoanterior cortex was missing at both mid-
neck and base of the neck and it was reconstructed by manually
drawing the cortex in Fiji-ImageJ. We followed the general tapering
of the cortex observed in the other two H. naledi specimens for
which the neck was sufficiently preserved (U.W. 101-398 and U.W.
101-1391) to estimate the cortical part missing (see Fig. 1).
2.4. Femur mechanical length estimation and placement of cross-
sectional levels in H. naledi specimens

Femoral mechanical length is necessary to locate midshaft and
subtrochanteric sections, as well as to size-standardize cross-
sectional properties (see below). As previously noted (Marchi et al.,
2017), all Dinaledi femora are fragmentary. However, using the
fragments available it was possible to estimate the mechanical
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length of two specimens (U.W.101-003 and U.W. 101-268). We first
created a composite specimen from the U.W.101-003 and U.W.102-
004dthe Lesedi Chamber specimen (Hawks et al., 2017), not
included in this studydbecause they are of very similar size and
shape and have overlapping regions (SOM Fig. S1). The composite
specimen includes the portion of the diaphysis between the lesser
trochanter and the intercondylar fossa. We measured the distance
between the most distal part of the lesser trochanter and the most
distal margin of the intercondylar fossa (FeLT-IF), in posterior view
(SOM Fig. S1) on our sample of complete Eneolithic and Bronze age
human femora (n ¼ 45) and calculated a regression formula to
estimate the femoral mechanical length (FeML) as defined in Ruff
(2002) of U.W. 101-003 (RMA regression: FeML ¼ 1.2561 * FeLT-IF
e 20.351, r2 ¼ 0.96). The estimated length of U.W. 101-003 using
the formula gave a mechanical length of 374.5 mm (95%
CI ± 42 mm). The fragmentary U.W. 101-268 specimen is extremely
similar in size and shape to the U.W. 101-003 specimen (SOM
Figure 2. Midshaft and subtrochanteric level cross sections for the eight Homo naledi speci
Fig. S2) so the same length estimate was used for both speci-
mens. U.W. 101-012 preserves less of the proximal shaft than the
other two specimens (see Marchi et al., 2017:Fig. 6) and thus we did
not feel confident in estimating length in this specimen.

Cross-sectional geometric (CSG) parameters were taken at
midshaft (50% of bone mechanical length) and at the sub-
trochanteric level of the diaphysis (80% of bone mechanical length
from distal; Fig. 2), while for the neckwe took data at its base and at
midneck (Fig. 3). We used two approaches for locating the diaph-
yseal midshaft and subtrochanteric levels. For U.W. 101-003 we
determined midshaft and subtrochanteric levels from the esti-
mated mechanical length. For U.W. 101-268 and for U.W. 101-012,
we approximated levels (only midshaft for U.W. 101-012, the sub-
trochanteric level was too damaged) by side-by-side comparison
with the U.W. 101-003 specimen. The proximal fracture of U.W.
101-003 and U.W. 101-268 specimens is just inferior to the lesser
trochanter (Marchi et al., 2017); we therefore placed the proximal
mens used in this study. Dotted lines show the major axis at the subtrochanteric level.



Figure 3. Base of neck (a) and midneck (b) location of the slices for the three Dinaledi proximal femora used in this study. Arrows show the estimated lateral margin of the femoral
head.
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portion of the two fossils at the same level in the frontal plane and
determined the midshaft and subtrochanteric levels of U.W. 101-
268 by side-by-side comparison with U.W. 101-003. As for U.W.
101-012, a “break in the bone distally has internal trabeculae
indicating proximity to the knee region” (Marchi et al., 2017:179).
Indeedwe can notice the beginning of the flaring of the diaphysis at
the distal break of U.W. 101-012 (Marchi et al., 2017:Fig. 6) and we
used such characteristic to position it side-by-side with the com-
bined U.W. 101-003 and U.W. 102-004 femur. We are aware that
using this empirical approach to obtain the midshaft level for U.W.
101-268 and for U.W. 101-012 is not as precise as in the case where
the entire shaft is available. However, CSG properties do not change
dramatically around the central portion of the diaphysis (Sl�adek
et al., 2010); therefore, we feel confident in using such an approx-
imation. Since U.W. 101-012 is not preserved proximally, the sub-
trochanteric level of the specimen could not be taken.

The second approach was applied to proximal femora that
preserve the neck and/or the proximal shaft (U.W. 101-002, U.W.
101-018, U.W.101-398, U.W.101-1136, U.W.101-1391 and U.W.101-
1475). From these, we derived femoral neck levels following a
slightly modified procedure described in Ruff and Higgins (2013).
Due to the lack of mechanical length estimates for these femora, the
subtrochanteric level was approximated as being 10 mm below the
lesser trochanter, in the region where there were no more detect-
able signs of the sloping of the lesser trochanter, following Ruff
et al. (1999).

Ruff and Higgins (2013) defined the base of neck as the level just
medial to the intertrochanteric line, avoiding the superior flaring of
the greater trochanter. The authors defined midneck as the
midpoint between the lateral margin of the articular surface of the
femoral head and the neck-shaft junction (medial edge of the
intertrochanteric line). Since the intertrochanteric line as well as
the neck-shaft junction are problematic to see and score on the
medical CT images of our comparative samples (EN/IA, gorilla, and
orangutan samples), we simplified the procedure by first orienting
the CT stack so that the slices run perpendicular to the long axis of
the neck, and then designating the slice just before the superior
flaring of the greater trochanter as the base of neck. The midneck
sectionwas subsequently determined as the midpoint between the
base of the neck and lateral margin of the femoral head. In order to
be consistent, we used this simplified procedure for our compara-
tive samples as well as for the Dinaledi sample. Figure 3 shows the
location of the base and midneck sections on the Dinaledi femora.
Since none of the three Dinaledi femora for which we have neck
data preserve the femoral head, we estimated the lateral margin of
the head. The three specimens preserved at least a small portion of
the neck cortex that showed where the head lateral margin was
most likely placed (Fig. 3).
2.5. Cross-sectional shape and strength parameters

The diaphyseal CSG properties used in this study were the
anteroposterior (AP) second moment of area (Ix) and the medio-
lateral (ML) second moment of area (Iy), proportional to AP and ML
bending rigidity, respectively. Those two variables were used to
calculate the diaphyseal shape index (Ix/Iy) of the femur at mid-
shaft. Maximum and minimum second moments of area (Imax and
Imin) were used to calculate the shape index (Imax/Imin) at the sub-
trochanteric level. Imax/Imin is a better shape indicator at the sub-
trochanteric level than Ix/Iy since the former does not reflect
variation in proximal femoral torsion and variation in the neck-
shaft angle (Ruff and Hayes, 1983; Holt, 2003; Child, 2017).
Cortical distribution in the femoral neck was assessed through
relative superior and inferior cortical thickness which is thought to
be indicative of the amount and direction of loading placed on the
neck (Ruff and Higgins, 2013) and through relative cortical area (%
CA ¼ CA/TA � 100, where CA is cortical area and TA is total area of
the cross section). %CA was also calculated for the diaphysis. The
cross-sectional variable Zp (section modulus) is used here to eval-
uate overall femoral strength. These parameters were calculated
directly from CT scans for the Dinaledi and Eneolithic to Iron Age
samples and taken from published sources for most of the
comparative samples (Ruff, 2002, 2008; Trinkaus and Ruff, 2012;
Ruff et al., 2016). Since Trinkaus and Ruff (2012) did not report Zp
for the subtrochanteric region in the hominin comparative sample,
it is calculated here as polar second moment of area (i.e., Ix þ Iy) to
the power of 0.73 following Ruff (2000a, 2002).

2.6. Size standardization

Mechanical loading of long bones is a function of physical ac-
tivity, body mass and bone length (Ruff, 2000a). To control the ef-
fect of body size, Zp was scaled by dividing it by the product of body
mass and bone mechanical length (Ruff, 2000a). Body mass of the
Dinaledi fossils was estimated elsewhere (Garvin et al., 2017) using
multivariate estimation methods. Garvin et al. (2017) estimated
body mass using two reference samples, one published in
Grabowski et al. (2015) based on hominin data and one that was
based on Garvin et al.'s (2017) own modern human data. We opted
for using Garvin et al.'s (2017) own bodymass estimates since those
fromGrabowski et al. (2015) likely lead to underestimating the true
body masses (Ruff et al., 2018). Following Garvin et al (2017: Ta-
ble 2), the body mass estimates used here are: U.W. 101-003 at
52.9 kg and U.W. 101-268 at 49.3 kg. Body mass of comparative
sample individuals was either taken from the literature (Ruff, 2002;
Trinkaus and Ruff, 2012) or, for our sample of recent modern
humans, estimated following Ruff et al. (2012) using sex-specific



Table 2
Comparison of femoral percent cortical area (%CA¼ cortical area/total area� 100) at
midshaft (above diagonal) and at the subtrochanteric region (below diagonal).a
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estimation formulae based on the superoinferior femoral head
diameter. For individuals with undetermined sex, the combined
formula was used.
Group H. naledi Early Homo MPMH Neandertals EUP/MUP EN/IA

H. naledi 0.60 0.38 0.76 0.16 0.07
Early Homo 0.54 0.89 0.84 0.85 0.73
MPMH 0.80 0.86 0.79 0.67 0.44
Neandertals 0.73 1.00 0.92 0.11 0.03
EUP/MUP 0.66 0.82 0.87 0.96 0.46
EN/IA 0.04 0.16 0.04 0.04 0.00

Abbreviations: MPMH ¼ Middle Paleolithic modern humans; EUP/MUP ¼ Early
Upper to Middle Upper Paleolithic modern humans; EN/IA ¼ Eneolithic to Iron Age
humans.

a Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
2.7. Statistical treatment

Due to the small sample size of the fossil material, comparisons
between samples were done with the non-parametric Kruskal-
Wallis test and the pairwise differences were elucidated through
Mann-Whitney U-tests. Although it is common practice to correct
for the increased likelihood of making Type I errors in multiple
comparisons by adjusting the alpha level (e.g., Bonferroni correc-
tion in which the a level is divided by the number of tests per-
formed), we have opted not to do so. Bonferroni corrections are
extremely conservative and increase the Type II error rate. Given
that we are dealing with small fossil sample sizes (providing little
statistical power), and given that non-parametric tests have less
power to detect between group differences than do parametric
tests, the addition of a conservative Bonferroni adjustment would
make it all but impossible to detect significant differences between
groups. All the statistical analyses were performed in PAST v. 3.14
(Hammer et al., 2001).
3. Results

3.1. Diaphyseal properties

Table 1 reports raw CSG diaphyseal values for the Dinaledi
femora. Figure 4 shows distribution of %CA among hominins for
midshaft and subtrochanteric regions. The samples are not signif-
icantly different at midshaft (Kruskal-Wallis: c2 ¼ 7.48, p ¼ 0.19),
although H. naledi shows on average higher values than the other
samples (Fig. 4a). In the subtrochanteric region, H. naledi shows
among the highest values for %CA but it is significantly greater only
compared to the EN/IA sample, which shows significantly lower
%CA that the major part of the other samples (Mann-Whitney
pairwise comparison; Fig. 4b; Table 2).

Table 3 shows descriptive statistics of femoral midshaft and
subtrochanteric shape indices of H. naledi compared to the other
hominins and apes. H. naledi femoral midshaft is anteroposteriorly
elongated (Ix/Iy > 1) and similar to later Pleistocene hominins such
Figure 4. Femoral midshaft (a) and subtrochanteric (b) percent cortical area (%CA ¼ cortical a
median (dark horizontal line), upper and lower quartile (boxes) and range (whiskers). Blac
as MPMH and EUP/MUP (Fig. 5a). Great apes and early Homo
display strongly mediolaterally expanded midshaft cross sections,
while Neandertals and EN/IA have a shape close to circularity. There
are overall significant differences between samples (Kruskal-
Wallis: c2 ¼ 107.6, p < 0.01): H. naledi shows significantly greater
values than apes but no significant difference is present when
compared with the other hominins (Table 4).

The femoral subtrochanteric shape of H. naledi (no comparison
with apes was possible for this location; Table 3) is similar to that of
earlier hominins (Australopithecus afarensis and H. erectus) as well
as to Upper Paleolithic and recent modern humans (EUP/MUP and
EN/IA samples) in having a relatively large ratio (Table 3; Fig. 5b).
An overall significant difference between samples is apparent
(Kruskal-Wallis: c2 ¼ 27.5, p < 0.01) and H. naledi displays signifi-
cantly larger ratio than MPMH and Neanderthals (Table 4).

Table 5 shows midshaft and subtrochanteric descriptive statis-
tics of Zp standardized by the product of bodymass and bone length
for H. naledi and the comparative samples. The Dinaledi specimens
show the smallest mean Zp values at midshaft compared to the
samples analyzed here, with only the early Homo sample having a
mean (and median) similar to H. naledi (though great overlap in
individual values is present among groups; Fig. 6a). Significant
overall differences were detected between hominin samples
(Kruskal-Wallis: c2 ¼ 15.7, p < 0.01); pairwise comparisons show
H. naledi to differ fromNeandertals (who also differed from some of
the other samples; Table 6). When apes are added to the analysis,
the overall difference is highly significant (c2 ¼ 38.2, p < 0.01) with
rea/total area � 100) distribution among samples. The box-and-whisker plots show the
k circles represent the value for each specimen.



Table 3
Descriptive statistics for the femoral midshaft and subtrochanteric shape index (Ix/Iy, see text for explanation).

Group Location n Mean SE SD Median CV Min Max

H. naledi midshaft 3 1.23 0.13 0.22 1.30 18.16 0.98 1.40
subtrochanteric 8 0.65 0.04 0.11 0.66 16.44 0.45 0.78

Early Homo midshaft 4 0.79 0.09 0.17 0.80 21.69 0.59 0.96
subtrochanteric 3 0.50 0.03 0.05 0.47 10.72 0.46 0.56

MPMH midshaft 4 1.54 0.11 0.22 1.51 14.06 1.32 1.81
subtrochanteric 4 0.98 0.09 0.18 1.03 18.70 0.72 1.14

Neandertals midshaft 11 0.93 0.03 0.12 0.94 12.37 0.70 1.11
subtrochanteric 7 0.82 0.04 0.10 0.84 11.92 0.67 0.91

EUP/MUP midshaft 20 1.41 0.07 0.30 1.44 21.10 0.86 1.91
subtrochanteric 25 0.73 0.03 0.15 0.72 20.33 0.50 1.03

EN/IA midshaft 45 1.00 0.03 0.20 0.97 19.56 0.66 1.46
subtrochanteric 45 0.93 0.04 0.26 0.88 27.56 0.48 1.82

Pan midshaft 23 0.81 0.04 0.21 0.74 26.36 0.51 1.43
Gorilla midshaft 20 0.58 0.02 0.08 0.58 14.13 0.44 0.72
Pongo midshaft 20 0.60 0.02 0.09 0.60 14.70 0.46 0.74

Abbreviations: MPMH ¼ Middle Paleolithic modern humans; EUP/MUP ¼ Early Upper to Middle Upper Paleolithic modern humans; EN/IA ¼ Eneolithic to Iron Age humans.

Figure 5. Femoral midshaft (a) Ix/Iy and subtrochanteric (b) Imax/Imin shape indices distribution among hominin and ape samples. The box-and-whisker plots show the median
(dark horizontal line), upper and lower quartile (boxes) and range (whiskers). Black circles represent the value for each specimen.

Table 4
Comparisons of femoral shape index (Ix/Iy see text for explanation) at midshaft (above diagonal) and at the subtrochanteric region (below diagonal).a

H. naledi Early Homo MPMH Neanderthals EUP/MUP EN/IA Pan Gorilla Pongo

H. naledi 0.05 0.11 0.06 0.29 0.07 0.02 0.01 0.01
Early Homo 0.08 0.03 0.17 0.00 0.08 0.92 0.02 0.04
MPMH 0.03 0.05 0.01 0.56 0.00 0.00 0.00 0.00
Neandertals 0.02 0.02 0.11 0.00 0.55 0.03 0.00 0.00
EUP/MUP 0.30 0.01 0.03 0.08 0.00 0.00 0.00 0.00
EN/IA 0.00 0.01 0.60 0.35 0.00 0.00 0.00 0.00
Pan 0.00 0.00
Gorilla 0.49

Abbreviations: MPMH ¼ Middle Paleolithic modern humans; EUP/MUP ¼ Early Upper to Middle Upper Paleolithic modern humans; EN/IA ¼ Eneolithic to Iron Age humans.
a Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
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pairwise differences variably significant between individual great
ape species and hominin samples (Table 6), and H. naledi signifi-
cantly different from Pan and Gorilla, but not Pongo.

At the subtrochanteric region, the Kruskal-Wallis test yielded an
overall significant difference (c 2 ¼ 20.2, p < 0.01) between groups.
The Dinaledi Chamber specimens again have the smallest mean
(and median) values of subtrochanteric robusticity of all the groups
(Fig. 6b). In multiple comparisons, H. naledi shows significantly
smaller subtrochanteric Zp than the EN/IA group, which together
with Neandertals show significant higher values than MPMH and
EUP/MUP (Table 7).
3.2. Properties of the neck

Table 7 shows raw cross-sectional data and linear dimensions of
the neck for the Dinaledi femora. The comparative samples for the
neck analyses differ from those used for the diaphysis. The only
sample used for both the diaphysis and neck is the Eneolithic to
Iron Age modern humans. Ape data are derived only from the
museum specimens for whichwewere able to get CT scans or direct
measurements. Table 8 shows descriptive statistics for the base and
midneck %CA. Homo naledi shows the highest femoral neck %CA
among hominins at both locations, and only Pongo shows higher



Table 5
Descriptive statistics for the midshaft and subtrochanteric size-standardized polar section modulus (Zp).a

Group Location n Mean SE SD Median CV Min Max

H. naledi midshaft 2 856 62.8 88.8 856 10.4 793 919
subtrochanteric 2 959 28.8 40.7 959 4.2 930 988

Early Homo midshaft 4 928 95.9 191.7 912 20.7 734 1154
subtrochanteric 3 1148 29.9 51.8 1161 4.5 1091 1193

MPMH midshaft 4 1324 155.9 311.7 1281 23.5 1021 1713
subtrochanteric 4 1096 62.7 125.3 1092 11.4 954 1244

Neandertals midshaft 11 1291 70.0 232.0 1343 18.0 991 1655
subtrochanteric 7 1320 56.8 150.3 1360 11.4 1069 1525

EUP/MUP midshaft 20 1111 47.1 210.8 1068 19.0 751 1652
subtrochanteric 20 1126 41.2 184.3 1092 16.4 879 1533

EN/IA midshaft 45 1063 21.6 144.8 1068 13.6 601 1327
subtrochanteric 45 1296 27.4 184.0 1308 14.2 764 1667

Pan midshaft 23 1217 40.2 192.8 1214 15.8 884 1631
Gorilla midshaft 20 1424 79.0 353.4 1293 24.8 1038 2379
Pongo midshaft 20 1214 60.2 269.2 1177 22.2 833 1776

Abbreviations: MPMH ¼ Middle Paleolithic modern humans; EUP/MUP ¼ Early Upper to Middle Upper Paleolithic modern humans; EN/IA ¼ Eneolithic to Iron Age humans.
a Calculated as [Zp/(body mass � femoral biomechanical length)] � 10,000.

Figure 6. Distribution of femoral midshaft (a) and subtrochanteric (b) polar section modulus (Zp) standardized by a product of body mass (BM) and femur mechanical length
(FeBML) for hominin and ape samples. The box-and-whisker plots show the median (dark horizontal line), upper and lower quartile (boxes) and range (whiskers). Black circles
represent the value for each specimen.

Table 6
Comparisons of femoral midshaft (above diagonal) and subtrochanteric (below diagonal) size-standardized polar section modulus (Zp).a,b

H. naledi Early Homo MPMH Neanderthals EUP/MUP EN/IA Pan Gorilla Pongo

H. naledi 0.82 0.11 0.04 0.10 0.05c 0.04 0.03 0.08
Early Homo 0.15 0.11 0.04 0.11 0.12 0.03 0.01 0.03
MPMH 0.25 0.60 0.74 0.20 0.12 0.56 0.67 0.67
Neandertals 0.06 0.11 0.05 0.05 0.01 0.38 0.42 0.40
EUP/MUP 0.19 0.75 0.97 0.03 0.53 0.06 0.00 0.16
EN/IA 0.03 0.07 0.03 0.73 0.00 0.00 0.00 0.02
Pan 0.07 0.67
Gorilla 0.04

Abbreviations: MPMH ¼ Middle Paleolithic modern humans; EUP/MUP ¼ Early Upper to Middle Upper Paleolithic modern humans; EN/IA ¼ Eneolithic to Iron Age humans.
a Calculated as [Zp/(body mass � femoral biomechanical length)] � 10,000.
b Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
c Nonsignificant difference at a ¼ 0.05 before rounding.
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values thanH. naledi. There are overall highly significant differences
between samples in %CA at the base as well as at the midneck
(Kruskal-Wallis: c2 ¼ 23.3, p < 0.01 for the base and c2 ¼ 22.5,
p < 0.01 for the midneck). Mann-Whitney pairwise comparisons
show for H. naledi significantly greater values than for the other
hominins at the base of the neck and at midneck, and significantly
lower values at the base of the neck and no significant difference at
the midneck compared to Pongo (Table 9). Figure 7 shows the dis-
tribution of %CA among the groups.

Table 10 shows summary statistics of superoinferior cortex ra-
tios of H. naledi compared to the other samples at the base of the
neck and midneck. In both the base and midneck there are overall



Table 7
Raw neck cross-sectional properties of the Dinaledi femora.a

Specimen Location TA MA CA %CA J Zp DSI DAP Sup cortex Inf cortex S/I ratio

U.W. 101-00 base 356.6 221.1 135.4 38.0 11,649 579 28.1 18.6 0.6 5.3 0.12
midneck 256.1 172.3 83.8 32.7 5539 369 22.2 15.0 0.8 2.8 0.29

U.W. 101-398 base 328.3 181.6 146.7 44.7 12,785 746 25.6 19.6 1.6 6.5 0.25
midneck 276.4 166.1 110.3 39.9 8394 642 21.3 17.7 2.3 5.4 0.43

U.W. 101-1391 base 358.6 236.4 122.2 34.1 10,582 554 27.1 20.1 0.6 4.8 0.13
midneck 302.2 199.9 102.3 33.9 7893 557 23.0 18.7 1.1 3.8 0.29

Abbreviations: TA¼ total area; MA¼medullary area; CA¼ cortical area; %CA¼ percent cortical area (CA/TA *100); J¼ polar moment of area (J¼ Imaxþ Imin); Zp¼ polar section
modulus; DSI ¼ superoinferior diameter of the neck; DAP ¼ anteroposterior diameter of the neck; Sup cortex ¼ thickness of superior cortex; Inf cortex ¼ thickness of inferior
cortex; S/I ratio ¼ Sup cortex/Inf cortex.

a Linear dimensions in mm (DSI, DAP, Sup cortex and Inf cortex), areas in mm2, polar moment of area in mm4, polar section modulus mm3.

Table 8
Descriptive statistics for the base and midneck percent cortical area (%CA).a

Group Location n Mean SE SD Median CV Min Max

H. naledi base of neck 3 38.9 3.1 5.4 38.0 13.8 34.1 44.7
midneck 3 35.5 2.2 3.9 33.9 10.9 32.7 39.9

Australopithecusb base of neck 5 23.9 2.6 5.8 21.7 24.3 19.6 33.9
midneck 8 21.8 1.6 4.5 21.9 20.5 16.1 28.4

EN/IA base of neck 27 28.8 0.7 3.4 29.1 11.8 23.0 34.3
midneck 27 26.0 0.9 4.8 25.7 18.4 16.2 38.0

Pongo base of neck 6 69.7 5.0 12.1 70.7 17.4 53.8 87.1
midneck 6 51.9 5.7 14.1 48.1 27.1 37.9 70.3

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Calculated as cortical area/total area � 100.
b Australopithecus africanus and Australopithecus robustus.
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highly significant differences between samples (Kruskal-Wallis:
c2 ¼ 29.5, p < 0.01 for the base and c2 ¼ 33.2, p < 0.01 for the
midneck). The Dinaledi hominins display the lowest ratio among
the comparative hominin and ape samples at the base of the neck
(Fig. 8a), meaning H. naledi has relatively (to the superior) thicker
inferior cortex. They fall below the distribution of South African
australopiths and overlap with the lower quartile range of modern
humans. Great apes show significantly higher ratios displaying on
average equal amounts of cortical bone superiorly and inferiorly
(Table 11). A similar pattern is present at midneck, though we
observe a larger overlap of H. naledi with modern humans (Fig. 8b;
Table 11).

For the femoral neck SI to AP breadths analysis, we compared
H. naledi to the EN/IA, australopiths, Gorilla, Pan, and Pongo sam-
ples. We also used data on South African australopiths and early
Homo from Ruff and Higgins (2013:Table 2), which were not
included in the previous analyses. Table 12 shows statistics for the
neck SI to AP breadth ratios across samples. Homo naledi shows the
second highest (after australopiths) ratio (Fig. 9). There are overall
significant differences in the SI to AP breadth ratio between sam-
ples (Kruskal-Wallis: c2 ¼ 27.3, p < 0.01). In the pairwise compar-
isons though, significant differences appear mainly between
australopiths and other groups (Table 13).
Table 9
Comparisons of percent cortical area (%CA ¼ cortical area/total area � 100) at the
base of neck (above diagonal) and at midneck (below diagonal).a

H. naledi Australopithecusb H. sapiens Pongo

H. naledi 0.04 0.01 0.03
Australopithecusb 0.02 0.04 0.01
EN/IA 0.02 0.05 0.00
Pongo 0.09 0.00 0.00

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
b Australopithecus africanus and Australopithecus robustus.
4. Discussion

4.1. Femoral shaft

H. naledi possesses relatively thick cortex at midshaft (high
percent cortical area values) similar to Early andMiddle Pleistocene
hominins and Neandertals. The amount of cortical bone in the
femoral shafts of different Homo species has been shown to vary
only slightly over the course of the Pleistocene. At both midshaft
and subtrochanteric levels, there is a slight decrease of thickness at
the end of the Pleistocene and into the Holocene (Trinkaus and Ruff,
2012). The reasons why Early andMiddle Pleistocene hominins and
Neandertals have thicker cortices are still not well understood,
primarily due to the complicated processes by which cortical bone
is formed during ontogeny and adult. The amount of cortical bone
reflects rates of subperiosteal and endosteal apposition and
resorption (Ruff and Hayes, 1983, 1988; Feik et al., 2000; Russo
et al., 2006; Allen et al., 2012), which themselves are driven by
many external and internal factors (e.g., levels of circulating hor-
mones, body mass, activity, health status; Ruff et al., 1994; Moro
et al., 1996; van der Meulen et al., 1996; Lieberman, 1997;
Pearson and Lieberman, 2004; Devlin et al., 2010; Devlin, 2011;
Baab et al., 2018).

Femoral midshaft shape indices (anteroposterior to medio-
lateral proportions expressed through the ratio of second moments
of area, Ix/Iy) are more indicative of functional aspects than percent
cortical areas since they reflect the amount of loading through the
shaft in a specific direction (Ruff, 2000b). Homo naledi shows a
midshaft shape index greater than one, meaning their ante-
roposterior femoral rigidity is higher than mediolateral rigidity.
This has been interpreted in the past as a signature of highly mobile
populations (Ruff et al., 1984; Sl�adek et al., 2006a; Sparacello et al.,
2011). The Dinaledi hominins are similar to the Middle Paleolithic,
Early and Middle Upper Paleolithic and, to a lesser degree, to the
Eneolithic to Iron Age modern humans, which are considered
(especially the Paleolithic ones) relatively highly mobile groups



Figure 7. Femoral base of neck (a) and midneck (b) percent cortical area (%CA) distribution among samples. The box-and-whisker plots show the median (dark horizontal line),
upper and lower quartile (boxes) and range (whiskers). Black circles represent the value for each specimen.

Table 10
Descriptive statistics for the base and midneck superoinferior cortex ratios.

Group Location n Mean SE SD Median CV Min Max

H. naledi base of neck 3 0.17 0.04 0.07 0.13 43.41 0.12 0.25
midneck 3 0.34 0.05 0.08 0.29 24.01 0.29 0.43

Australopithecusa base of neck 5 0.40 0.03 0.06 0.42 14.81 0.31 0.47
midneck 8 0.67 0.07 0.19 0.59 28.75 0.50 1.05

EN/IA base of neck 27 0.46 0.04 0.21 0.43 46.41 0.18 1.00
midneck 27 0.47 0.04 0.19 0.45 41.60 0.25 1.33

Pan base of neck 4 1.03 0.11 0.22 1.04 21.79 0.79 1.24
midneck 4 0.81 0.13 0.26 0.73 32.74 0.59 1.19

Gorilla base of neck 4 1.04 0.27 0.53 0.96 51.10 0.48 1.75
midneck 4 0.93 0.12 0.24 0.89 25.98 0.67 1.25

Pongo base of neck 6 1.55 0.23 0.56 1.47 36.07 0.95 2.28
midneck 6 1.01 0.12 0.31 0.94 30.26 0.69 1.43

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Australopithecus africanus and Australopithecus robustus.

Figure 8. Femoral base of neck (a) and midneck (b) superior/inferior cortex ratio distribution among samples. The box-and-whisker plots show the median (dark horizontal line),
upper and lower quartile (boxes) and range (whiskers). Black circles represent the value for each specimen.
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Table 11
Comparisons of the superoinferior cortex ratios at the base of the neck (above diagonal) and at midneck (below diagonal).a

H. naledi Australopithecusc H. sapiens Pan Gorilla Pongo

H. naledi 0.04 0.02 0.05b 0.05b 0.03
Australopithecusc 0.02 0.82 0.02 0.02 0.01
EN/IA 0.06 0.00 0.00 0.02 0.00
Pan 0.05 0.20 0.00 1.00 0.11
Gorilla 0.05 0.07 0.00 0.47 0.24
Pongo 0.03 0.02 0.00 0.29 0.75

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
b Nonsignificant difference at a ¼ 0.05 before rounding.
c Australopithecus africanus and Australopithecus robustus.

Table 12
Descriptive statistics for the femoral neck superoinferior to anteroposterior
(superoinferior/anteroposterior) breadth ratios.

Group n Mean SE SD Median CV Min Max

H. naledi 3 1.31 0.09 0.16 1.23 11.90 1.20 1.49
Australopithecusa 19 1.35 0.03 0.13 1.34 9.52 1.13 1.63
EN/IA 27 1.13 0.02 0.12 1.12 10.41 0.93 1.36
Gorilla 4 1.21 0.02 0.04 1.22 3.04 1.17 1.25
Pan 4 1.20 0.03 0.07 1.21 5.68 1.12 1.28
Pongo 6 1.24 0.05 0.11 1.24 8.87 1.10 1.38

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Australopithecus africanus and Australopithecus robustus.

Table 13
Comparisons for the femoral neck superoinferior to anteroposterior breadth ratios.a.

Australopithecusb H. sapiens Gorilla Pan Pongo

H. naledi 0.44 0.05 0.60 0.38 0.70
Australopithecusb 0.00 0.03 0.03 0.08
EN/IA 0.09 0.21 0.05
Gorilla 0.89 0.75
Pan 0.59

Abbreviations: EN/IA ¼ Eneolithic to Iron Age humans.
a Mann-Whitney pairwise comparison, raw p values. Significant values bolded.
b Australopithecus africanus and Australopithecus robustus.
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among modern humans (Holt, 2003; Sl�adek et al., 2006a, 2006b;
Holt and Formicola, 2008; Marchi et al., 2011). The femoral mid-
shaft shape index is also correlated to pelvic breadth (Shaw and
Stock, 2011). It has been shown that H. erectus and Neandertals
have mediolaterally stronger femoral diaphyses due to their
increased hip breadth (Ruff, 1995; Weaver, 2003). Wider hips in-
fluence primarily the proximal femur through longermoment arms
but it is detectable also at midshaft (Ruff, 1995). Shaw and Stock
(2011) found that among Late Pleistocene and Holocene hunter-
Figure 9. Femoral neck superoinferior (SI) to anteroposterior (AP) neck breadth ratio distri
line), upper and lower quartile (boxes) and range (whiskers). Black circles represent the va
gatherers there is a significant negative correlation between Ix/Iy
ratio and pelvic breadth standardized for body mass (as pelvic
breadth increases, the Ix/Iy decreases, meaning the shaft becomes
stronger in mediolateral relative to anteroposterior direction).
Femoral Ix/Iy ratio of H. naledi aligns with modern human groups,
which have rather narrow pelves optimized for bipedal efficiency.
However, discerning whether midshaft shape in H. naledi reflects
more habitual activities or the influence of pelvic configuration is
impossible at present because H. naledi pelvic breadth is not yet
known. Themarked difference betweenH. naledi and any of the ape
bution among samples. The box-and-whisker plots show the median (dark horizontal
lue for each specimen.
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taxa is easier to understand since all of the apes are clearly not as
closely related toH. naledi as are hominins and have rather different
locomotor and postural behaviors (Schultz, 1930; Andrews, 1981),
generally causing the forces running through the femoral midshaft
to be primarily multilateral to more mediolaterally oriented due to
specific position of their femora (e.g., lacking the distal inver-
siondknees at or closely approaching to the midsagittal plane).

Subtrochanteric Imax/Imin ratio in H. naledi is rather pro-
nounced and resembles that of EUP/MUP, EN/IA, as well as early
Homo and A. afarensis groups. Similarly to what is observed for
midshaft Ix/Iy ratio, the Middle Paleolithic groups are significantly
different from H. naledi, though both groups show substantially
rounder subtrochanteric region (at midshaft, the MPMH deviated
substantially from circularity as opposed to Neandertals). There is
a very good concordance between subtrochanteric Imax/Imin and
Ix/Iy ratios (r2 ¼ 0.9, p < 0.01, results not presented here) in
H. naledi (with the exception of U.W. 101-003, see below). The
major axis runs at or very close to the mediolateral axis of the
shaft (Fig. 2) indicating mediolateral expansion and ante-
roposterior compression of the shaft at this level. Such trait is
similar to what is found in australopiths (and early Homo) and
different from later Homo and has been explained as the result of
larger mediolateral loads in the proximal femur in the formers
(Ruff, 1995; Ruff and Higgins, 2013; Ruff et al., 2016). In U.W. 101-
003 Imax/Imin and Ix/Iy are quite dissimilar. The specimen pre-
serves most of its diaphysis but lacks the neck and head. It could
have a pronounced head-neck anteversion causing the major axis
to be rotated more anteriorly but at present we cannot ascertain
its original configuration and therefore the possible reason of the
difference of this specimen from the other H. naledi. Though a
similar subtrochanteric Imax/Imin ratio is present in early Homo
(and H. naledi) as well as in Upper Paleolithic and Holocene
modern humans, the functional significance of this trait is not the
same. While for both H. naledi and early Homo, and for modern
humans the major axis of the cross section is oriented mainly
mediolaterally, in modern humans (regression between Imax/Imin
and Ix/Iy ratios, r2 ¼ 0.00, p < 0.92) we observe a greater vari-
ability in the major axis orientation (SOM Fig. S4). This result
suggests that the subtrochanteric Imax/Imin ratio of H. naledi reflect
functional similarity between its hip region and that of austral-
opiths and early Homo (Ruff, 1995; Ruff and Higgins, 2013; Ruff
et al., 2016) rather than later modern humans. Given the inter-
relatedness of the hip traits (femoral neck length, neck-shaft
angle, and biacetabular breadth) through effective muscle action
during bipedal locomotion (Ruff, 1995), once some of them un-
derwent evolutionary change, the others likely followed soon
afterwards to retain integration and functionality of the whole
hip region. We suggest that the similarity between H. naledi and
australopiths (and early Homo) in subtrochanteric diaphyseal
shape might reflect the fact that the evolutionary transformation
of the hip that eventually lead to modern humans had not been
initiated (or completed) in the lineage leading to H. naledi.

H. naledi has a relatively more gracile femoral diaphysis (as
expressed by Zp), which is most similar to Early Pleistocene early
Homo and Holocene modern humans. In contrast, Middle to Late
Pleistocene groups show a trend toward a relatively more robust
femoral diaphysis (Pearson, 2000a, 2000b; Holt, 2003; Trinkaus
and Ruff, 2012; Friedl et al., 2016). This increased femoral diaphy-
seal robusticity was hypothesized to be correlated with a colder
climate (Pearson, 2000a; Stock, 2006). Accordingly, the relatively
gracile skeleton of H. naledi is not surprising in the context of
generally warm origins. However, as Ruff and Larsen (2014) note,
correlation of robusticity parameters with climate is likely a
reflection of variation in body breadth and not a direct relationship
between robusticity and climate.
Comparisons with apes reveal that the medium-sized apes (i.e.,
Pan and Pongo) overlap with both, smaller and larger-bodied
hominins, including H. naledi. Gorilla appears slightly more robust
than H. naledi and is similar to some larger-bodied hominins
(MPMH and Neandertals). These conclusions may, however, be
slightly influenced by the fact that only in hominins the polar
sectionmodulus scales isometrically with the product of bodymass
and bone length. In all the other apes, the scaling follows negative
allometry (ordinary least squares regression; SOM Table S2; SOM
Fig. S3).

4.2. Femoral neck

While the overall internal morphology of the femoral shaft in
H. naledi cannot be described as particularly deviating from mor-
phologies seen in other hominin groups, the internal neck
morphology showed some substantial differences. The femoral
neck of H. naledi contains larger quantities of cortical bone than in
australopiths and modern humans, and similar amounts to Gorilla.
The difference in %CA between H. naledi and australopiths may in
part be caused by the differential methods of reconstruction be-
tween the present study, which utilized mCT, and the not-so-well
preserved australopith proximal femora presented in Ruff and
Higgins (2013), which utilized conventional medical CT and were
used here as a source of data. Only Pongo has more cortical bone in
its neck with H. naledi falling in the lower range of its distribution.
Further, the ratio between the superior and inferior cortical thick-
ness is the lowest among comparative hominin and ape samples
analyzed here, only partially overlapping with modern humans.
These two features are directly related because the inferior cortex is
very thick causing the overall volume of cortical bone to be large as
well as the S/I ratio being very low.

Ruff and Higgins (2013) proposed that the increased SI to AP
breadth and relatively thicker superior cortex of the femoral neck is
related to increased SI bending forces consequent to more
vertically-oriented joint reaction forces. A long femoral neck would
also lead to increased SI breadth due to larger bending moments,
and the rather low neck-shaft angle (on average 117� in H. naledi;
Marchi et al., 2017) would contribute to the increase of the neck SI
diameter as well. Homo naledi shares these latter features with
australopiths and some early Homo specimens, so one could be
tempted to interpret this as evidence of an australopith-like mode
of bipedal locomotion where the body's center of gravity is hy-
pothesized to have been tilted laterally a little more than what is
typical for Homo sapiens (see Ruff and Higgins, 2013).

However, the results of the present study show that the S/I
cortex ratio of H. naledi significantly deviates from the australopith
pattern towards what is typical of H. sapiens (which is an obligate
terrestrial biped), and possibly indicates human-like (as opposed to
more vertical, sensu Ruff and Higgins, 2013) joint reaction forces
and an absence of such tilting. There are at least a few factors that
complicate our ability to explain the observed pattern in the
H. naledi femoral neck. First, the cortical distribution in the femoral
neck is influenced not only by the forces running through it but also
by the distribution and density of trabecular bone inside the neck.
The trabecular bone might be more informative of the actual
loading patterns than the cortical bone since the former remodels
at much higher rate than the latter (Eriksen, 2010) and it may also
provide structural stiffness up to 50% of the loads to which the neck
is subjected (Lotz et al., 1995). However, several studies of anthro-
poid primates with different modes of locomotion failed to find a
clear correlation between trabecular structure (including in the
femoral neck) and predicted loading patterns (Fajardo et al., 2007;
Scherf, 2008; Cotter et al., 2009; Ryan and Walker, 2010; DeSilva
and Devlin, 2012; Schilling et al., 2013; but see Ryan et al., 2018).
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Second, the femoral neck is subject to constraints on multiple
levels. As summarized in Kivell (2016), there are lower and upper
thresholds for trabecular bone densitydto prevent neck fracture
and to allow for metabolic and haematopoietic functions (Lotz
et al., 1995; Fox and Keaveny, 2001; Currey, 2002) das well as ki-
nematic limitations on the overall dimensions and cortical thick-
ness of the neck to allow for an optimal functioning of the hip joint
(Fox and Keaveny, 2001). Given these limitations, Fox and Keaveny
(2001) modeled a functional adaptation of the femoral neck
focusing on the eccentric placement of its trabecular bone. The
authors hypothesized that the eccentricity resulting in thin supe-
rior and thick inferior cortex helps to mitigate risks of fracture by
making the inferior aspect of the neck stronger to sustain
compressive forces while leaving the superior portion a little more
vulnerable to tensile forces, however, not excessively. In their view,
such an adaptation might be helpful in maintaining the structural
rigidity of the neck even in the face of age-related changes leading
to increased risk of fractures.

In summary, the femoral neck in H. naledi is rather similar to
earlier hominins externally (with the exception of the autapomor-
phic presence of twopillars on the superior neck) and reminiscent of
later Homo internally. It is another example of a mosaic nature of
morphological evolution throughout the hominin lineage. However,
it may be possible that both aspects are functionally related through
the presence of the two bony pillars on the superior aspect of the
neck of H. naledi previously described by Marchi et al. (2017). The
slight vulnerability of the superior cortex to tensile forces (sensu Fox
and Keaveny, 2001) due to the eccentric placement of trabecular
bone inside the neck might in fact be counterbalanced by the pres-
ence of the superior bony pillars, especially in a hip joint arrange-
ment similar to that of australopiths for H. naledi, as suggested by
VanSickle et al. (2018), in which hip joint reaction forces are more
vertically oriented and produce higher tensile strains on the supe-
rior aspect of the neck (Frankel, 1960; Ruff and Higgins, 2013).
Further experimental studies are necessary to test this hypothesis.

Separating phylogenetic signal from functional aspects in
morphological characteristics is always a difficult task (Felsenstein,
1985). Especially at low taxonomic levels (ranks) where individual
taxa share not only a recent common ancestor but also the pro-
pensity for morphological similarities derived from similar ge-
nomes (parallelism). Thus, efforts to separate these two aspects are
often met with a varying degree of failure (Motani and Schmitz,
2011; Holliday and Friedl, 2013; Ib�a~nez-Gimeno et al., 2014). One
way to minimize the chances of such failure is to abandon efforts to
strictly separate phylogenetic and functional aspects of
morphology, and rather take them as a unit documenting unique
evolutionary trajectory of specific taxa. The case of H. naledi is
illustrative in this respect. Given what we know about this species,
some morphologies have been described as archaic and shared
with australopiths (e.g., body mass, brain volume, morphology of
the shoulder and thorax, manual phalanges and proximal femur;
Kivell et al., 2015; Feuerriegel et al., 2017; Garvin et al., 2017;Marchi
et al., 2017; Williams et al., 2017), while other traits are shared with
later members of the genus Homo (e.g., body size dimorphism, limb
proportions, wrist morphology, leg and foot morphology;
Harcourt-Smith et al., 2015; Kivell et al., 2015; Garvin et al., 2017;
Marchi et al., 2017). Taken together, these unique mosaic combi-
nations of traits not seen in related taxa tell us that H. naledi, given
its relatively young geological age (236e335 ka; Dirks et al., 2017),
must have evolved through a relatively unique evolutionary
pathway (Berger et al., 2017). Other recent fossil hominin discov-
eries from different geographic regions and temporal periods (such
as Homo floresiensis; Brown et al., 2004) also support the reality
that there was greater diversity in the evolution of hominin line-
ages than previously appreciated.
On the basis of the overall anatomy of the pelvis and lower limb
(Harcourt-Smith et al., 2015; Marchi et al., 2017; VanSickle et al.,
2018), there is little doubt that H. naledi was a proficient bipedal
walker. However, the present analysis as well as previous analyses
of the femoral and pelvic morphology (Marchi et al., 2017;
VanSickle et al., 2018) show that there are characteristics (e.g.,
lateral iliac flare and external femoral neck morphology) that are
not only plesiomorphic but also functionally related to a form of
bipedalism practiced by australopiths with a more pronounced
lateral tilting of the body's center of gravity (Stern and Susman,
1983; Ruff and Higgins, 2013). This, however, stands in contrast
to the evidence from the foot that points to an advanced form of
bipedalism, in which body weight is transferred through the hallux
preventing the lateral shifting (Harcourt-Smith et al., 2015). It is
now understood that non-modern body plans persisted in the
hominin lineage until quite late into the Pleistocene (Williams et al.,
2017). What is still not resolved is whether these archaic mor-
phologies persisted because they were selectively neutral (hence
adaptively insignificant and not transformed into derived states) or
because they retained adaptive value and were in fact maintained
by stabilizing selection. Contrary to the lower limb, the shoulder
and upper limb (arm, forearm and hand) of H. naledi preserves a
rather archaic morphology (Kivell et al., 2015; Feuerriegel et al.,
2017), which has been hypothesized to be retained due to the
significant climbing capacity of these hominins. If this was the case,
H. naledi could have experienced relaxed selection on bipedal ef-
ficiency, whichwould effectivelymake archaic features of the lower
limb selectively neutral or almost neutral. Even then, if we accept
that H. naledi possessed a form of bipedalism that might have been
a bit less effective than that of modern humans (Pontzer et al.,
2009) and not fully modern, it probably did not constrain their
ability to move around the landscape bipedally.
5. Conclusions

Femoral shaft and neck structure in H. naledi provide more
detailed evidence about the Middle Pleistocene morphological
evolution of lower limb of one lineage of African hominins, for
which the fossil record is otherwise very scarce. The internal
morphology of the diaphysis shows that H. naledi possesses a
relatively thicker cortex compared to the other hominin samples
analyzed here. The midshaft is anteroposteriorly elongated indi-
cating higher levels of mobility, while the subtrochanteric region
is rather mediolaterally elongated, likely as a consequence of
specific morphology of the proximal femur and hip region, both
producing higher mediolateral bending forces. Homo naledi
femora are relatively gracile compared to other hominins and
apes, although they are not substantially more gracile than other
hominins and most apes. The internal morphology of the femoral
neck is rather derived in having a very low superoinferior cortical
thickness ratio and higher relative cortical area. The super-
oinferior cortical thickness ratio is similar to recent H. sapiens and
different from South African australopiths, while the relatively
large amount of cortical bone is a trait different from both the
hominin groups and shared with apes. The neck is externally
superoinferiorly elongated, partially due to the presence of two
bony pilasters on its superior aspect. The unique combination of
characteristics within the femur is further evidence of mosaic
evolution within the hominin lineage and shows that form and
function coevolve in a stepwise manner and with different
evolutionary pace. Functional interpretations and phylogenetic
relatedness are therefore hard to elucidate, especially if not all of
the evidence (for example the analysis of trabecular bone in the
neck) is taken into account.
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