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a  b  s  t  r  a  c  t

Humans,  unlike  African  apes,  have  relatively  robust  fifth  metatarsals  (Mt5)  presumably
reflecting  substantial  weight-bearing  and  stability  function  in the  lateral  column  of  the
former.  When  this  morphological  difference  emerged  during  hominin  evolution  is  debated.
Here  we  investigate  internal  diaphyseal  structure  of  Mt5s  attributed  to Australopithecus
(from  Sterkfontein),  Paranthropus  (from  Swartkrans),  and  Homo  (from  Olduvai,  Dmanisi,
and Dinaledi)  placed  in  the context  of  human  and  African  ape  Mt5  internal  diaphyseal
structure.  ‘Whole-shaft’  properties  were  evaluated  from  17  cross  sections  sampling  25%  to
75%  diaphyseal  length  using  computed  tomography.  To assess  structural  patterns,  scaled
cortical  bone  thicknesses  (sCBT)  and  scaled  second  moments  of area  (sSMA)  were  visual-
ized and  evaluated  through  penalized  discriminant  analyses.  While  the  majority  of  fossil
hominin  Mt5s  exhibited  ape-like  sCBT,  their  sSMA  were  comparatively  more  human-like.
Human-like  functional  loading  of  the  lateral  column  existed  in  at least  some  fossil  hominins,
although  perhaps  surprisingly  not  in hominins  from  Dmanisi  or Dinaledi.

©  2016  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
ots clés :
daptation fonctionnelle de l’os
épartition du poids sur le pied
artie latérale du pied
ominoïdes
isualisation

r  é  s  u  m  é

Contrairement  aux grands  singes,  les  humains  ont  un  cinquième  métatarse  (Mt5)  robuste.
Cette  morphologie  particulière  est  liée  au fait  qu’une  plus  grande  partie  du  poids  du  corps
repose sur  la partie  latérale  du  pied.  La  date  de  l’émergence  de  ce caractère  au  cours  de
l’évolution  humaine  est toujours  sujette  à débats.  Nous  étudions  ici  la  structure  interne
de la  diaphyse  du  Mt5 chez  les  genres  Australopithecus  (de Sterkfontein),  Paranthropus
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(de  Swartkrans)  et  Homo  (d’Olduvai,  de  Dinaledi  et de  Dmanisi),  que nous  comparons  à
l’homme  moderne  ainsi  qu’aux  grands  singes  africains.  Nous  avons  utilisé  la tomogra-
phie afin  d’évaluer  les  propriétés  des  diaphyses  dans  leur  ensemble  à partir  de  17  sections
transversales  de  celles-ci,  effectuées  entre  25  %  et 75  % de  la  longueur  totale  de l’os.  Afin
d’évaluer  les  patrons  structurels  de  ce métatarse,  l’épaisseur  calibrée  de l’os  (sCBT)  ainsi  que
l’épaisseur  calibrée  des  moments  quadratiques  (sSMA)  ont  été  mesurées,  puis  comparées
au  sein  de  l’échantillon  par  analyse  discriminante  pondérée.  Alors  que  la majorité  des  fos-
siles  d’hominidés  ont  des  valeurs  de  sCBT  pour  Mt5  similaires  à celles  observées  pour  les
grands  singes  actuels,  les valeurs  de  sSMA  sont  proches  de celles  de  l’homme  actuel.  Chez
certains  hominidés  fossiles  au moins,  à l’instar  de  l’homme  moderne,  la  partie  latérale  du
pied  supportait  une  fraction  importante  du  poids  du  corps,  bien  que,  de  manière  peut-être
surprenante,  ce  ne  soit  pas le cas  pour  les  homininés  de  Dmanisi  et  de  Dinaledi.

émie  d
©  2016  Acad

1. Introduction

The foot is functionally comprised of medial and lat-
eral columns (Morton, 1935), the latter of which includes
the fourth and fifth rays (e.g., metatarsals along with
their associated phalanges). Proximally, fourth and fifth
metatarsals (Mt4 and Mt5, respectively) articulate with
the cuboid, which in turn articulates with the calcaneus.
Greater rigidity in the lateral column, including within
metatarsophalangeal, tarsometatarsal, and calcaneocuboid
joints, is a functionally distinguishing characteristic of the
modern human foot that is correlated with the presence
of longitudinal and transverse arches, all of which enable
the human foot to serve more effectively and efficiently
as a stiff lever during the last half of stance phase in ter-
restrial gaits (DeSilva, 2010; Elftman and Manter, 1935a,b;
Hicks, 1954; Jones, 1941; Ker et al., 1987; Lewis, 1980b;
Morton, 1922, 1924; Susman, 1983). Apes, on the other
hand, exhibit less arching and tend to exhibit greater sagi-
ttal plane movement in mid-foot joints during the last half
of stance phase in terrestrial gaits (Elftman and Manter,
1935a; Gebo, 1992; Nowak et al., 2010; Susman, 1983;
Vereecke et al., 2003). This joint movement has been
referred to as a “mid-tarsal break” (Bojsen-Møller, 1979;
Nowak et al., 2010) or “mid-foot break” (DeSilva, 2010).
Greater mid-foot joint mobility in apes presumably reflects
selection for greater conformity of the foot to substrates,
particularly arboreal ones (Gebo, 1992).

The modern human foot experiences the highest loads
during stance phase in its medial column (e.g., first
metatarsal, Mt1), while loads lessen progressively in
increasingly more lateral metatarsals (Stokes et al., 1979;
Wearing et al., 2001). Within-individual load variability
applied to lateral metatarsals also has been shown to be
less than that applied to medial metatarsals in humans
(Wearing et al., 2001). Using a theoretical approach,
Preuschoft (1969) reasoned that dorsoplantar and medio-
lateral oriented bending moments differentiated Mt1  and
Mt5  loading, respectively. In comparisons of plantar pres-
sure associated with terrestrial quadrupedal and bipedal
gaits, and specifically the path of the centre of pressure
over the course of stance phase, some of these findings
have been corroborated by different pressure distribu-

tions and patterns beneath the foot of humans and apes
(D’Août et al., 2004; Vereecke et al., 2003). Bonobos exhibit
a centre of pressure that remains more laterally-positioned
es  sciences.  Publié  par  Elsevier  Masson  SAS.  Tous  droits  réservés.

over a longer period of stance phase during terrestrial
quadrupedal and bipedal gaits compared to that of bipedal
humans, and also a centre of pressure that fluctuates more
in the mediolateral direction than typically observed in
humans (De Cock et al., 2008; Hayafune et al., 1999; Nagel
et al., 2008; Vereecke et al., 2003). Chimpanzees exhibit a
relatively more laterally-positioned centre of pressure than
humans during late stance phase and push-off (Elftman
and Manter, 1935b). And gorillas, while less well-studied
than other African apes, appear to exhibit relatively more
laterally-positioned high plantar pressure than humans
during stance phase (Crompton et al., 2012). Collectively,
these studies of terrestrial gaits provide strong evidence
of loading differences between the medial and lateral
columns of modern humans versus those of apes.

Several external features of non-hallucal metatarsals
highlight important functional differences between the
lateral column of modern human and ape feet. For exam-
ple, African apes show more internal torsion (inversion)
of Mt3, Mt4, and Mt5  heads, while humans show more
external torsion (eversion) of Mt3, Mt4, and Mt5  heads
(Drapeau and Harmon, 2013). African apes exhibit plan-
tar angulation of metatarsal diaphyses relative to the base
in the lateral column whereas humans exhibit a dorsal
angulation (Lewis, 1980a). Humans emphasize dorsal dom-
ing of metatarsal heads coupled with transverse guttering
separating the subchondral surface of the head from the
diaphysis, whereas apes exhibit a flatter dorsal surface
without transverse guttering (Fernández et al., 2015, 2016;
Latimer and Lovejoy, 1990; Susman, 1983). Finally, humans
tend to exhibit an Mt5  that is second in robustness to
Mt1, whereas apes tend to exhibit Mt5s with the lowest
diaphyseal robusticity within the metatarsus (Archibald
et al., 1972; Day and Napier, 1964; Marchi, 2010; Pontzer
et al., 2010; Susman, 1988). All of these features combine
to demonstrate selective pressures on modern human foot
adaptations favouring obligate terrestrial bipedalism.

In contrast to comparisons of external morphology,
internal structural comparisons between modern human
and ape metatarsal diaphyses are comparatively less well-
documented. This is despite internal properties, such as
cortical bone thickness and second moments of area,
that exhibit good correspondence with comparative foot

biomechanics in humans and apes (Jashashvili et al., 2015;
Marchi, 2005, 2010). When these internal evaluations
have been made, typically they have been theoretical
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Preuschoft, 1969), restricted to single diaphyseal loca-
ions such as midshaft (Griffin and Richmond, 2005; Griffin
t al., 2008; Marchi, 2005), or estimated using a robus-
icity index that relies on external dimensions (Day and
apier, 1964; Harcourt-Smith et al., 2015; Pontzer et al.,
010; Zipfel et al., 2009). Other approaches for quantify-

ng and comparing internal structure, such as evaluating
ontinuous diaphyseal (i.e. ‘whole-shaft’) cross-sectional
roperties, ultimately may  be equally or even more infor-
ative for identifying bone functional adaptations that

ignal mechanical loading differences (Carlson and Marchi,
014a; Ruff et al., 2006). For example, Jashashvili and
olleagues (2015) investigated whether human versus
pe plantar pressure pattern differences, and presumed
oading scenarios, are manifested in continuous internal
iaphyseal structure in the Mt1, and indeed significant
ifferences were observed in the form of a greater empha-
is on resisting dorsoplantarly-oriented bending loads in
umans compared to African apes. Whether similar struc-
ural details are evident in metatarsal diaphyses of the
ateral column (e.g., Mt5) is uncertain. The first goal of the
resent study is to investigate continuous diaphyseal inter-
al structure of modern human and African ape metatarsals

n the lateral column of the foot (i.e. Mt5s) in order to
isualize and quantify the extent of their similarities and
ifferences, as recently performed for the medial column
i.e. Mt1s) (Jashashvili et al., 2015).

While unique features of the human foot, presumably
eflecting its unique loading patterns during bipedalism,
ere thought to have evolved fairly early during hominin

volution because of their mechanically selective ben-
fits to bipedalism (Harcourt-Smith et al., 2015; Ward
t al., 2011), it is worth re-evaluating this proposition
iven recent studies documenting kinematic variability in
he human foot, including the presence of a well-defined

id-tarsal break in some individuals (Bates et al., 2013;
rompton et al., 2012; DeSilva and Gill, 2013; DeSilva
t al., 2015; Greiner and Ball, 2014). These observations
ave important evolutionary implications since they sug-
est that the configuration of the human foot may  not be
s constrained to be universally rigid during bipedal gaits
s commonly assumed. Moreover, it is noteworthy that
uring stance phase of bipedal gaits the feet of habitually
nshod humans exhibit greater conformity with the sub-
trate (as suggested by greater uniformity in peak pressures
f the foot) compared to the feet of habitually shod individ-
als (D’Août et al., 2009). However, despite a burgeoning
ecognition of kinematic variability exhibited by modern
uman feet, there remain clear functional differences when
omparing medial or lateral columns of human versus ape
eet.

On several grounds, it has been proposed that human-
ike function in the lateral column of the hominin foot
receded the appearance of human-like function in its
edial column (Kidd, 1998, 1999; Morton, 1935; Proctor,

013). An early appearance in the hominin fossil record
f metatarsal features that have been associated with

odern human-like lateral column stability, such as

vidence of arching in the foot of Australopithecus afarensis
nd A. africanus, supports its selective importance to a
iped (Ward et al., 2011; Zipfel et al., 2009). The selective
evol 16 (2017) 585–599 587

importance of these external morphological configurations
also is supported by their persistence over the course of
early hominin evolution, as indicated by a number of
outwardly similar fossil hominin Mt5s (e.g., AL 333-13, AL
333-78, SKX 33380, StW114/115, OH 8, and KNM-ER 803f;
Day and Napier, 1964; Susman, 1988; Zipfel et al., 2009).
In support of this, Proctor (2013) also argued for functional
conservatism within the lateral column by demonstrating
through a 3D geometric morphometric analysis of the Mt5
proximal articular surface that the form of humans, apes,
and fossil hominins could not be readily distinguished.
While these lines of evidence may  collectively suggest
relative stasis in functional morphology of hominin Mt5s,
such a view would seem to be at odds with the growing
trend towards emphasizing bipedal kinematic mosaicism
in early hominins (DeSilva et al., 2013; Haile-Selassie et al.,
2012; Hatala et al., 2016; Lovejoy et al., 2009; Zipfel et al.,
2011). In support of this trend, recent studies of internal
structure in the hominin tibiotalar joint (Su and Carlson,
2015; Su et al., 2013) suggest that Paranthropus may have
exhibited a more modern human-like medial weight shift
during the last half of stance phase, while other hominins
such as A. africanus, like apes, appear to have retained a
relatively more lateral centre of pressure during the last
half of stance phase. In light of the accumulating evidence
supporting this trend, as well as the possibility that using
single midshaft comparisons of Mt5s may  be too coarse a
means of conducting a comparative approach (e.g., Marchi,
2005), we predict that structural differences in hominin
metatarsal internal structure may  exist, including within
the Mt5, and that it would be useful to contextualize them
within structural differences exhibited by modern humans
and apes (e.g., Jashashvili et al., 2015). Thus, the second goal
of the present study is to investigate continuous diaphyseal
internal structure of several hominin Mt5s in order to visu-
alize and quantify the extent of their uniformity, as well as
their similarities to and differences from human and ape
Mt5s.

In this study, we investigate internal diaphyseal struc-
ture of the Mt5  in order to shed new light on the extent to
which modern humans and African apes differ. We visual-
ize and quantify differences in two  structural parameters
– cortical bone thickness and second moments of area –
that have previously been shown to differentiate continu-
ous diaphyseal structure of human, chimpanzee, and gorilla
Mt1s (Jashashvili et al., 2015). We  predict that human Mt5s
differ from those of chimpanzees and gorillas, with the
former emphasizing dorsoplantarly-oriented loading. We
also visualize and quantify the same structural parameters
in several Mt5s attributed to Australopithecus, Paranthro-
pus, and Homo,  and apply the comparative framework in
order to assess the extent of hominin variability in Mt5
diaphyseal structure. In doing this, we  test the hypoth-
esis of functional conservatism in the lateral column of
the hominin foot. If differences between hominin Mt5s are
observed, we predict that Australopithecus Mt5s should be
more African ape-like in diaphyseal structure compared

to fossil Homo Mt5s because of the apparent absence of a
medial weight shift in the last half of stance in the former.
We predict that Paranthropus Mt5s should be more modern
human-like because of the apparent presence of a medial
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weight shift during the last half of stance of their bipedal
gait.

2. Material and methods

2.1. Materials

The modern human sample consists of adults (n = 15)
drawing from a 20th century industrialized population
housed in the Raymond A. Dart Collection of Human
Skeletons at the University of the Witwatersrand, Johan-
nesburg, South Africa (Dayal et al., 2009). In addition, Mt5s
of three hunter-gatherers from Matjes River (Early/Mid
Holocene) were analyzed (L’Abbe et al., 2008). These three
individuals are curated by the National Museum in Bloem-
fontein, South Africa. Comparative samples of wild-shot,
adult chimpanzees (n = 14) and gorillas (n = 13) were col-
lected from the Department of Comparative Anatomy of
the National Museum of Natural History, Paris, France and
originate from Congo, Gabon and Cameroon. As with the
industrialized human sample, the Mt5s from the African
ape sample were taken from the same individuals whose
Mt1s were previously investigated by Jashashvili and
colleagues (2015).

Original A. africanus, P. robustus and Homo fossil
hominin Mt5s in the study include: StW114/115 from
Sterkfontein, Member 4 (Zipfel et al., 2009); SKX33380
from Swartkrans, Member 3 (Susman, 1989; Susman
et al., 2001); UW.101-518, UW.101-1412 and UW.101-
1439 from Dinaledi Chamber (Harcourt-Smith et al., 2015);
OH8 from Olduvai (Day and Napier, 1964); and D4058 from
Dmanisi (Lordkipanidze et al., 2007; Pontzer et al., 2010).

2.2. Computed tomography (CT) scanning protocol

The scanning protocol for the extant comparative mate-
rial has been described elsewhere (Jashashvili et al.,
2015). South African fossils from Sterkfontein, Swartkrans,
and Dinaledi, as well as the metatarsals from Holocene
human hunter-gatherers, were microCT scanned using a
Nikon Metrology XTH 225/320 LC dual source industrial
CT system housed in the Microfocus X-ray Computed
Tomography Facility in the Evolutionary Studies Insti-
tute of the University of the Witwatersrand. The fossils
were scanned at 140 kV and 140 �A energy settings using
3142 projections and a 1.2 mm copper filter. The human
hunter-gatherers were scanned at 90 kV and 220 �A energy
settings using 1000 projections and a 0.5 mm copper fil-
ter. All raw data were reconstructed in Inspect-X software,
which is Nikon Metrology proprietary software associated
with the microCT scanner. We  employed a small amount of
beam hardening correction (i.e. correction factor preset 2)
in order to optimize image quality. Image volumes were
registered as 16-bit pixel .TIF image stacks, with spatial
resolutions ranging between 26 and 49 �m.

The Olduvai Mt5  was  scanned at the Ocean Road Cancer
Institute (Dar es Salaam, Tanzania) using a Siemens CT

scanner. An EXTREMITY protocol was used for image
acquisition. Relevant scan parameters for this fossil
include: 120 kVp, a tube current of 67 mAs, a slice thick-
ness of 1.0 mm,  and a reconstruction increment of 0.5 mm.
evol 16 (2017) 585–599

Subsequent to the acquisition of these raw data, image
data were reconstructed as 16-bit DICOM images using a
bone reconstruction algorithm (i.e. an U80u kernel value).

The Dmanisi Mt5  was scanned in the Department of
Radiology at AVERSI Clinic (Tbilisi, Georgia) using a Philips
Brilliance 64 medical CT scanner. The open SKULL U.H.R.
0.5 protocol (Philips Healthcare, Andover, MA,  USA) was
used for image acquisition. Relevant scan parameters for
this fossil include: 120 kVp, a tube current of 209 mAs, a
slice thickness of 0.67 mm,  and a reconstruction increment
of 0.3 mm.  Subsequent to the acquisition of these raw data,
image data were reconstructed as 16-bit DICOM images
using a bone reconstruction algorithm (i.e. a “sharp” ker-
nel).

2.3. Data collection protocol

A three-dimensional rendering for each Mt5  was pro-
duced using Avizo 9.0 software (FEI, Visualization Sciences
Group), and then saved as a .STL file. Measurements were
taken on left Mt5  renderings, or when absent, a right Mt5
rendering from the same individual was  mirrored and used
as a substitute. The initial step of the processing proce-
dure involved reorienting each metatarsal diaphysis such
that its principal longitudinal axis was parallel to the Z-
axis, as determined by aligning landmarks positioned on
the centroids of the proximal and distal articular surfaces
(Fig. 1A; see also Jashashvili et al., 2015). Next, the render-
ing was  manually rotated about the Z-axis (Fig. 1B) until
its articular surface with the Mt4  became parallel to the
Y-axis (as illustrated by the vertical black dashed line in
Fig. 1B).

After positioning each rendering, comparable cortical
thicknesses were extracted at regularly-spaced intervals
(∼2.94%) from 25% to 75% of diaphyseal length along the
proximodistal (longitudinal) axis of the shaft (Fig. 1C and
D). In all, 17 cross sections were extracted from each dia-
physis, and each image within the stack of 17 contained
a separate cross section that was  standardized to a pixel
size of 0.1 mm.  Each image was  saved as an 8-bit .BMP file
(Fig. 1D; Jashashvili et al., 2015; see Fig. 2A).

Cortical bone thicknesses (CBTs) and second moments
of area (SMAs) about X- (Ix) and Y- (Iy) neutral planes
were quantified in each digital cross section appearing
in the 8-bit .BMP files. Structural data were acquired
from the cross sections using custom scripts in Wolfram
Mathematica©10 (Wolfram Research, Inc., Mathematica,
Version 10.4.1, Champaign, IL). Both CBT and SMA  were
calculated radially around a cross section, using one degree
increments between successive measurements (Jashashvili
et al., 2015; see Fig. 2 and corresponding text). All CBT
measurements were scaled by biomechanical length of the
metatarsal, while SMA  measurements were scaled by the
product of body size and bone length (Ruff, 2000; Smith
and Jungers, 1997). Since the individuals in the present
study were the same as those analyzed by Jashashvili and
colleagues (2015), we used the same body mass estimates

as were used in the earlier study of the Mt1  diaphysis.
For the three additional modern human hunter-gatherers,
we  used the same regression formulae for estimating their
body mass. Published body mass estimates were used
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Fig. 1. Protocol for positioning a Mt5  rendering and the extraction of
cross sections from its diaphysis. A: dorsal view. Landmarks positioned
in  centres of proximal and distal articular surfaces are used to define the
longitudinal axis of a diaphysis, which subsequently is aligned to the Z-
axis in 3D space. B: proximal view. After aligning the longitudinal axis of
a  rendering to the Z-axis in 3D space, each rendering is rotated about its
longitudinal axis until the articulation for the Mt4  on the proximal artic-
ular surface (black dashed line) is parallel to the Y-axis. C: cross section at
50% length (between landmarks) of the rendering that is also illustrated
in A. D: a total of 17 cross sections are extracted from each metatarsal
in 2.94% length increments beginning at 25% (1st) and ending at 75% of
diaphyseal length (17th). Cortical thicknesses in the 17 cross sections (ver-
tical axis) are mapped to a continuous range of colours. Cortical thickness
along each of the 360 rays of a cross section is visualized from left to
right (horizontal axis) beginning at 0 degree (medial: M),  and contin-
uing through 90 (dorsal: D), 180 (lateral: L), and 270 degrees (plantar:
P). Purple-coloured pixels (i.e. cooler colours) represent minimum thick-
ness, while red-coloured pixels (i.e. hotter colours) represent maximum
thickness.
Fig. 1. Protocole pour le positionnement 3D de la représentation sur-
facique d’un Mt5 et extraction des sections transversales de sa diaphyse.
A  : Vue dorsale. L’axe longitudinal de chaque diaphyse a été déterminé à
l’aide de points repères (landmarks) placés aux centres des surfaces artic-
ulaires proximales et distales. Cet axe est ensuite aligné le long de l’axe
Z  dans l’espace 3D. B : Vue proximale. Après alignement de l’axe longi-
tudinal avec l’axe Z, on effectue une rotation autour de l’axe longitudinal
de  manière à ce que l’articulation avec le Mt4  au niveau de la surface
articulaire proximale (ligne noire pointillée) soit parallèle à l’axe Y. C :
Coupe transversale à 50 % de la longueur de l’os (entre les landmarks). D :
Au  total, 17 sections sont extraites de chaque métatarse, chaque section
étant séparée de la suivante en incrémentant la longueur de 2,94 % à par-
tir  de 25 % (1re section) et en terminant à 75 % de longueur diaphysaire
(17e section). Les épaisseurs corticales pour les 17 sections (axe vertical)
sont retranscrites en une carte de couleurs. Les variations de l’épaisseur
corticale pour chacun des 360 degrés d’une section transversale donnée
sont visualisées de gauche à droite (axe horizontal), en commenç ant à
0  degré (médiane: M)  et en passant par 90 (dorsal : D), 180 (latéral: L),
2
l
l
é

f
a
r
F
P

(i.e. comprised of two  chimpanzees, one gorilla, and three
modern humans). Penalized discriminant functions were
70 degrés (plantaire: P). Les pixels de couleur bleu–pourpre (à savoir,
es  couleurs froides) représentent les épaisseurs minimales, tandis que
es pixels de couleur rouge (les couleurs plus chaudes) représentent les
paisseurs maximales.

or the taxon to which each fossil has been generally

ttributed. For StW114/115, we used a body mass estimate
eported for A. africanus (Grabowski et al., 2015: Table 4).
or SKX33380, we used a body mass estimate reported for
. robustus (Grabowski et al., 2015: Table 4). Two different
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estimates of body mass were used for OH8: one reported
for Homo habilis by Grabowski and colleagues (2015: Table
4), and one coinciding with the uppermost value in the
range of estimated body masses for the OH8 foot (Parr et al.,
2011). An estimate representing the upper end of the range
reported by Parr and colleagues (rather than estimates at
the lower end of the range or the middle of the range) was
used so as to provide a maximal range of body mass esti-
mates for OH8. An average estimate for Dinaledi fossils was
generated by averaging all estimated body masses reported
by Berger and colleagues (Berger et al., 2015). The Dman-
isi metatarsal was scaled using the body mass estimate for
individual II (Lordkipanidze et al., 2007).

After careful inspection of UW.101-1412 and its corre-
sponding image data, which was originally identified as a
Mt5 (Harcourt-Smith et al., 2015: SI Table 1), we chose to
exclude it from our study on the grounds that this speci-
men, in our opinion, is a fibula shaft fragment rather than
a Mt5.

2.4. Colour map visualization

The 2D colour map  approach described by Jashashvili
and colleagues (2015) was used to visualize morphologi-
cal differences between Mt5s. Colour maps were generated
using Wolfram Mathematica©10. In each colour map, the
horizontal axis reflects 360 successive radii circumnavigat-
ing a cross section in one degree increments between 1 and
360 degrees. The vertical axis of each colour map  reflects
17 successive cross sections proceeding from proximal to
distal along a diaphysis. Colours in each map  represent a
third measurement, which corresponds to magnitudes of
scaled structural variables (sCBT and sSMA) (Fig. 1D).

2.5. Statistical analyses

In order to evaluate group differences in sCBT and sSMA
of extant taxa, a series of analysis of variance (ANOVA)
tests were used. The Student–Newman–Keuls post hoc
test was  chosen to evaluate pairwise differences between
extant taxa since this test accounts for multiple compar-
isons by adjusting alpha values for statistical significance.
The human hunter-gatherer group (n = 3) was excluded
from these analyses due to its small sample size.

In order to quantify the trends visualized in colour maps,
a penalized discriminant analysis (PDA) was applied to
sCBT and sSMA (Hastie et al., 1995; Jashashvili et al., 2015).
Also, these analyses were performed in order to project
fossils within the penalized discriminant function (PDF)
space defined by the comparative samples. Of 42 available
extant metatarsals, 36 were randomly assigned to a train-
ing sample (comprised of 12 metatarsals from each extant
taxon) and six were randomly assigned to a test sample
fit to the training samples using 12-fold cross-validation in
order to select the regularization parameters. Each fossil
was projected in discriminant space in order to define its
morphospace according to its own  properties.
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Fig. 2. Species-specific or fossil-specific distributions of scaled cortical
bone thickness (sCBT) visualized with colour maps (first four rows). M:
medial, D: dorsal, L: lateral, P: plantar. First row: consensus values for
gorillas, chimpanzees, and modern humans. Second row: specimen values
from Sterkfontein (StW114/115), Swartkrans (SKX33380), and Dman-
isi  (D4058). Third row: specimen values from Dinaledi (UW.101.518,
UW.101.1439) and Olduvai (OH8: without correction; OH8a: with likely
pathological bone on periosteal surface removed). Fourth row: specimen
evol 16 (2017) 585–599

3. Results

3.1. Scaled cortical bone thickness (sCBT)

The modern human industrialized sample exhibited
significantly lower sCBT average magnitudes than chim-
panzee and gorilla samples (Table 1, Figs. 2 and 3A). The
modern human hunter-gatherer sample, while slightly
higher in magnitude than the industrialized sample, was
qualitatively similar and thus both human groups are
lumped together when interpreting colour maps because
this subtle difference was  not verified statistically due
to the small sample size of the former. Humans exhib-

ited much greater intra-individual variation in sCBT values
compared to either African ape sample (Fig. 3A). While
gorillas exhibited generally thicker sCBT than chim-
panzees, these differences were not statistically significant

values from San hunter-gatherers of southern Africa from Matjes River
(L’Abbe et al., 2008), with the legend for the penalized discriminant anal-
ysis  (PDA) plot immediately to the right. Fifth row: plot of Penalized
Discriminant Function (PDF) 1 versus PDF 2 generated from the PDA of
sCBTs. The plot presents the projection of each individual Mt5  in the
sample into discriminant space via PDF1 and PDF2. Black filled circles
within a species cluster indicate species means in discriminant space.
Open symbols in the clusters indicate subjects used in the training sample,
while filled stars indicate test subjects. Grey filled stars indicate pro-
jected fossils, while grey filled circles indicate the three modern human
hunter-gatherers. Sixth row: colour maps visualizing pixel-wise loadings
of PDFs. Red colours correspond to positive PDF loadings across the cor-
responding region of a colour map. Blue colours correspond to negative
PDF loadings across the corresponding region of a colour map. White
colours indicate the transition between positive and negative loadings
(i.e. zero loading). The aggregate of the signed loadings across a colour
map  produces the PDF score on a specific PDF axis for the plot above.

Fig. 2. Distributions spécifiques pour les espèces actuelles, ainsi que
chez les fossiles, des épaisseurs calibrées de l’os cortical (sCBT). Ces
distributions sont visualisées à l’aide de cartes de couleur (quatre pre-
mières lignes). M : Médial, D : dorsal, L : latéral, P : plantaire. Première
ligne : valeurs moyennes pour les gorilles, les chimpanzés et les humains
modernes. Deuxième ligne : valeurs des spécimens de Sterkfontein
(StW114/115), Swartkrans (SKX33380) et Dmanisi (D4058). Troisième
ligne : valeurs des spécimens de Dinaledi (UW.101.518, UW.101.1439)
et  d’Olduvai (OH8: sans correction; OH8a : avec enlèvement de la partie
potentiellement pathologique de la surface du périoste). Quatrième ligne :
valeurs des spécimens des chasseurs-cueilleurs d’Afrique du Sud de Mat-
jes River (SS3), avec la légende des analyses discriminantes pondérées
(PDA) immédiatement à droite. Cinquième ligne : premier axe discrim-
inant pondéré (PDF 1) par rapport à PDF 2 généré par la PDA sur les
valeurs de sCBT. Le graphique présente les scores de projection de chaque
Mt5  de l’échantillon dans l’espace discriminant PDF1–PDF2. Les cercles
noirs représentent les valeurs moyennes pour les trois espèces actuelles
testées dans l’espace discriminant. Les symboles ouverts indiquent les
spécimens utilisés pour construire l’espace discriminant de la PDA, tandis
que les étoiles pleines représentent les sujets testés. Les étoiles grises
représentent les scores de projection pour les fossiles, tandis que les
cercles gris indiquent les scores de projection des humains modernes
chasseurs-cueilleurs. Sixième ligne : représentation graphique des axes
discriminants PDF 1 et PDF 2 en cartes de couleur. Aux couleurs rouges
correspondent des valeurs positives pour les éléments constitutifs des
PDFs. Les spécimens ayant les valeurs les plus élevées de sCBT dans les
régions correspondantes tendent à obtenir des scores de projection posi-
tifs  sur les PDF. Aux couleurs bleues correspondent des valeurs négatives
pour les éléments constitutifs des PDFs. Les spécimens ayant les valeurs
les plus faibles de sCBT dans les régions correspondantes tendent égale-
ment à obtenir des scores de projection positifs sur les PDF. Les couleurs
blanches indiquent la transition entre les espaces positifs et négatifs (à
savoir, 0 indique des valeurs neutres dans le graphique ci-dessus).
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Table  1
Comparisons1 of scaled values for cortical bone thickness (sCBT).
Tableau 1
Comparaison1 des valeurs calibrées de l’épaisseur de l’os cortical (sCBT).

25% 35% 50% 65% 75% All

Humans (n = 15) (industrialized)2 0.236 (0.057)
0.152–0.358

0.141 (0.032)
0.100–0.203

0.096 (0.021)
0.069–0.130

0.069 (0.019)
0.050–0.116

0.058 (0.018)
0.038–0.103

0.112 (0.025)
0.080–0.159

Humans (n = 3) (hunter-gatherers)3 0.192 (0.055)
0.128–0.224

0.111 (0.025)
0.083–0.131

0.082 (0.014)
0.067–0.093

0.069 (0.012)
0.056–0.080

0.072 (0.021)
0.048–0.085

0.098 (0.022)
0.073–0.111

Gorillas (n = 13) 0.072 (0.042)
0.033–0.189

0.044 (0.025)
0.021–0.118

0.037 (0.026)
0.017–0.117

0.028 (0.015)
0.014–0.076

0.028 (0.011)
0.013–0.055

0.039 (0.022)
0.019–0.106

Chimpanzees (n = 14) 0.064 (0.020)
0.038–0.099

0.040 (0.012)
0.026–0.063

0.031 (0.008)
0.021–0.047

0.026 (0.006)
0.018–0.039

0.026 (0.006)
0.019–0.035

0.035 (0.009)
0.024–0.051

StW114/115 0.285
0.177–0.393

0.169
0.122–0.216

0.128
0.098–0.159

0.099
0.083–0.114

0.077
0.069–0.085

0.141
0.067–0.393

SKX33380 0.293
0.274–0.312

0.225
0.211–0.239

0.134
0.122–0.145

0.075
0.058–0.092

0.056
0.043–0.070

0.154
0.043–0.312

D4058 0.108
0.072–0.144

0.073
0.049–0.096

0.051
0.036–0.066

0.032
0.025–0.040

0.025
0.019–0.031

0.056
0.019–0.144

OH8 (Grabowski et al., 2015) 0.356
0.233–0.479

0.167
0.106–0.229

0.119
0.081–0.157

0.091
0.067–0.116

0.081
0.075–0.088

0.157
0.066–0.479

OH8 (Parr et al., 2011) 0.201
0.132–0.271

0.095
0.060–0.129

0.067
0.046–0.089

0.052
0.038–0.065

0.046
0.042–0.050

0.089
0.038–0.271

OH8a4 (Grabowski et al., 2015) 0.303
0.205–0.402

0.167
0.106–0.229

0.119
0.081–0.157

0.091
0.067–0.116

0.081
0.075–0.088

0.150
0.066–0.414

OH8a4 (Parr et al., 2011) 0.172
0.116–0.227

0.095
0.060–0.129

0.067
0.046–0.089

0.052
0.038–0.065

0.046
0.042–0.050

0.085
0.038–0.234

UW.101.518 0.081
0.039–0.124

0.050
0.025–0.074

0.035
0.019–0.050

0.035
0.021–0.050

0.033
0.018–0.048

0.045
0.018–0.124

UW.101. 1439 0.070
0.039–0.100

0.050
0.030–0.071

0.039
0.024–0.055

0.029
0.017–0.042

0.025
0.017–0.034

0.042
0.016–0.100

Significant comparisons# H > G
H > C

H > G
H > C

H > G
H > C

H > G
H > C

H > G
H > C

H > G
H > C

Individual values for fossils are reported as the average of the 360 radial measurements of a cross section for that individual, using the indicated position
of  the diaphysis (i.e. 25%, ∼35%, ∼50%, ∼65%, and 75%). Summary statistics for individuals within the extant comparative groups are reported, where cells
contain  group means in the top row (and when applicable 1 s.d. for groups in parentheses), and the observed range of a group in the bottom row. H, human;
G,  gorilla; C, chimpanzee.

1 ANOVA evaluating mean differences between humans (industrialized), gorillas, and chimpanzees was statistically significant (p < 0.005). The sample of
human  hunter-gatherers was  not included in the ANOVA because of its small size (n = 3), but these individuals were included in the respective penalized
discriminant analysis.

2 Humans of different ethnic groups corresponding to the same individuals analyzed by Jashashvili and colleagues (2015), and curated in the Raymond
A.  Dart Collection of Human Skeletons at the University of the Witwatersrand, Johannesburg, South Africa (Dayal et al., 2009).

3 Holocene human hunter-gatherers from Matjes River (L’Abbe et al., 2008), curated in the collections of the National Museum, Bloemfontein, South
Africa.
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# Student–Newman–Keuls post hoc tests were statistically significant f

Table 1, Figs. 2 and 3A). Fig. 2 illustrates extant group con-
ensus colour maps of Mt5s, where the human sCBT pattern
emonstrated: (1) thinner dorsal and plantar cortices
ompared to those in chimpanzee and gorilla consensus
atterns, and (2) levels of thickness in the proximal half of

ateral and medial cortices that were more similar to those
f African apes. Humans also exhibited gradual distal taper-
ng of medial and lateral cortical thickenings and virtually
o rotation of local thickening around the diaphysis. The
orilla consensus pattern exhibited sCBT that were more
ransversely expansive, particularly in the proximal half of
he diaphysis, than those of either chimpanzee or human
onsensus patterns (i.e. the medial and lateral cortical
hickenings of gorillas extended transversely towards adja-
ent dorsal and plantar cortices to a comparatively greater

xtent). Otherwise, relative proximodistal similarity was
xhibited along the medial and lateral cortical thickenings
f chimpanzee and gorilla consensus maps. This included
n external rotation of local thicknesses towards the
 periosteal surface at the 25% location.
ported pairwise differences.

plantar cortex in the distal diaphysis that was not observed
in the human consensus map.

Scaled CBT values seldom consistently clustered fossils
within extant groups in the sample (Table 1, Figs. 2 and 3A).
In general, StW114/115, SKX33380, OH8, and D4058 exhib-
ited more ape-like sCBT average magnitudes along their
diaphyses (Table 1 and Fig. 3A). In contrast, UW.101-518
and UW.101-1439 exhibited more human-like sCBT aver-
age magnitudes along their diaphyses (Table 1 and Fig. 3A).
With regards to the distribution of sCBT, StW114/115,
OH8, and D4058 exhibited a generally similar pattern to
one another, one which was definitively more human-
like in terms of exhibiting local thickenings in medial and
lateral cortices, but also subtly resembling ape-like struc-
ture in that these regions of local thicknesses exhibited

slight external rotations in the midshaft and distal regions
towards the plantar cortex (Fig. 2). However, none of these
three hominin fossils exhibited the same pattern as African
apes in the distribution of sCBTs in the distal diaphysis.
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Fig. 3. A: Scaled cortical bone thicknesses in comparative and fossil Mt5s. The individual coloured boxes on the left and the middle indicate individual
specific  measurements (median is horizontal line, 25–75 percentile is indicated by box dimensions, and minimum and maximum values are indicated by
whiskers). On the far right in grey are similarly illustrated values for additional individual Mt5s and in black are species values illustrated using the mean of
each  individual in the species rather than all values for an individual. Note human values reflect the industrialized sample only. B: Scaled second moments
of  area reported as in A. Humans-HG: Holocene humans from Matjes River; Humans-I: modern humans from an industrialized population.
Fig. 3. A : Épaisseur calibrée de l’os cortical (sCBT) des Mt5s pour l’échantillon de comparaison et chez les fossiles. Les boîtes à moustache colorées sur la
gauche et au milieu indiquent les mesures pour des individus donnés (la ligne horizontale représente la médiane, la dimension de la boîte représente les
25e et 75e percentiles, les moustaches indiquent les valeurs minimales et maximales). Sur la droite du graphique, en gris, sont illustrés de faç on similaire
les  Mt5s des fossiles. À l’extrême droite sont représentées en noir, non pas des individus, mais les valeurs moyennes pour les trois espèces de l’échantillon

ésentés 

ation ind

de  comparaison. B : Les moments quadratiques ajustés (sSMA) sont repr
holocène de Matjes River ; Humains-I = échantillon moderne d’une popul

SKX33380 was human-like (distribution-wise) in that its
highest sCBTs did not externally rotate from proximal to
distal along the diaphysis, but this fossil was unique in
having its highest sCBT located in the proximal half of
its plantar cortex. UW.101-518 and UW.101-1439 were
generally again human-like in their distributions of sCBT,
except neither specimen exhibited well-defined proxi-
mal  concentrations of sCBT in medial and lateral cortices,
resulting in the absence of human-like distal tapering of
medial and lateral cortical thickenings.

The first PDF (PDF 1) separated sCBT of modern humans
(positive values) from those of chimpanzees and goril-
las (negative values) (Fig. 2). Positive loading on PDF 1
reflects human differences from African apes attributable
to thicker cortices in the proximal diaphysis and thinner
cortices in the distal diaphysis of the former. In other words,
African apes are generally more uniformly thick along the
diaphysis than humans. The second PDF (PDF 2) did not
clearly separate extant groups by sCBT (Fig. 2). Rather,
PDF 2 appears to be driven by individual-specific varia-
tion. StW114/115 and D4058 were projected close to one

another along PDF 1, and on the lower boundary of the
human cluster (Fig. 2). In contrast, SK33380, OH8, UW101-
518, and UW.101-1439 were firmly projected within the
African ape cluster along PDF 1 (Fig. 2). Along PDF 2,
comme  les épaisseurs corticales le sont en A. Humains-HG = échantillon
ustrialisée.

SK33380 and OH8 (and to a lesser extent StW114/115 and
D4058) were projected on the (lower) margin of the entire
extant sample cluster, while UW.101-518 and UW.101-
1439 were firmly projected within the entire extant sample
cluster (Fig. 2).

3.2. Scaled second moments of area (sSMA)

The modern human industrialized sample exhibited
significantly higher sSMA average magnitudes than chim-
panzee and gorilla samples (Table 2, Figs. 3B and 4 ). The
modern human hunter-gatherer sample, while generally
slightly lower in magnitude than the human industrial-
ized sample, was qualitatively similar and thus both human
groups are again lumped together when interpreting colour
maps because this subtle difference was  not verified statis-
tically due to the small sample size of the former. Humans
exhibited much greater intra-individual variation in sSMA
values compared to either African ape sample (Fig. 3B).
While gorillas exhibited generally higher sSMAs than chim-
panzees, these differences were not statistically significant

(Table 2, Figs. 3B and 4). Fig. 4 illustrates extant group
consensus colour maps of Mt5s, where the human sSMA
pattern demonstrated absolutely more diaphyseal rigidity
compared to chimpanzee and gorilla consensus patterns,
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Table  2
Comparisons1 of scaled values for second moments of area (sSMA).
Tableau 2
Comparaison1 des valeurs calibrées pour les moments quadratiques (sSMA).

25% 35% 50% 65% 75% All

Humans (n = 15) (industrialized2 0.236 (0.057)
0.152–0.358

0.141 (0.032)
0.100–0.203

0.096 (0.021)
0.069–0.130

0.069 (0.019)
0.050–0.116

0.058 (0.018)
0.038–0.103

0.112 (0.025)
0.080–0.159

Humans (n = 3) (hunter-gatherers)3 0.192 (0.055)
0.128–0.224

0.111 (0.025)
0.083–0.131

0.082 (0.014)
0.067–0.093

0.069 (0.012)
0.056–0.080

0.072 (0.021)
0.048–0.085

0.098 (0.022)
0.073–0.111

Gorillas (n = 13) 0.072 (0.042)
0.033–0.189

0.044 (0.025)
0.021–0.118

0.037 (0.026)
0.017–0.117

0.028 (0.015)
0.014–0.076

0.028 (0.011)
0.013–0.055

0.039 (0.022)
0.019–0.106

Chimpanzees (n = 14) 0.064 (0.020)
0.038–0.099

0.040 (0.012)
0.026–0.063

0.031 (0.008)
0.021–0.047

0.026 (0.006)
0.018–0.039

0.026 (0.006)
0.019–0.035

0.035 (0.009)
0.024–0.051

StW114/115 0.285
0.177–0.393

0.169
0.122–0.216

0.128
0.098–0.159

0.099
0.083–0.114

0.077
0.069–0.085

0.141
0.067–0.393

SKX33380 0.293
0.274–0.312

0.225
0.211–0.239

0.134
0.122–0.145

0.075
0.058–0.092

0.056
0.043–0.070

0.154
0.043–0.312

D4058 0.108
0.072–0.144

0.073
0.049–0.096

0.051
0.036–0.066

0.032
0.025–0.040

0.025
0.019–0.031

0.056
0.019–0.144

OH8 (Grabowski et al., 2015) 0.356
0.233–0.479

0.167
0.106–0.229

0.119
0.081–0.157

0.091
0.067–0.116

0.081
0.075–0.088

0.157
0.066–0.479

OH8 (Parr et al., 2011) 0.201
0.132–0.271

0.095
0.060–0.129

0.067
0.046–0.089

0.052
0.038–0.065

0.046
0.042–0.050

0.089
0.038–0.271

OH8a4 (Grabowski et al., 2015) 0.303
0.205–0.402

0.167
0.106–0.229

0.119
0.081–0.157

0.091
0.067–0.116

0.081
0.075–0.088

0.150
0.066–0.414

OH8a4 (Parr et al., 2011) 0.172
0.116–0.227

0.095
0.060–0.129

0.067
0.046–0.089

0.052
0.038–0.065

0.046
0.042–0.050

0.085
0.038–0.234

UW.101.518 0.081
0.039–0.124

0.050
0.025–0.074

0.035
0.019–0.050

0.035
0.021–0.050

0.033
0.018–0.048

0.045
0.018–0.124

UW.101. 1439 0.070
0.039–0.100

0.050
0.030–0.071

0.039
0.024–0.055

0.029
0.017–0.042

0.025
0.017–0.034

0.042
0.016–0.100

Significant comparisons# Homo > Gorilla
Homo > Pan

Homo > Gorilla
Homo > Pan

Homo > Gorilla
Homo > Pan

Homo > Gorilla
Homo > Pan

Homo > Gorilla
Homo > Pan

Homo > Gorilla
Homo > Pan

Individual values for fossils are reported as the average of the 360 measurements of a cross section for that individual, using the indicated position of the
diaphysis (i.e. 25%, ∼35%, ∼50%, ∼65%, and 75%). Summary statistics for individuals within the extant comparative groups are reported, where cells contain
group  means in the top row (and when applicable 1 s.d. for groups in parentheses), and the observed range of a group in the bottom row. H, human; G,
gorilla;  C, chimpanzee.

1 ANOVA evaluating mean differences between humans (industrialized), gorillas, and chimpanzees was statistically significant (p < 0.005). The sample of
human  hunter-gatherers was  not included in the ANOVA because of its small size (n = 3), but these individuals were included in the respective penalized
discriminant analysis.

2 Humans of different ethnic groups corresponding to the same individuals analyzed by Jashashvili and colleagues (2015), and curated in the Raymond
A.  Dart Collection of Human Skeletons at the University of the Witwatersrand, Johannesburg, South Africa (Dayal et al., 2009).

3 Holocene human hunter-gatherers from Matjes River (L’Abbe et al., 2008), curated in the collections of the National Museum, Bloemfontein, South
A
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lthough this difference was most starkly expressed in dor-
al and plantar cortices of the proximal half of diaphyses.

 clear pattern of distal attenuation in rigidity was  evident
n dorsal and plantar cortices of the human Mt5  consensus
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Scaled SMA  values occasionally clustered fossils with

xtant groups in the sample (Table 2, Figs. 3B and 4).
tW114/115, SKX33380, and OH8 exhibited relatively
uman-like average magnitudes of sSMAs along their
iaphyses, while D4058, UW.101-518, and UW.101-1439
xhibited more African ape-like average magnitudes of
SMAs along their diaphyses (Table 2, Fig. 3B). With regards
o the distribution of sSMA, StW114/115 and OH8, and
o a lesser extent SKX33380, again exhibited generally
imilar (and human-like) patterns of rigidity along diaphy-
es where dorsal and plantar cortices exhibited markedly

reater rigidity than medial and lateral cortices (Fig. 4).
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ted these patterns in the distribution of sSMA, their overall
igidity was globally reduced compared to StW114/115,
eriosteal surface at the 25% location.
ported pairwise differences.

SKX33380, OH8, and humans, nor did they exhibit the same
extent of marked differences between dorsal and plantar
cortices on the one hand and medial and lateral cortices
on the other. Interestingly, the subtle external rotation of
highest rigidity in the distal diaphysis that was  observed in
the small human hunter-gatherer sample was  not apparent
in any of the fossil Mt5s.

The first penalized discriminant function (PDF 1)
separated sSMA of modern humans (positive values)
from those of chimpanzees and gorillas (negative values)
(Fig. 4). Positive loading on PDF 1 reflects human differ-
ences from African apes attributable to more rigidity in
dorsal and plantar cortices in the proximal, and to a lesser
extent the distal, region of the metatarsal diaphysis of the
former. While PDF 2 did not cleanly separate any of the
extant groups, slight separation between chimpanzees

and gorillas occurred. Again, PDF 2 appears to be more
driven by individual-specific variation. StW114/115 and
SK33380 were projected firmly within the human cluster
along PDF 1, while OH8 was projected on the boundary of
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Fig. 4. Species-specific or fossil-specific distributions of scaled second
moments of area (sSMA) visualized with colour maps (first four rows).
M:  Medial, D: dorsal, L: lateral, P: plantar. First row: consensus values for
gorillas, chimpanzees, and modern humans. Second row: specimen values
from Sterkfontein (StW114/115), Swartkrans (SKX33380), and Dman-
isi  (D4058). Third row: specimen values from Dinaledi (UW.101.518,
UW.101.1439) and Olduvai (OH8: without correction; OH8a: with likely
pathological bone on periosteal surface removed). Fourth row: specimen
evol 16 (2017) 585–599

the human cluster opposite from the African ape cluster.
By comparison, D4058, UW.101-518, and UW.101-1439
were projected just outside the boundary of the human
cluster, and on the margin of the African ape cluster
(i.e. in a relatively intermediate position). Along PDF 2,
StW114/115, SKX33380, and D4058 were projected within
the entire extant sample cluster, while OH8, UW.101.518,
and UW.101.1439 were projected on the (lower) margin
of the entire extant sample cluster.

4. Discussion
In this study we investigated internal structure of
the Mt5  diaphysis in order to better understand how
modern humans, African apes, and fossil hominins load

values from San hunter-gatherers of southern Africa from Matjes River
(SS3), with the legend for the penalized discriminant analysis (PDA) plot
immediately to the right. Fifth row: plot of Penalized Discriminant Func-
tion (PDF) 1 versus PDF 2 generated from the PDA of sSMAs. The plot
presents the projection of each individual Mt5  in the sample into discrim-
inant space via PDF1 and PDF2. Black filled circles within a species cluster
indicate species means in discriminant space. Open symbols indicate sub-
jects used in the training sample, while filled stars indicate test subjects.
Grey filled stars indicate projected fossils, where grey arrows extending
from fossils indicate a range of sSMAs using different scaling factors that
reflect a published range of associated body mass estimates (see Section
2 for additional information). Grey filled circles indicate modern human
hunter-gatherers. Sixth row: colour maps visualizing pixel-wise loadings
of PDFs. Red colours correspond to positive PDF loadings across the cor-
responding region of a colour map. Blue colours correspond to negative
PDF loadings across the corresponding region of a colour map. White
colours indicate the transition between positive and negative loadings
(i.e. zero loading). The aggregate of the signed loadings across a colour
map  produces the PDF score on a specific PDF axis for the plot above.

Fig. 4. Distributions spécifiques pour les espèces actuelles, ainsi que chez
les fossiles, des moments quadratiques ajustés (sSMA). Ces distributions
sont visualisées à l’aide de cartes de couleur (quatre premières lignes).
M  : Médial, D : dorsal: L : latéral, P : plantaire. Première ligne : valeurs
moyennes pour les gorilles, les chimpanzés et les humains modernes.
Deuxième ligne : valeurs des spécimens de Sterkfontein (StW114/115),
Swartkrans (SKX33380) et Dmanisi (D4058). Troisième ligne : valeurs des
spécimens de Dinaledi (UW.101.518, UW.101.1439) et d’Olduvai (OH8 :
sans correction ; OH8a : avec enlèvement de la partie potentiellement
pathologique de la surface du périoste). Quatrième ligne: valeurs des
spécimens des chasseurs-cueilleurs d’Afrique du Sud de Matjes River
(SS3), avec la légende des analyses discriminantes pondérées (PDA) immé-
diatement à droite. Cinquième ligne: premier axe discriminant pondéré
(PDF 1) par rapport à PDF2 généré par la PDA sur les valeurs de sSMA. Le
graphique présente les scores de projection de chaque cinquième métatar-
sien de l’échantillon dans l’espace discriminant PDF1–PDF2. Les cercles
noirs représentent les valeurs moyennes pour les trois espèces actuelles
testées dans l’espace discriminant. Les symboles ouverts indiquent les
spécimens utilisés pour construire l’espace discriminant de la PDA, tan-
dis  que les étoiles noires représentent les sujets testés. Les étoiles grises
représentent les scores de projection pour les fossiles, tandis que les
cercles gris indiquent les scores de projection des humains modernes
chasseurs-cueilleurs. Sixième ligne : représentation graphique des axes
discriminants PDF 1 et PDF 2 en cartes de couleur. Aux couleurs rouges
correspondent des valeurs positives pour les éléments constitutifs des
PDFs. Les spécimens ayant les valeurs les plus élevées de sSMA dans les
régions correspondantes tendent à obtenir des scores de projection posi-
tifs  sur les PDF. Aux couleurs bleues correspondent des valeurs négatives
pour les éléments constitutifs des PDFs. Les spécimens ayant les valeurs
les plus faibles de sSMA dans les régions correspondantes tendent égale-
ment à obtenir des scores de projection positifs sur les PDFs. Les couleurs
blanches indiquent la transition entre les espaces positifs et négatifs (à
savoir, 0 indique des valeurs neutres dans le graphique ci-dessus).
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heir feet during gait. Using a ‘whole shaft’ approach, we
isualized and quantified differences in two Mt5  structural
arameters – cortical bone thickness and second moments
f area – that previously differentiated modern human and
frican ape Mt1  structure in accordance with predictions
ased on their foot loading regimes (Jashashvili et al.,
015). As predicted, the human Mt5  diaphysis exhibited
referential reinforcement for resisting dorsoplantar

oading compared to Mt5  diaphyses of chimpanzees or
orillas. A similar emphasis on dorsoplantar reinforce-
ent was observed in the human Mt1  (Jashashvili et al.,

015). Dorsoplantar reinforcement in human Mt5s was
oncentrated in the proximal half of the diaphysis (Fig. 4),
hich coincides with the location of theoretical peak
rinciple stresses in a finite element model of the human
t5  diaphysis (Arangio et al., 1997). The observed human

attern was not consistent with the theoretical model
f Preuschoft (1969) who suggested that mediolateral
irected bending moments in the Mt5  of modern humans
hould be higher relative to dorsoplantar directed bending
oments. In balancing an adaptive trade-off between
aintaining sufficient bone strength and minimizing

istal mass, a proximal concentration of cortical thickness
i.e. mass) and robusticity in the lower limb of humans
as been suggested as an effective strategy for optimizing
nergetic costs during bipedal walking (Shaw et al., 2014;
tock, 2006). Based on our analyses of the human Mt5
iaphysis (Fig. 2), such an adaptive solution may  occur not
nly within the lower limb overall, but also possibly on

 more local scale (i.e. within segmental elements such
s a metatarsal and thus within the load arm of the foot).
dditionally, dorsoplantar reinforcement of human Mt5s
as accomplished largely by an expanded dorsoplantar

xternal dimension of the entire diaphysis as opposed to
hickening dorsal and plantar cortices (i.e. perhaps also
ignalling selection for tissue economy) since medial and
ateral cortices of human Mt5s actually exhibited compar-
tively greater thicknesses (Figs. 2 and 3A). Interestingly,

 similar emphasis on proximal concentration of cortical
hickness in the human Mt1  diaphysis (i.e. distal tapering),
y comparison, was not observed (Jashashvili et al., 2015).

Chimpanzees and gorillas similarly exhibited Mt5
iaphyses with comparatively more uniform cortical
hickness (Fig. 2) and second moments of area (Fig. 4)
oth radially around and longitudinally along their dia-
hyses. The observed ape pattern was consistent with the
heoretical model of Preuschoft (1969) who predicted rel-
tively equivalent dorsoplantar and mediolateral directed
ending moments in their Mt5  diaphyses. This pattern

s fundamentally different from the pattern exhibited in
odern humans. Such a stark contrast in patterns was  not

s apparent in Mt1  diaphyses of these groups (Jashashvili
t al., 2015). The African ape pattern observed in the
resent study is consistent with a metatarsus reinforced
gainst more varied loading compared to the human pat-
ern that is consistent with a metatarsus reinforced against
elatively stereotypical dorsoplantar loading. Interestingly,

he consensus pattern of the human industrialized sample
id not exhibit external rotation in the orientation of
ighest rigidity proximodistally along the diaphysis, but
here appears to be a subtle external rotation exhibited
evol 16 (2017) 585–599 595

proximodistally along the diaphysis in the consensus
pattern of the small sample of human hunter-gatherers.
Specifically in the latter, dorsal and plantar cortices
exhibited the highest rigidity in the proximal half of the
diaphysis, while approximately at midshaft the orientation
of highest rigidity externally rotated towards the medial
and lateral cortices through the distal half of the diaphysis.
While a larger sample of human hunter-gatherers is
needed to confirm whether potential differences from the
industrialized humans are representative or idiosyncratic,
it is interesting to consider that compared to level sub-
strates, uneven substrates have been shown to elicit more
variable step lengths and step widths in bipedal humans
(Voloshina and Ferris, 2015; Voloshina et al., 2013), which
presumably induces more variable contacts between the
foot and substrate (i.e. foot loading patterns).

The absence of human-like distal tapering in the African
ape Mt5  diaphysis also is consistent with a scenario of
more varied loading in which there would appear to
be relatively weaker selective pressure for minimizing
distal mass distribution compared to relatively stronger
selective pressure for maintaining adequate bone strength
along the entire diaphysis. Ultimately, more varied load-
ing experienced by African ape Mt5s may  be the result
of their relatively greater locomotor diversity and sub-
strate use (Gebo, 1992), as well as retaining a grasping
foot. It is worth noting that while magnitudes of sCBT
and sSMA did not differentiate chimpanzee from gorilla
Mt5  diaphyses (Table 1, Fig. 3), distributions of sCBT did.
Specifically, gorillas exhibited slightly more transversely
extended thickenings than chimpanzees (Fig. 2). Thus,
the ‘whole shaft’ approach adopted here offers additional,
richer insights into hominoid metatarsal structure that
traditionally limited comparisons of single cross-sectional
regions of interest (e.g., Marchi, 2005) or robusticity indices
(Day and Napier, 1964; Harcourt-Smith et al., 2015; Pontzer
et al., 2010; Zipfel et al., 2009) cannot.

Internal structure of fossil hominin Mt5  diaphyses
was not consistent across the sample, suggesting that
systemic skeletal gracilization and loading patterns of
the lateral column of the foot appear to have differed
amongst these hominins. Diaphyses of Mt5s from A.
africanus (StW114/115), P. robustus (SKX33380), H. habilis
(OH8), and H. erectus (D4058) exhibited African ape-like
levels of cortical thickness, whereas only H. naledi Mt5s
(UW.101-518 and UW.101-1439) exhibited human-like
levels of cortical thickness (Table 1 and Fig. 3A). Of the fos-
sil Mt5s included in the present analysis, only A. africanus
(StW114/115) and H. erectus (D4058) Mt5s exhibited the
unique human-like distal tapering in cortical thickness
observed here (Fig. 2). Postcranial gracilization is thought
to be a relatively recent phenomenon within human evolu-
tion (i.e. emerging within the Holocene), as demonstrated
by temporal trends in trabecular (Chirchir et al., 2015; Ryan
and Shaw, 2015) and cortical bone decreases (Ruff et al.,
1993; Shaw and Stock, 2013; Stock, 2006). Explanations for
skeletal gracilization abound, ranging from reduced activ-

ity levels associated with increased sedentariness, dietary
shifts, and hormonal changes, among others (Carlson
and Marchi, 2014b). While dates for H. naledi fossils
have not yet been assigned (Harcourt-Smith et al., 2015),
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their generally human-like cortical thinning is suggestive
evidence that skeletal gracilization may  characterize H.
naledi.  Reasons for this are unknown; moreover, system-
atic sampling of other anatomical regions of the H. naledi
postcranial skeleton must be undertaken before this trend
can be confirmed. Neither of the two H. naledi Mt5  speci-
mens examined in the study exhibited human-like distal
tapering in cortical thickness (i.e. optimization in mass dis-
tribution), but both were similar to other fossil (e.g., OH8
and SKX33380), chimpanzee, and gorilla Mt5s in exhibiting
continuations of thickened regions into distal halves of
diaphyses (Fig. 2). This implies that selective pressures on
metatarsal structure experienced by these hominins (e.g.,
gait kinematics) probably differed from those experienced
by modern humans investigated in the present study, cor-
roborating the few primitive foot morphological characters
that were reported (Harcourt-Smith et al., 2015).

Diaphyses of A. africanus (StW114/115), P. robustus
(SKX33380), and H. habilis (OH8) Mt5s combined ape-like
magnitudes of cortical thickness and human-like mag-
nitudes of rigidity. This is consistent with diaphyseal
reinforcement via cortical thickening rather than increas-
ing dorsoplantar external dimensions, although the degree
of intra-individual variation in both variables exhibited by
these fossils (Fig. 3) suggests that to some extent they
combined both functional solutions for enhancing dor-
soplantar diaphyseal rigidity. It also supports previous
suggestions of human-like loading in the lateral column of
the foot of these hominins (Day and Napier, 1964; Proctor,
2013; Zipfel et al., 2009). The H. erectus Mt5  from Dmanisi
(D4058) uniquely combined ape-like magnitudes of corti-
cal thickness and rigidity (Fig. 3). This is consistent with
other primitive retentions noted in the metatarsals of the
hominins from Dmanisi (Pontzer et al., 2010), and also with
the lack of a relatively human-like expanded Mt5  dorso-
plantar external dimension (e.g., robusticity index). Both
of these results suggest that human-like selective pressures
on the foot (i.e. gait kinematics) may  not have fully emerged
in H. erectus from Dmanisi, echoing the assessment of
others (Pontzer et al., 2010). In contrast, H. naledi (UW.101-
518 and UW.101-1439) Mt5s were unusual amongst the
hominin sample in that they coupled human-like mag-
nitudes of cortical thickness and ape-like magnitudes of
rigidity (Tables 1 and 2, Fig. 3). This suggests that H. naledi
Mt5s were relatively gracile (human-like), but also less
rigid (i.e. loaded) than those of other hominin taxa investi-
gated in the study. Importantly, the Mt5s of H. naledi were
not particularly human-like in that they did not exhibit
distal tapering in cortical thickness. Functional interpre-
tation of the observed H. naledi uniqueness amongst the
hominin sample in this study requires further comparative
investigations of H. naledi postcrania.

Similar sSMA distributions defined a group formed by
StW114/115 and OH8, and to a lesser extent SKX33380 (i.e.
emphasis on human-like dorsoplantar rigidity in the proxi-
mal  half of the diaphysis), as well as a second group formed
by D4058, UW.101-518, and UW.101-1439 (i.e. relative

emphasis on ape-like invariable rigidity radially around
and longitudinally along the diaphysis) (Fig. 4). Contrary
to our prediction, the A. africanus Mt5  (StW114/115)
was not more ape-like in internal structure than the H.
evol 16 (2017) 585–599

habilis Mt5  (OH8), which supports the notion of (func-
tional) conservatism within the lateral column of the
hominin foot. However, the internal structural variability
in Mt5s observed amongst all fossil hominins investigated
in the study clearly argues against (functional) conser-
vatism in the lateral column of the hominin foot, contra
suggestions made from comparisons of external struc-
ture (Harcourt-Smith et al., 2015; Proctor, 2013; Ward
et al., 2011). Moreover, other Homo Mt5s besides that of
OH8, specifically those from H. erectus (D4058) and H.
naledi (UW.101-518 and UW.101-1439), were unexpect-
edly more African ape-like in some aspects of their internal
structure than was  the A. africanus Mt5  (StW114/115). This
suggests that despite what appears to be conserved exter-
nal morphological features in the hominin lateral column
of the foot (Harcourt-Smith et al., 2015; Proctor, 2013;
Ward et al., 2011), the loading patterns sustained by the lat-
eral column still varied within these hominins, particularly
distinguishing H. erectus from Dmanisi and H. naledi from
Dinaledi for different reasons. The observed relatively ape-
like features in the internal structure of the Dmanisi Mt5
(D4058) are particularly surprising given that other lower
limb adaptations in the Dmanisi postcranium have been
suggested to evince strong selection for efficient bipedal
gait (Pontzer et al., 2010). We  reiterate what others have
suggested (Hatala et al., 2016; Rose, 1991), namely, that the
evolution of human bipedalism was a process that involved
a number of hominins characterized by a number of exper-
iments in gait kinematics (and thus loading patterns) along
the way.

There can be no doubt that the kinematics and loads
sustained by the foot during locomotor repertoires are
complicated. For example, in vivo experimental studies
using motion capture systems, force transducers, and
dynamic pressure sensors continue to demonstrate the
importance of intra- and inter-individual variation in both
modern humans and chimpanzees/bonobos (e.g., Bates
et al., 2013; D’Août et al., 2004; De Cock et al., 2008;
Fernández et al., 2016; Vereecke et al., 2003). Unfortu-
nately, fewer data exist for gorillas (but see Schmitt et al.,
2016). Some of the observed variations can be due to
general effects on gait of speed, foot and lower limb
pathologies, body size, and/or substrate preferences, etc.
(Carlson and Demes, 2010; Franz et al., 2005; Schmitt,
2003; Schmitt and Hanna, 2004). Despite this potential for
load variation in and between humans and apes, the inter-
nal structure of the Mt1  (Jashashvili et al., 2015; Marchi,
2005) and Mt5  (this study; Marchi, 2005) is consistently
informing us that there is a significant difference between
humans and apes. The fact that fossil hominins are variable,
and appear to be bracketed by these extant hominid groups,
at least for the Mt5  diaphysis, highlights the fact that the
internal morphology of the lateral column of their foot has
not uniformly converged on a stereotypical modern human
pattern, and by extension, that their foot biomechanics
(especially in the lateral column) are equally not necessar-
ily like that of modern humans. Future investigations that

would include Mt5s from additional Plio-Pleistocene fossil
hominins, including Neanderthals, would further evalu-
ate this hypothesis by more comprehensively assessing
when modern human internal morphology first appeared
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n the human evolutionary record. Additionally, apply-
ng the “whole shaft” approach to other metatarsals of
ossil hominins, such as the Mt1, would appear to be
qually promising for understanding the evolution of mod-
rn human foot form and function.
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