
C. R. Palevol 15 (2016) 978–987

Contents lists available at ScienceDirect

Comptes  Rendus  Palevol

w ww.s c iencedi rec t .com

Human  Palaeontology  and  Prehistory  (Paleoanthropology)

An  Early  Pleistocene  human  pedal  phalanx  from  Swartkrans,
SKX  16699,  and  the  antiquity  of  the  human  lateral  forefoot

Une phalange de pied humain du Pléistocène inférieur de Swartkrans,
SKX  16699, et l’antiquité de la partie avant latérale du pied humain

Erik  Trinkausa,∗,  Biren  A.  Patelb,c,d

a Department of Anthropology, Washington University, Saint Louis, MO 63130, USA
b Department of Cell and Neurobiology, Keck School of Medicine, University of Southern California, Los Angeles, CA 90033, USA
c Human and Evolutionary Biology Section, Department of Biological Sciences, University of Southern California, Los Angeles, CA 90089,
USA
d Evolutionary Studies Institute, University of the Witwatersrand, Wits, 2050 Johannesburg, South Africa

a  r  t i  c  l  e  i  n  f  o

Article history:
Received 23 June 2016
Accepted after revision 20 July 2016
Available online 9 September 2016

Handled by Roberto Macchiarelli

Keywords:
Paleoanthropology
Foot
Toes
Australopithecus
Paranthropus
Homo

a  b  s  t  r  a  c  t

In order  to  assess  the  antiquity  of derived  human  lateral  (lesser)  toe morphology,  the
SKX  16699  Early  Pleistocene  pedal  proximal  phalanx  from  Swartkrans  (South  Africa)
was  compared  to samples  of pedal  phalanges  attributed  to Pliocene/Pleistocene  australo-
pithecines,  Homo  naledi  and  Late  Pleistocene  Homo.  In contrast  to  australopith  lateral
phalanges,  the  SKX  16699  phalanx  exhibits  an absolutely  (and probably  relatively)  short
length,  limited  plantar  diaphyseal  curvature,  proximal-to-midshaft  and mid-dorsoplantar
flexor  sheath  insertions,  and  a marked  proximodorsal  orientation  of the  metatarsal  facet.
SKX 16699  is intermediate  between  the  australopith  phalanges  and  later  Homo  ones  in its
modest  dorsal  diaphyseal  curvature  and  mid-dorsoplantar  metatarsophalangeal  collateral
ligament  insertion  areas.  Its  diaphyseal  robustness  is  similar  to  that  of  Homo  phalanges,
but  overlaps  the  range  of  later  australopith  ones.  This  combination  of features  and  the  close
morphological  affinities  of  SKX  16699  to later  Homo  proximal  pedal  phalanges  suggest  the
emergence  of  a distinctly  human  lateral  forefoot  by  the initial  Early Pleistocene.

©  2016  Académie  des  sciences.  Published  by Elsevier  Masson  SAS.  All  rights  reserved.
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L’antiquité  de  la  morphologie  latérale  dérivée  des  orteils  humains  est  mal  connue,  malgré
la présence  de phalanges  proximales  de  pied  parmi  les restes  fossiles  des  australopithèques
et  du  genre  Homo.  Pour  clarifier  l’évolution  humaine  du  pied  disto-latéral,  la  phalange
proximale  de  pied  du Pléistocène  inférieur  de  Swartkrans  (Afrique  du  Sud),  SKX  16699  est

alanges  proximales  de  pieds  d’australopithèques,  d’Homo  naledi,  et
Paranthropus comparée aux  ph
Homo d’hommes  du  Pléistocène  supérieur.  Contrairement  à celles  des  australopithèques,  la
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phalange  SKX  16699  montre  une  faible  longueur  (en valeur  absolue  et relative  par rap-
port  à  la tête  fémorale),  une  courbure  plantaire  de la  diaphyse  limitée,  une  orientation
proximo-dorsale  marquée  de  la  facette  métatarsienne  et  les  insertions  des  ligaments  pour
la  gaine  du  tendon  fléchisseur  proximales  et  médio-dorsoplantaires.  La  phalange  SKX
16699  est  morphologiquement  intermédiaire  entre  celles  des  australopithèques  et  celle
du  genre  Homo  plus  récent,  en  ce qui  concerne  sa courbure  diaphysaire  dorsale  et  la posi-
tion  médio-dorsoplantaire  des  insertions  des  ligaments  collatéraux  métatarsophalangiens.
Sa robustesse  diaphysaire  est  proche  de  celles  des  phalanges  proximales  du  genre  Homo,
mais  dépasse  celle  des  phalanges  des  australopithèques.  Cette  combinaison  d’aspects  mor-
phologiques  et  les  proches  affinités  de  SKX  16699  avec  les  phalanges  proximales  du  pied
du  genre  Homo  plus  récent  impliquent  un  fonctionnement  de  la  partie  avant  latérale  du
pied  clairement  humain  au début  du  Pléistocène,  quelle  qu’ait  été  la  mosaïque  morpho-
fonctionnelle  du pied  tarso-métatarsien  et du  gros  orteil  humain  à  la même  période.
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. Introduction

Later Pleistocene and recent humans evolved pedal
keletons related to the absorption and transfer of ground
eaction forces during our striding bipedal gait, combined
ith effective propulsion during heel-off and toe-off. Many

f the key elements of this pedal anatomy, including an
dducted hallux, medial and lateral longitudinal pedal
rches, and a compact posterior tarsal region with a robust
eel, had emerged in the australopithecines in the Early-
o-Middle Pliocene, as reflected in their pedal remains
nd the Laetoli footprints (Crompton et al., 2012; DeSilva
t al., 2013; Raichlen et al., 2010; Ward, 2013). How-
ver, the degree to which species of Australopithecus and
aranthropus possessed a fully “human” heel-off and toe-
ff mechanism remains uncertain (DeSilva et al., 2012;
atala et al., 2016; Susman and de Ruiter, 2004). What is
nown is that the phalanges of the lesser (lateral, or non-
allucal) toes of Australopithecus retained a suite of features
eminiscent of those of Ardipithecus (Lovejoy et al., 2009),
s well as the Pliocene hominin foot from Burtele (BRT)
Haile-Selassie et al., 2012). In particular, the lateral pedal
roximal phalanges of Australopithecus afarensis were rela-
ively long and gracile, dorsally curved, had prominent and
istally positioned flexor sheath attachments, and exhib-

ted other features in contrast to those of recent humans
Duncan et al., 1994; Latimer et al., 1982; Susman et al.,
984; Ward et al., 2012). The more recent australopithecine
edal phalanges, StW 355 from Member 4 of Sterkfontein
nd DNH-117 from Drimolen, largely follow the same pat-
ern (Vernon, 2013).

Relatively short intermediate and distal lateral pedal
halanges are known from the KNM-ER 803 early Homo
artial skeleton (Day and Leakey, 1974), and a partial lateral
edal proximal phalanx (ATD6-32) is known from the ter-
inal Early Pleistocene (Lorenzo et al., 1999); they provide

ittle information on when the later human lateral forefoot
orphological pattern emerged. A number of lateral pedal

roximal phalanges come from the Middle Pleistocene

tapuerca SH sample, and they provide a morphology
ell within the variation of Late Pleistocene and recent
umans (Pablos et al., 2015). Although the recently discov-
red Dinaledi (Homo naledi)  sample provides a distinctly
es  sciences.  Publié  par  Elsevier  Masson  SAS.  Tous  droits  réservés.

human tarsometatarsal skeleton, its lateral pedal proximal
phalanges have been described as having a mixture of aus-
tralopith and later human features (Harcourt-Smith et al.,
2015). Unfortunately, secure dates for this sample remain
elusive (Dembo et al., 2016). It therefore remains unclear
when the full morphology of the human lateral forefoot
emerged.

In this context, we  reassess a complete, but isolated, lat-
eral hominin pedal proximal phalanx (SKX 16699) from
the initial Early Pleistocene (≈ 1.8 Ma)  of Swartkrans,
South Africa (Susman et al., 2001) (Fig. 1). Its prelimi-
nary description emphasized the specimen’s diminutive
size, and highlighted its minimal diaphyseal curvature,
dorsally “excavated” metatarsal facet, well-developed
metatarsophalangeal ligament attachments, and “hour-
glass” shape, all features principally seen in more recent
Homo pedal phalanges. Re-assessment of SKX 16699 in
light of an expanded sample of fossil hominin pedal pha-
langes is therefore warranted and provides additional
perspectives on the evolutionary timing of human-like lat-
eral forefoot morphology.

2. Materials and methods

2.1. SKX 16699 pedal phalanx

The SKX 16699 phalanx (Fig. 1) is a complete pedal pha-
lanx, with minimal erosion to its proximal and distal ends.
It was  associated with sediments from the Lower Bank of
Member 1 of the Swartkrans deposits and thus dates to
≈ 1.8 Ma  (Balter et al., 2008). It is likely to be from the right
side based a lateral orientation (7◦) of the distal trochlea.
A right side designation is further supported by a small
tubercle just distal of the proximal capsular attachment on
the right side in dorsal view. If this tubercle represents the
insertion of the abductor digiti minimi tendon, it would be
from the fifth digit. Yet, the proximal epiphysis is virtually
round (breadth/height ratio of 1.03 [1.01 with the extra
plantar growth – see below]), which places it below the

same ratio for all other Pliocene and Pleistocene hominin
fifth proximal phalanges (1.07–1.34; n = 22) but within the
range of second to fourth ones (0.89–1.28; n = 93). The
tubercle could be for the tendon of the third or fourth dorsal
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Fig. 1. The SKX 16699 proximal pedal phalanx in dorsal (D), plantar (P), medial (M), lateral (L), distal (Di) and proximal (Pr) views, photos (above) and 3D
renderings from micro-CT scan images (below), plus the mid-sagittal section of the bone (S). The extra plantar-lateral bone on the proximal epiphysis is
evident in the proximal view (arrow).

), planta
 avec un
.

Fig. 1. Phalange proximale latérale du pied SKX 16699 en vues dorsale (D
(en  haut) et les images micro-CT 3D (en bas) proviennent de la phalange,
latérale de l’épiphyse proximale est indiqué sur la vue proximale (flèche)

interosseus muscle, but it is unlikely to be from the second
one given the absence of a medial proximal tubercle for
the first dorsal interosseus tendon. The phalanx is therefore
most likely from the third, fourth or fifth digit.

There is a small bulge on the lateral side of the plantar
proximal epiphysis, which has a slightly irregular and dis-
crete border (Fig. 1). It is a small growth of bone, associated
with the lateral plantar ligament, but expanded beyond the
usual small tubercle for the ligament. The proximal max-
imum height has been adjusted (from 8.8 to 8.6 mm)  to
account for this extra growth.

2.2. Comparative samples

The SKX 16699 phalanx is qualitatively and quanti-
tatively compared to samples of proximal lateral pedal
phalanges of (frequently shod) Upper Paleolithic mod-
ern humans (n = 80), habitually unshod Middle Paleolithic
early modern and late archaic humans (n = 85), the
Dinaledi (H. naledi)  sample (n = 9), and australopith (n = 18)
remains referred to Australopithecus afarensis, Australo-

pithecus africanus and Paranthropus robustus, plus the
taxonomically uncertain Burtele Pliocene foot (BRT-VP-
2/73) (the individual specimens are listed in Table S1). The
Australopithecus afarensis phalanges are from Hadar (one
ire (P), médiale (M), latérale (L), distale (Di) et proximale (Pr). Les photos
e section médio-sagittale (S). L’os supplémentaire sur la partie plantaire

from A.L. 288-1y, four from A.L. 333-115, and seven iso-
lated ones from the A.L. 333 locality). The Australopithecus
africanus and P. robustus phalanges are from Sterkfontein
(StW 355) and Drimolen (DNH-117), respectively. Pha-
langes from digits 2 to 5 are included, given the difficulties
in assigning isolated ones to digits 2 to 4. Recent human
reference data for diaphyseal robusticity are from the
habitually unshod Pecos Pueblo, New Mexico late prehis-
toric Amerindian sample (Trinkaus, 2005). The SKX 16699,
StW 355, most Late Pleistocene and Holocene data are from
personal measurement of the original specimens. The other
phalangeal data derive from the literature and personal
communications (Table S1).

2.3. Comparative methods

The assessment of SKX 16699 (Fig. 1) is based on the
original specimen housed in the Ditsong National Museum
of Natural History (Pretoria, South Africa), combined with
high-resolution micro-CT scans (23.5 �m voxel resolution)
of the bone obtained with a Nikon Metrology XTH 225/320

LC dual source industrial CT system located at the Microfo-
cus X-ray CT facility of the University of the Witwatersrand.
The lengths and diameters (Table S1) were measured with
calipers (and verified on the digital scan data) following
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rinkaus (1983). An ‘articular angle’ was measured in the
idline parasagittal plane of the phalanx, between the tan-

ent to the metatarsal facet and the interarticular axis of the
halanx (Fig. S1); a proximodorsal orientation of the facet
rovides an angle > 90◦. This angle is modestly less than the
ore commonly measured angle between the metatarsal

acet and the plantar plane of the phalanx (i.e., the ‘dor-
al canting’ angle; Duncan et al., 1994; Haile-Selassie et al.,
012; Ward et al., 2012). The articular angle better rep-
esents the functional (joint reaction force) orientation of
he proximal phalanx in the latter portions of stance phase,
iven the dorsiflexion of the metatarsophalangeal joint and
he associated plantarflexion of the interphalangeal joints
t heel-off (Martin, 2011). Published ‘dorsal canting’ angles
ave been converted to ‘articular angles’ by subtracting the
ngles, in lateral view, between the plantar tangent and the
nterarticular axis from the available ‘dorsal canting’ angles
Fig. S1). All of these angles are likely to have measurements
rrors of ± 1◦–2◦, given irregularities in the articular facet
argins unrelated to the predominant orientations of the

acets.
Given differences in Australopithecus versus Homo in rel-

tive toe lengths (Latimer and Lovejoy, 1990; Susman et al.,
984; White and Suwa, 1987), relative phalanx length was
ssessed using an index of phalangeal length to available
emoral head diameters (see Table S2 for Pliocene and Early
leistocene femoral head diameters). Femoral head diam-
ter is employed as a reflection of body mass (Auerbach
nd Ruff, 2004); it scales similarly across Pliocene and
arly/Middle Pleistocene hominin samples to other skeletal
eflections of body mass, and it is insignificantly propor-
ionately smaller in the earlier samples than it is among
ate Pleistocene and recent humans (Grabowski et al.,
015; Trinkaus, unpub. data). Associated femoral head
iameters are used as available for A.L. 288-1 and the Late
leistocene Homo phalanx samples. An average of 37.4 mm
± 4.1 mm;  from A.L. 152-2, 333-3 and 827-1) is used for the
ther Australopithecus afarensis phalanges (data from Ward
t al., 2012). A mean Australopithecus africanus value of
3.2 mm (± 2.4 mm,  n = 7) is used for StW 355, and a mean
. robustus value of 32.2 mm (± 3.3 mm,  n = 6) is employed
or DNH-117 (data from Ruff, 2010). The H. naledi lengths
re compared to the mean of the two available femoral head
iameters (35.5 mm)  (Marchi et al., 2016). SKX 16699 is
ompared to both the P. robustus mean and an early Homo
verage of 42.8 mm (± 3.3 mm,  n = 4; data from Ruff, 2010)
iven its taxonomic uncertainty. Femoral head diameters
re not available for the Burtele foot. To assess phalangeal
obusticity, the diaphysis is modeled as a solid beam and
he diaphyseal polar moment of area (J) calculated from
he midshaft diameters using ellipse formulae (O’Neill and
uff, 2004). Polar moments of area are compared to interar-
icular length since body mass estimates are unavailable for
ll of the Pliocene and Earlier Pleistocene pedal phalanges,
xcept for A.L. 288-1y. The raw residuals from the reduced
ajor axis line of the polar moment of area versus inter-

rticular length for the recent human habitually unshod

igits 2 to 5 sample are then compared (Ln J = 4.243 × Ln

ength – 8.43, r = 0.616, n = 171).
Given that variable numbers of phalanges are avail-

ble by individual, and that it is not always possible to
vol 15 (2016) 978–987 981

reliably assign phalanges to a digit, SKX 16699 is compared
to values for proximal phalanges from digits 2 to 5 individ-
ually. To avoid duplication by individual for the associated
sets of phalanges, the comparisons employ repeated mea-
sure ANOVAs [calculations done with NCSS 8.0.16 (Hintze,
2012)]. Phalanx length is not different across the reference
samples (P = 0.453), but the other comparisons are all sig-
nificant at P < 0.0001.

3. Results

3.1. Phalangeal length

SKX 16699’s interarticular length is 18.6 mm,  which is
shorter than those of 96.6% (n = 179) of the other fossil
hominin pedal phalanges (Fig. 2A). It is among the smaller
of the later Homo phalanges, and modestly longer than
one of H. naledi (U.W. 101-1034). It falls well below those
of BRT-VP-2/73, Australopithecus afarensis, Australopithe-
cus africanus and P. robustus; among the australopiths,
its length is approached only by those of A.L. 288-1y
(21.0 mm),  StW 355 (23.4 mm)  and DNH-117 (22.2 mm).

When phalanx length is scaled to femoral head diam-
eter as an index (Fig. 2B), the australopiths separate from
the Late Pleistocene hominins. The smallest Australopithe-
cus afarensis index (67.6) is for the A.L. 333-154 phalanx;
the largest Late Pleistocene indices are for the Qafzeh 8
(65.2) and Veneri 2 (65.0) second phalanges. The StW 355
and DNH-117 phalanges, scaled against Australopithecus
africanus and P. robustus mean femoral head diameters
respectively, provide indices of 70.5 and 68.9, respectively,
at the bottom of the Australopithecus afarensis range. The
H. naledi indices fall among the relatively longer of the Late
Pleistocene humans.

The values for SKX 16699 as a P. robustus (57.8) or
an early Homo (45.5) bracket the interquartile ranges for
Late Pleistocene Homo and are distinct from the australo-
pith range. If the three shortest australopith phalanges
(A.L. 288-1y, StW 355, DNH-117) are scaled to the small-
est known femoral head diameters for their respective
species (A.L. 288-1: 28.0 mm;  Sts 14: ≈ 30.8 mm;  SK 3121:
28.8 mm)  and SKX 16699 is scaled to the smallest of them,
assuming that they all derive from small individuals, their
resultant indices are 78.6, 76.0, 77.1 and 66.4 respectively.
Thus, SKX 16699 remains separate from the australopith
specimens, if slightly above the highest later Homo val-
ues. SKX 16699 therefore has both an absolutely and, to the
extent assessable, relatively short length, similar to those
of Homo.

Comparing each phalanx length separately to each of
the femoral head diameters within each taxonomic group
(Table S2) modestly increases the ranges of indices for each
sample or specimen. However, it does not change the over-
all pattern (Fig. S2), and the comparative samples remain
significantly different from each other. The larger indices
for SKX 16699 using P. robustus femoral head diameters

overlap the smallest values for Australopithecus afarensis,
StW 355 and DNH-117, but the majority of its indices using
P. robustus femoral heads and all of the ones using early
Homo values separate it from the australopith specimens.
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Fig. 2. Phalanx interarticular length (A) and interarticular length/femoral head diameter × 100 (B). Sample average femoral head diameters are employed
for  the australopith and H. naledi samples; see Fig. S2 for comparisons to individual values. SKX (P.) and SKX (H.) represent the values for SKX 16699
using  P. robustus and early Homo average femoral head diameters, respectively. BRT: BRT-VP-2/73; AL: Hadar Australopithecus afarensis; StW: StW 355
Australopithecus africanus; DNH: DNH-117 P. robustus (StW 355 is above DNH-117 in both graphs); H.n.: H. naledi;  MP:  Middle Paleolithic humans; UP:
Upper  Paleolithic humans.
Fig. 2. Longueur interarticulaire de la phalange (A) et longueur phalangienne/diamètre de la tête fémorale × 100 (B). Les diamètres moyens de la tête
fémorale sont utilisés pour les échantillons d’australopithèques et d’H. naledi ; voir Fig. S2 pour des comparaisons avec les valeurs individuelles. SKX (P.)

mètres 

 StW : A
 MP  : ho
et  SKX (H.) représentent les valeurs pour SKX 16699 en utilisant les dia
Pléistocène. BRT : BRT-VP-2/73 ; AL : Australopithecus afarensis d’Hadar ;
355  est au-dessus de DNH-117 dans les deux graphiques) ; H.n. : H. naledi ;

3.2. Diaphyseal robusticity

The robusticity of the SKX 16699 diaphysis is assessed
by comparing its midshaft polar moment of area (modeled
as a solid beam) to those of the other hominin fossil samples
(Fig. 3A). The two Late Pleistocene samples follow the pat-
tern of habitually unshod and shod recent humans (Middle
and Upper Paleolithic remains, respectively) (Trinkaus,
2005). The Australopithecus afarensis phalanges (including
the small A.L. 288-1y) and the two phalanges from BRT-
VP-2/73 fall along the gracile margin of the habitually shod
human sample. Their phalangeal “gracility” is likely a result
of their phalangeal lengths, given that they are relatively
long and australopith postcrania are otherwise robust (Ruff
et al., 1999). The H. naledi phalanges align with the Middle
Paleolithic sample. The two later australopith phalanges,
StW 355 and DNH-117, are close to the H. naledi phalanges
and among the Late Pleistocene ones. SKX 16699 is within
the range of both the Middle and Upper Paleolithic samples,
close to those of H. naledi,  distinct from the Australopithecus
afarensis ones, yet in line with the two later australopiths
from South Africa (StW 355 and DNH-117).

The distributions of their residuals from a recent human
unshod sample line (Fig. 3B) places SKX 16699 between the
medians of the two later Homo phalanx samples and among
the more gracile of the H. naledi and Middle Paleolithic pha-

langes. It is similar to the values for the two later South
African australopith specimens, above the Burtele values,
and well separated from the Australopithecus afarensis sam-
ple. It is unclear to what extent the differences in earlier
moyens de la tête fémorale pour P. robustus et pour Homo du début du
ustralopithecus africanus (StW 355) ; DNH : P. robustus (DNH-117) (StW
mmes du Paléolithique moyen ; UP : hommes du Paléolithique supérieur.

hominin phalangeal robustness are driven by shaft diam-
eters versus length (Fig. 2); the similarity of SKX 16699 to
StW 355 and DNH-117 may  be due in part to their mod-
est lengths, yet A.L. 288-1y remains gracile along with the
other Australopithecus afarensis phalanges.

3.3. Diaphyseal curvature

The dorsal contour of SKX 16699 in lateral view exhibits
a modest convexity, one that is evenly distributed proxi-
modistally along the diaphysis (Fig. 1); its plantar contour
is only slightly concave. It is therefore more curved dorsally
than are those of most Late Pleistocene and recent humans,
which have a straight or slightly convex dorsal diaphy-
seal profile (Fig. 4). Yet, its dorsal curvature is substantially
less than those of Australopithecus afarensis, Australopithe-
cus africanus and BRT-VP-2/73 (Fig. 4; cf. Haile-Selassie
et al., 2012; Latimer et al., 1982; Ward et al., 2012). It is
similar to those of the H. naledi phalanges, despite their
phalanges being described as having “significantly greater
curvature than those of modern humans” (Harcourt-Smith
et al., 2015:4). Yet, the slight plantar concavity of SKX 16699
closely resembles those of later Homo phalanges and is
close to those of the H. naledi phalanges. It contrasts with
the distinctly plantarly concave proximal phalanges of Aus-
tralopithecus afarensis, StW 355 and DNH-117 (Fig. 4; cf.

Latimer et al., 1982; Vernon, 2013; Ward et al., 2012).

Susman et al. (2001) provided an “included angle” of
22◦ for SKX 16699, a measure of its midline curvature and
hence one that combines both the dorsal convexity and the
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Fig. 3. Bivariate plot of the midshaft ln polar moment of area (modeled as a solid beam) versus ln interarticular length for SKX 16699 and comparative
lateral  proximal pedal phalanges 2 to 5 (A). Boxplot of the residuals from reduced major axis line through the recent human habitually unshod sample (B).
The  very short phlanages in A are U.W. 101-1034 and from the Shanidar 4 and 8 and Continenza 1 fifth digits. Abbreviations as in Fig. 2.
Fig. 3. Distribution bivariée du moment polaire In de la diaphyse (représentée comme  un fasiceau solide) en fonction de la longueur articulaire In de SKX
16699 et des phalanges latérales proximales d’échantillons de comparaison 2 à 5 (A) et boxplot pour les résiduels à partir de la ligne de régression d’axe
m sés (B). 
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egree of dorsoplantar expansion of the proximal diaphysis
Stern et al., 1995; Susman et al., 1984). This angle is sub-
tantially below the value of 36◦ for both A.L. 288-1y and
tW 355, which are similar to other Australopithecus afaren-
is proximal pedal phalanges, but among the more curved
f a recent human sample (Susman et al., 1984, 2001).
et, the diaphysis of SKX 16699 expands more proximally
han do those of Australopithecus (albeit not as much as
ome later Homo phalanges) (Fig. 4), such that the “included
ngle” likely minimizes the difference in dorsal curvature
etween it and those of Australopithecus. SKX 16699 also
ontrasts with DNH-117, whose curvature is similar to StW
55 and the Australopithecus afarensis phalanges (Vernon,
013).

.4. Flexor sheath attachments

Hominin pedal phalanges have variably developed
edial and lateral sulci, with or without small crests, for

he attachments of the flexor digitorum longus and brevis
uscles’ fibrous sheaths. The sulci extend from the prox-

mal metatarsophalangeal capsular attachment to an area
lose to the distal trochlea. In later Pleistocene humans,
hey are marked, sometimes with small crests, on the
roximal-to-middle shaft and in the dorsoplantar middle
f the medial and lateral diaphysis (Fig. 4). On the Australo-
ithecus afarensis and StW 355 phalanges (Fig. 4; cf. Ward
t al., 2012), they are variably evident along the full diaph-
sis and are more developed on the distal half to two-thirds
f the diaphysis. Their sulci are commonly bordered medi-
lly and laterally by small crests extending along the middle

o distal diaphysis, located medioplantarly and lateroplan-
arly as opposed to the more directly medial and lateral
ositions of midshaft crests on later Homo diaphyses. The
NH-117 phalanx resembles the earlier Australopithecus
Les phalanges très courtes en A sont U.W. 101-1034 et proviennent des
 Fig. 2.

ones in this respect. The H. naledi configurations are similar
to the pattern seen in later Homo.

The fibrous flexor sheath attachments of SKX 16699
(Fig. 1) resemble those of Late Pleistocene Homo and
H. naledi;  they are distinct only on the proximal two-thirds
of the diaphysis with the deepest portions of the sulci
and the associated medial and lateral projections centered
approximately one-third of the distance from the proximal
epiphysis. The rounded crests are dorsoplantarly located
mid-medial and mid-lateral.

3.5. Flexor sheath diaphyseal expansion

As a result of the more distal development of the fibrous
sheath attachments on Australopithecus pedal phalanges,
the widest portions of most of their diaphyses are the distal
halves and the narrowest points are close to the proxi-
mal  epiphysis (Fig. 4). The exceptions are A.L. 333-168 and
DNH-117, which have largely parallel medial and lateral
diaphyseal margins (Vernon, 2013; Ward et al., 2012). The
H. naledi phalanges largely have a midshaft bulge for the
flexor sheath crests, with similar mediolateral constric-
tions proximal and distal of the crests. Later Homo pedal
proximal phalanges, in contrast, have the narrow portion
of the diaphysis either at midshaft or towards the distal
shaft (Fig. 4). SKX 16699 has its narrowest portion slightly
distal of midshaft, thereby giving it an “hour-glass” profile
(Susman et al., 2001).

3.6. Metatarsal facet orientation
Investigations of the orientation of the metatarsal facet
on early hominin lateral proximal pedal phalanges (Duncan
et al., 1994; Fernández, 2016; Haile-Selassie et al., 2012;
Latimer and Lovejoy, 1990; Susman et al., 1984; Vernon,
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Fig. 4. Comparisons of the SKX 16699 right proximal pedal phalanx in dorsal (above) and lateral (below) views to the A.L. 333-115i Australopithecus
afarensis (left reversed), StW 355 Australopithecus africanus, U.W. 101-1395 H. naledi (left reversed), the Shanidar 4 late archaic human, and the Qafzeh 8
Middle  Paleolithic modern human proximal pedal phalanges. The phalanges are scaled to the same length. The fourth proximal phalanges of the associated
A.L.  333-115, Shanidar 4 and Qafzeh 8 are shown, since they represent an average for the digit attribution of SKX 16699. The others are isolated specimens
and  cannot be assigned to digit with absolute certainty. The A.L. 333-115i images are from B. Latimer/Cleveland Museum of Natural History, and the
U.W.  101-1395 images are from W.E.H. Harcourt-Smith.
Fig. 4. Phalange proximale droite du pied de SKX 16699 en vues dorsale (en haut) et latérale (en bas), comparée aux phalanges d’Australopithecus afarensis
(A.L.  333-115i ; gauche retournée), d’Australopithecus africanus (StW 355), de H. naledi (U.W. 101-1395 ; gauche retournée), d’un Néandertalien (Shanidar
4),  et d’un homme  moderne du Paléolithique moyen (Qafzeh 8). Les quatrièmes phalanges proximales de A.L. 333-115, Shanidar 4 et Qafzeh 8 sont figurées,

ntificat
ral spéc
rcourt-
puisqu’elles proviennent du même  orteil dont la moyenne a permis l’ide
ne  peuvent pas être associées avec une certitude absolue à un orteil laté
Museum of Natural History, et celles de U.W. 101-1395 sont de W.E.H. Ha

2013; Ward et al., 2012) have noted the predominantly
proximodorsal orientation of the proximal phalangeal facet
(or ‘dorsal canting’), and these observations are combined
with metatarsal indications of some degree of metatar-
sophalangeal dorsiflexion (Latimer and Lovejoy, 1990;
Zipfel et al., 2009). On the proximal phalanges, assess-
ment of the angle between the mid-facet tangent and the
articular axis (the articular angle; Fig. 5) shows that the
BRT-VP-2/73, StW 355 and most of the Australopithecus
afarensis facets (the angle is not available for DNH-117)
are angled slightly dorsal of directly proximal, with the
more angled of the phalanges minimally overlapping the
range of variation of the Late Pleistocene humans. The
habitually unshod human sample has slightly higher angles
than the habitually shod one (P = 0.102) (cf. Griffin and
Richmond, 2010). The H. naledi sample exhibits angles
well within the later Homo range. The SKX 16699 pha-

lanx, with an angle of 110◦, is among the more angled of
the later Pleistocene humans. It is distinct from the ear-
lier hominin range and above the values for the H. naledi
sample.
ion de SKX 16699 ; les autres phalanges, qui sont des specimens isolés,
ifique. Les photos de A.L. 333-115i proviennent de B. Latimer/Cleveland
Smith.

3.7. Medial and lateral base projections

In lateral view, the medial and lateral sides of the
phalangeal base (i.e., proximal epiphysis) of Late Pleis-
tocene and recent humans project most proximally at the
plantar articular margin because the collateral (and plan-
tar) metatarsophalangeal ligaments insert plantarly on the
phalanx (Martin, 2011). The epiphyses of BRT-VP-2/73 and
Australopithecus project proximally near the dorsoplantar
middles of articulations (Fig. 4; cf. Haile-Selassie et al.,
2012; Latimer et al., 1982; Susman et al., 1984; Ward et al.,
2012), whereas that of DNH-117 has the proximal projec-
tion slightly plantar of the dorsoplantar middle of the base
(Vernon, 2013). In this feature, SKX 16699 is intermedi-
ate between Australopithecus and later Homo phalanges,
in that its proximal projection is ≈ 35% of the dorsoplantar
distance from the plantar margin [assessed on the medial

side (Fig. 1) to avoid the plantar growth]. The H. naledi pha-
langes are mostly damaged on the sides of their bases, but
they (e.g., U.W. 101-1395) appear to exhibit a pattern closer
to that of later Pleistocene humans.
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Fig. 5. Boxplot of the angles between the articular axis and mid-sagittal
tangent to the metatarsal facet (‘articular angle’) for SKX 16699 (110◦) and
the comparative samples. Abbreviations as in Fig. 2.
Fig. 5. Boxplot des angles entre l’axe interarticulaire et la tangente dorso-
plantaire à la facette métatarsienne (« angle articulaire ») pour SKX 16699
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Pleistocene and recent humans. This affinity is evident in
110◦) et les échantillons fossiles de comparaison. Voir les abréviations en
ig. 2.

. Discussion

The SKX 16699 lateral pedal proximal phalanx from the
nitial Pleistocene of Swartkrans provides a morphological
attern generally similar to those of Late Pleistocene (and
ecent) humans. This morphology contrasts those of pedal
halanges attributed to Australopithecus and Paranthropus,
hich are more similar to the phalanges of Ardipithecus and

he Burtele foot. The SKX 16699 affinities are reflected in
he minimal curvature of its plantar diaphyseal contour, the

odest development and mid-to-proximal position of the
exor sheath attachments, the consequent mid-to-distal
haft mediolateral constriction, the flexor sheath crests in
he dorsoplantar middle of the diaphysis, and the distinctly
orsal slope of its metatarsal facet. The dorsal shaft curva-
ure of SKX 16699 is greater than is normally present in
ecent Homo pedal phalanges, but less marked than those
f Australopithecus phalanges, and the proximal collateral
igament insertions are intermediate between the dorso-
lantar middle position of Australopithecus and the plantar
osition of later Homo.  In addition, it is the shortest of
he Pliocene/Early Pleistocene pedal lateral proximal pha-
anges. Although its absolutely short length is approached
y three fossil specimens, it remains relatively short when
caled with proxies for body size (e.g., known or prob-
ble femoral head diameters). Its diaphyseal robustness,
caled to phalanx length, is among the range of Homo spec-
mens, distinct from the Australopithecus afarensis pedal
halanges, but close to StW 355 and DNH-117. There-
ore, although SKX 16699 does not conform entirely to the

ate Pleistocene and recent human morphological pattern,
t is markedly distinct from the phalanges of Australop-
thecus afarensis and Australopithecus africanus and largely
vol 15 (2016) 978–987 985

separate from the one attributed to P. robustus. Among
all the fossils studied here, SKX 16699 resembles the
proximal pedal phalanges of the Dinaledi sample in
most of these features. Accordingly, its morphology
indicates a lateral forefoot that should have func-
tioned in a manner similar to those of recent unshod
humans.

Although the basic structure of the human tar-
sometatarsal pedal skeleton had emerged by the Early-
to-Mid Pliocene in Australopithecus, various morphological
differences with later Pleistocene and recent human pedal
elements existed. In particular, australopiths, and to a
lesser extent early Homo,  exhibit first metatarsal heads
capable of greater hallucal mobility (Pontzer et al., 2010;
Susman, 1989; Susman and de Ruiter, 2004) and non-
hallucal metatarsal heads mostly suggest less habitual
ranges of dorsiflexion than is common in later Homo
(DeSilva et al., 2012; Susman et al., 1984; Zipfel et al.,
2009). It is possible that the configuration of the SKX 16699
proximal epiphysis, with mid-plantar collateral ligament
insertions, is related to these minor differences in the distal
metatarsals of the lateral toes. The combination of fea-
tures evident in SKX 16699, albeit in the pedal context of
an australopith or early Homo tarsometatarsal and hallu-
cal skeleton, could provide the earliest evidence for the
distinctly human pattern of lateral forefoot function, one
related to increasing substrate traction (Stott et al., 1973),
running performance (Rolian et al., 2009), and tightening
the plantar aponeurosis in a foot with pedal arches (Hicks,
1954). If so, it is at about the same time as the relatively
short intermediate phalanges of KNM-ER 803, as well as
the oldest evidence for a functional pattern in the more
proximal lower limb similar to those of Middle and Late
Pleistocene archaic Homo (Day and Leakey, 1974; Pontzer
et al., 2010; Rose, 1984; Trinkaus, 1984). Confirmation of
this hypothesis will require at least an articulated set of
metatarsals and phalanges, but the derived “human” fea-
tures of this isolated phalanx are difficult to understand
otherwise.

Member 1 of Swartkrans has yielded craniodental fos-
sil remains of both P. robustus and early Homo (Grine,
1989), thereby preventing a confident attribution of the
unassociated SKX 16699 specimen to either taxon. But
because its morphology contrasts with the DNH-117 pha-
lanx attributed to P. robustus (Vernon, 2013) in most
features, and it is close to those of H. naledi and, to a lesser
extent, of later Homo,  it is tempting to assign SKX 16699 to
early Homo. But better craniodental and postcranial asso-
ciations are needed from Member 1 of Swartkrans to test
this inference.

5. Conclusion

The re-assessment of the initial Early Pleistocene
hominin lateral toe phalanx from Member 1 of Swartkrans
Cave, SKX 16699, confirms and expands upon the initial
assessments, which placed it morphologically close to later
its short length and robust diaphysis, but it is especially
apparent in its patterns of diaphyseal curvature, flexor
sheath attachments, “hour-glass” contour and metatarsal
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facet orientation. As such it may  provide the earliest
evidence for the derived human pattern of lateral forefoot
function, whatever morphofunctional mosaic may  have
been present in the individual’s tarsometatarsal and hal-
lucal remains.
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