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since the discovery of Australopithecus afarensis. Ontogeny can provide insight into adult phenotypes, but juvenile
early hominin foot fossils are exceptionally rare. We analyze a nearly complete, 3.32-million-year-old juvenile foot
of A. afarensis (DIK-1-1f). We show that juvenile A. afarensis individuals already had many of the bipedal features
found in adult specimens. However, they also had medial cuneiform traits associated with increased hallucal mo-
bility and a more gracile calcaneal tuber, which is unexpected on the basis of known adult morphologies. Selection
for traits functionally associated with juvenile pedal grasping may provide a new perspective on their retention in

the more terrestrial adult A. afarensis.

INTRODUCTION

Hominin foot fossils are exceptionally rare, especially those of juve-
niles. DIK-1-1f is a left foot found during excavation by D. Geraads
on 21 January 2002 at Dikika, Ethiopia (Fig. 1 and figs. S1 and S2)
about a meter away from the skull of the DIK-1-1 skeleton (I). It
was almost entirely embedded in matrix, with only the broken sur-
face of the tibial shaft and the broken diaphyses of the metatarsals
observable externally. The partially prepared foot was briefly dis-
cussed and illustrated in the preliminary announcement (I). Addi-
tional preparatory work by Z.A. and C. Kiarie continued through
2013, exposing most of the elements, cemented together in an articu-
lated foot. DIK-1-1f preserves all of the tarsals, the bases of all five
metatarsals, and partial shafts of all but the first metatarsal. No pedal
phalanges or metatarsal heads were recovered. There is some post-
depositional shifting of the bones, although they remain in a near-
anatomical position. The shafts of the metatarsals are sheared
cleanly by a break that runs obliquely from the preserved epiphysis
of the first metatarsal through slightly beyond the midshaft of the
fifth metatarsal. There is minimal damage or surface erosion on the
bones.

DIK-1-1fis the oldest hominin foot to preserve all of the tarsals.
The Olduvai Hominid 8 (OH 8) foot, which is geologically much
younger, is similarly complete in preserving most of the foot elements,
save for the metatarsal heads and phalanges (2). However, there is
a significant damage to the OH 8 calcaneal tuber, hindering the
evaluation of important morphological information. Furthermore,
DIK-1-1f preserves the elements (tarsals and proximal metatarsals)
that the single adult Australopithecus afarensis partial forefoot (A.L.
333-115) lacks (Fig. 1) (3).
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RESULTS

DIK-1-1f measures only 54.6 mm in total proximodistal length
from the calcaneal tuber to the broken metatarsal shafts. The ankle
is human-like in having a moderately wedged talar trochlea with medial
and lateral rims of equal height resulting in a human-like talar axis
angle (fig. S3), thereby positioning the tibia orthogonally over the foot,
asin A. afarensis adults (4). Humans and A. afarensis differ from apes
in having a relatively large calcaneal tuber adaptive for dissipating
loads during heel strike (5). Here, we find that apes have gracile calca-
neal tubers as juveniles that become relatively more gracile in adults.
In humans, relative calcaneal tuber cross-sectional area is high and
does not change ontogenetically, indicating that humans are born
with a calcaneus adapted for the rigors of heel-striking bipedalism
(Fig. 2). DIK-1-1flacks the tuber enlargement seen in young humans
and is more similar to juvenile great apes. Yet, adult calcanei (A.L. 333-8,
A.L.333-37,and A.L. 333-55) are human-like in measures of relative
cross-sectional area (6), suggesting that A. afarensis was characterized
by an ontogenetic trajectory of calcaneal growth unique among living
taxa. Similarly, while the distal calcaneus of DIK-1-1f is ape-like in
being elongated and dorsoplantarly narrow, an adult A. afarensis has
distal calcanei that are dorsoplantarly wide (fig. S4). Although A. afarensis
adults had a robust calcaneal tuber, whether they had a human-like
lateral plantar process has been questioned (7). The Dikika foot pro-
vides important resolution on this issue. DIK-1-1f has a human-like
plantarly positioned, although weakly developed, apophyseal flange for
the lateral plantar process (5) and lacks the beaked medial plantar
process found in apes.

The evolution of obligate bipedalism resulted in the sacrifice of
hallucal grasping, as evidenced by a more distally directed and medio-
laterally flattened first tarsometatarsal joint in humans compared to
apes (8). The DIK-1-1f medial cuneiform has a strongly convex distal
facet for the base of the first metatarsal. In adult humans, the medial
cuneiform distal facet is flat or mildly convex, but the developing osteo-
chondral surface of the juvenile modern human medial cuneiform
is convex, as found in the Dikika juvenile (fig. S5) (9). The curvature
and angular orientation of the hallucal facet of the Dikika medial
cuneiform are intermediate between gorillas and modern humans of
similar size and developmental ages (Fig. 3). In humans, the ossified
surface of the developing facet for the first metatarsal rapidly flattens
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Fig. 1. A. afarensis juvenile foot DIK-1-1f. DIK-1-1f shown in (clockwise from top left) medial, dorsal, and lateral views. To right, dorsal view of DIK-1-1f and the adult

A. afarensis foot A.L. 333-115. Scale bars, 1 cm.

with age (9). In contrast, apes maintain a convex surface and exhibit
only moderate flattening of the ossified part of the joint surface as they
grow. An adult A. afarensis medial cuneiform (A.L. 333-28) has a
hallucal facet that is flatter than in an ape of similar size but more
convex than that found in modern humans (Fig. 3) (8, 9). Since A.L.
333-28 and DIK-1-1f are representatives of adult and juvenile A. afarensis,
the change in facet curvature during growth in A. afarensis was prob-
ably similar to the pattern in apes and distinct from that found in
humans (fig. S5). These data suggest that multidirectional loading of
the hallucal tarsometatarsal joint in juveniles may have maintained
the curved facet in A. afarensis throughout ontogeny.

The orientation of the medial cuneiform distal facet for the first
metatarsal relative to the proximal navicular facet differs between hu-
mans and apes at all developmental ages (Fig. 3 and fig. S9). The Dikika
juvenile has a facet angulation value intermediate between modern
apes and humans. However, the adult A. afarensis medial cuneiform
is distinctly human-like in facet orientation (8, 9), indicating that the
hallux may have been more medially oriented in juveniles but then
became more aligned with the other rays in adult A. afarensis, as also
occurs in Pan and Homo (9). Collectively, these data suggest that, while
A. afarensis had a greater range of hallucal mobility than modern hu-
mans, they likely could not oppose the hallux with the lateral digits
to the degree seen in modern apes, Ardipithecus (10), and the taxon
to which the Burtele foot (BRT-VP-2/73) belongs (11). However,
these data also suggest that juvenile A. afarensis may have had more
hallucal mobility and abduction ability than adult A. afarensis and
modern humans, as evidenced by its more medially oriented and
convex hallucal facet.

The human cuboid contributes to midfoot rigidity and longitu-
dinal arch support, thus differing in shape compared to great ape
cuboids (12), but this bone was previously unknown for the genus
Australopithecus. Unlike in modern apes, DIK-1-1f has a proxi-
modistally elongated cuboid, especially along its lateral edge (fig. S6).
The cuboid’s calcaneal process is located plantarly and medially and
appears more similar to the condition found in modern human ju-
veniles. With the lateral foot in a proper anatomical position, the
dorsal surface of the DIK-1-1f cuboid faces laterally, indicating
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the presence of a well-developed transverse arch. A transverse arch
in a bipedal foot requires the external torsion of the lateral meta-
tarsals (13), evident in DIK-1-1f by the orientation of the sectioned
shaft of the fourth metatarsal (fig. S7). As in the human foot, the
intermediate cuneiform is proximodistally elongated in DIK-1-1f
(fig. S8); the adult morphology is unknown but presumed to be
similarly elongated (10). The DIK-1-1f lateral cuneiform is some-
what foreshortened, while the adult form (A.L. 333-79) is more
human-like (fig. S8). DIK-1-1f and A.L. 333-79 may be sampling
a distribution of A. afarensis lateral cuneiform elongation greater
than that found in apes but slightly less than that found in modern
humans.

While it is generally accepted that A. afarensis had a rigid mid-
foot, whether it was arched or not remained controversial (13-15).
The Dikika foot provides new evidence related to this key issue. The
talar declination angle, thought to be related to arch height in humans
(16, 17), is low and ape-like in DIK-1-1f (~20°). The talocalcaneal
angle is also low (~20°) and falls completely outside the range of
modern humans of similar developmental age (18). Although the
lateral aspect of the foot is rigid and a transverse arch is present, the
medial portion of the foot is more plantarly positioned than in human
juveniles, suggesting that a medial longitudinal arch was present but
weakly developed in the Dikika individual. It is unclear whether this
low arch persisted into adulthood or characterized the species or genus
in general. However, a reconstruction of a composite adult foot using
similarly sized tarsal remains from the A.L. 333 locality results in a
foot with a similarly low talocalcaneal angle of 25° (fig. S9). While the
medial midfoot of A. afarensis was arched compared to apes (13, 15),
the A. afarensis arch may be best characterized as low or partial rela-
tive to modern humans (14, 19). Thus, critical anatomical compo-
nents (that is, the long plantar ligament and a plantar aponeurosis)
that are functionally important for stiffening the midfoot were likely
present in A. afarensis, as evidenced by the presence of a scar for
the long plantar ligament on the A.L. 333 calcanei, as well as its de-
rived lateral tarsometatarsal joint morphology (13). Furthermore, a
moderately arched foot, which may help dissipate energy during the
support phase of walking and perhaps reduce the risk of lower leg

20f8

202 ‘ST Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
Juvenile
| [ Adult
Pongo
, —J—
Gorilla
Pan [
——
| DIK-1-1f ;
A. afarensis A. afarensis
|A.L. 333-8 DIK-1-1f
— | —
Homo ]j
T T T T T T T 1 *
04 05 06 07 08 09 10 11 12

) ! Homo
Relative cross-sectional area of the calcaneal tuber

Fig. 2. Calcaneal ontogeny in apes, humans, and A. afarensis. (A) Standardized cross-sectional area of the calcaneal tuber in juvenile (light gray) and adult (dark gray)
apes, A. afarensis, and modern humans. The vertical line represents the taxon median, the box represents the interquartile range, and the whiskers indicate the range of
the data. A higher number corresponds with increased robusticity. Notice that, unlike in apes or humans, in A. afarensis, the calcaneus exhibits a significant developmental
increase in robusticity; the Dikika juvenile is chimpanzee-like, while the Hadar adult is human-like. All juveniles are significantly different from adults for each taxon (P < 0.05)
except for Homo sapiens (P = 0.53). (B) Three-dimensional (3D) surface renderings of DIK-1-1f, chimpanzee (top), and human (bottom) juvenile calcanei shown in lateral
view. Notice the ape-like gracility of DIK-1-1f, the proximodistally long and dorsoplantarly shallow distal calcaneal region, and the large peroneal trochlea. As in humans,
however, there is a plantarly positioned apophyseal flange (indicated by the asterisk) for the lateral plantar process (epiphyseal surface outlined).
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Fig. 3. Medial cuneiform ontogeny in apes, humans, and A. afarensis. (A) The radius of curvature of the distal medial cuneiform facet and the angulation of the facet
relative to the navicular facet are plotted for juvenile humans (green), gorillas (blue), and chimpanzees (purple). Humans have distally directed facets (angle ~90° to 100°),
with facet convexity that ranges from ape-like in small juveniles (see fig. S5) to flatter joints in subadults (9). Ape juveniles have convex, medially directed facets. The DIK-
1-1f morphology is intermediate between humans and gorillas, with a facet orientation between human and ape, and a more ape-like joint convexity. (B) When standard-
ized by the dorsoplantar height of the medial cuneiform, facet curvature can be assessed independent of size. While facet curvature differs little between juvenile and
adult apes, humans experience a developmental flattening of the joint with growth. Both DIK-1-1f and A.L. 333-28 are more convex than similarly sized humans but less
so than apes and, when paired, have the ape-like pattern of maintained convexity with growth of the bone (fig. S5). The box-and-whiskers plot shows the mean (dark
vertical line), upper and lower quartiles (boxes), and range (whiskers).

injury (20), appears to be present in A. afarensis (13, 15). However,
a fully arched foot, which is hypothesized to stretch, recoil, and gen-
erate elastic energy during running (21, 22), may not have typified
A. afarensis (14, 19).

DISCUSSION
The Dikika foot preserves elements previously unknown for
Australopithecus and allows for the study of ontogeny in an extinct
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hominin foot for the first time. Studies of ontogeny offer an alterna-
tive perspective on the evolution of adult phenotypes since selection
may act directly on juveniles and patterns of development. How-
ever, the ontogeny of the hominin foot has been poorly under-
stood, primarily owing to a lack of fossil evidence. As previously
documented, the A. afarensis foot was well-adapted for habitual
bipedalism (4-6, 13, 19, 23). This species had a talocrural joint
orthogonal to the long axis of the tibia, aligning the ankle and knee
under the body’s center of mass. While A. afarensis had a large
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Table 1. DIK-1-1f comparative anatomy. ML, mediolaterally; DP, dorsoplantarly; PD, proximodistally.

Developmental changes in

Bone Human-like features Ape-like features Adult A. afarensis features A. afarensis morphology
Calcaneus Lateral plantar Secondary ossification . S .
Large depression for Gracile in juvenile; becomes
process apophyseal center for peroneal ) . .
L calcaneofibular ligament more robust in adults
flange position tubercle
. Rugosity for lateral plantar
Plantarly wide (ML) tuber DF;ztl;zli';afde\;ertlcal ligament not present in DIK;
e e Small lateral plantar process present in adults
f i apophyseal surface i f
Medial tubercle flat Medially angled distal Low DP helqht of distal
e ) calcaneus at peroneal calcaneus; enlarges
trochlea inflection point in adults
Talus Moderately wedged
Equal heights of trochlear rims
s ML broad talar head Weak angle of declination Head expands DP
ML flat trochlear body
Talar axis angle
Cuboid PD elongated laterally
Lot ST Gz Articulates with navicular Unknown Unknown

Medial cuneiform

Distally positioned tibialis
anterior sub-bursal sulcus

ML convex Mt1 surface

Mt1 facet maintains
convexity developmentally

Mt1 facet becomes less
medially oriented

ML convexity and angulation
of Mt1 surface greater
than in humans; less than
in apes

Lateral cuneiform
Contact facet with Mt4
Intermediate cuneiform Nested into angled lateral
surface of medial cuneiform

Navicular

PD foreshortened

Facet for medial cuneiform
slightly convex DP and ML

Juvenile is PD short and

becomes more elongated
Transverse arch more with age
developed thaninapes; ... 98
less developed than
p Unknown

in humans (especially
medially)

Strong external torsion Mt4

Mt4 base DP tall

Metatarsals

angled ML

calcaneal tuber important for dissipating the forces of impact
during heel-striking bipedalism (5, 6), the development of this
robusticity was delayed compared to modern humans. The lateral
metatarsal bases were relatively tall (fig. S10), and the cuboid was
elongated, helping produce a stiff midfoot that increases leverage
during the propulsive phase of walking, although recent works have
challenged the dichotomization of the human midfoot as rigid and
the ape foot as mobile (24, 25).

The more ape-like features in the juvenile calcaneus and medial
cuneiform, combined with their unique pattern of ontogeny, demon-
strate that there is no living analog for the A. afarensis foot (Table 1).
The longitudinal arch was weakly developed, with the medial aspect of
the foot positioned more plantarly than in modern humans. The hallux
could not be abducted to the degree seen in apes and Ardipithecus (10),
but there is retained convexity of the medial cuneiform facet for the first
metatarsal from infancy into adulthood, suggesting less stereotyped
loading of the hallucal tarsometatarsal joint compared to modern hu-
mans, which may be associated with increased range of mobility at
this joint in A. afarensis (26). These anatomies would produce a less
effective windlass mechanism (27) and, thus, a push-off phase of bipedal
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Mt2 proximal base weakly

Mt2 base enlarges DP

gait that differed slightly from that found in humans today (28). Fur-
thermore, increased mobility at the hallucal tarsometatarsal joint may
have been advantageous during the exploitation of arboreal resources
for sustenance or safety (29-32). The Dikika child was similar in size
to a chimpanzee of comparable age and was likely still dependent on
and perhaps often actively carried by adults. Given the energetic costs
of infant carrying (33), both adults and juveniles may have benefitted
from the hallucal mobility present in the juvenile foot of A. afarensis.

The DIK-1-1 skeleton offers a novel perspective on the paleo-
biology of a long-studied and often controversial species by preserving
features that track locomotor adaptation (1, 29, 34). Owing to its de-
velopmental stage, DIK-1-1f contributes a unique window into the on-
togenetic development of bipedal adaptations in the foot of A. afarensis.
At 3.32 million years old, DIK-1-1f provides evidence for habitual
bipedality combined with some pedal grasping in the juvenile australo-
pith. Evolutionary theory predicts that selection should act strongly
on juveniles. Selection for traits associated with juvenile pedal grasp-
ing in the context of arboreality or infant dependency may offer a
new perspective for the retention of ape-like traits in the occasion-
ally arboreal but otherwise more terrestrial, adult A. afarensis.
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MATERIALS AND METHODS

Preservation

DIK-1-1f preserves all seven tarsals and the bases of the five meta-
tarsals. The bones were recovered in a near-anatomical position;
however, the bones did shift slightly. The distal tibia is hyperdorsi-
flexed on the talus. The tibial metaphysis has slid laterally relative to
the epiphysis, and the shaft is tilted in a valgus orientation. This is
unlikely to have been the position in life, given the human-like talar
axis angle (fig. S3) and an isolated right distal tibia from DIK-1-1
that has an orthogonal talar surface relative to the shaft. The talus
has slight distal shifting off the calcaneus and is highly plantar-
flexed, while the calcaneus has slightly shifted into an inverted
position. The transverse tarsal region, consisting of the navicular,
intermediate, and lateral cuneiforms, is shifted dorsally. This is par-
ticularly true for the navicular. This dorsal shifting may have been a
result of mediolateral compression of the foot. Most of this com-
pression has occurred medially, shifting the medial cuneiform and
medial metatarsal shafts laterally and plantarly. The fifth metatarsal
has externally rotated so that the facet for the fourth metatarsal is
facing plantarly. In addition, it has shifted laterally so that it is no
longer in articulation with the cuboid. The second metatarsal has
been slightly displaced distally. The epiphysis of the first metatarsal
has rotated externally so that the medial aspect is facing plantarly.
Note that, while there has been shifting of bones relative to one
another, there is no evidence for any distortion of the individual
bones. While the bones remain conjoined, the shifting of the ele-
ments described above has resulted in enough separation between
individual elements to take the measurements described in this
paper. Some anatomies (for example, the subtalar joint) remain ob-
scured. Digital preparation of the individual elements is underway.

Developmental approach

Developmentally, both in terms of size and ossification of the tarsals,
DIK-1-1f best matches chimpanzees that had fully erupted, occluded,
but unworn M;. Human skeletal material that developmentally re-
sembled DIK-1-1f had M,’s in the process of erupting. Using the
skeletal maturity indicators, DIK-1-1f is developmentally similar to
a human foot between 4.5 and 6 years of age (35). The cuboid has a
clear peroneal groove [plate 17 in (35)], whereas the navicular has
not yet formed fully reciprocal joints with the cuneiforms [plate 18
in (35)]. Preliminary estimates of ~3 years for the chronological age
of the Dikika child (I) would indicate that A. afarensis feet matured
more rapidly than human feet today.

In part because of the difficulty in finding a complete set of tarsals
from skeletonized ape or human juvenile remains, our sample sizes
differ from element to element, and each is described in turn below.
Extant ape and human specimens were measured at the American
Museum of Natural History (AMNH), the Cleveland Museum of
Natural History (CMNH), the Academy of Natural Sciences Phila-
delphia (ANSP), the U.S. National Museum (USNM), the Harvard
Museum of Comparative Zoology (MCZ), the Harvard Peabody Museum
of Archaeology and Ethnology, the Libben collection at Kent State
University, the Center for the Study of Human Origins at New York
University (CSHO), and Stony Brook University (SBU).

We assessed each element using ontogenetic sequence allometry
methods in which the trait of choice was measured against some
measure of size. These measurements were first log;o-transformed.
In addition, simple ratios between the trait in question and the mea-
sure of size were used to characterize DIK-1-1f compared with juvenile
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and adult extant apes and modern humans. Juveniles were defined
on the basis of the presence of unfused growth plates in the long bones
and unerupted dentition.

Calcaneal robusticity

The modern human sample is mostly composed of individuals of
European, African-American, and Asian descent but also includes
three individuals from the Andaman Islands and one small-bodied
Mbuti individual. A NextEngine desktop laser scanner was used to
create 3D models of each bone. Most specimens in this study were
scanned in at least two orientations with 10 rotations per orientation
at a resolution of 10,000 points per 645.2 mm?. Each orientation pro-
duced a triangular mesh that was imported into Geomagic Studio
software for filling holes, cleaning imperfections, and merging with
meshes of subsequent orientations to produce a complete 3D model.

A measure of relative calcaneal tuber robusticity was quantified as
calcaneal tuber cross-sectional area per square geometric mean fol-
lowing the methods in (6). The calcaneus geometric mean included
the following six metrics: (i) proximodistal tuber length, (ii) proxi-
modistal neck length, (iii) minimum dorsoplantar tuber height, (iv)
dorsoplantar neck height, (v) minimum mediolateral tuber width,
and (vi) mediolateral tuber width at the peroneal trochlea. Calcaneal
tuber length was measured by orienting each model in dorsal view
and measuring the linear distance between the center of the posterior
talar facet and the most dorsal aspect of the posterior tuber. Calcaneal
neck length was defined as the linear distance between the center of
the posterior talar facet to the most dorsal point on the distal margin
of the cuboid facet. The dorsoplantar height of the neck was mea-
sured as the linear distance between a point distal to the posterior
talar facet dorsally to the most plantar aspect of the neck, which most
often included the area of bony buildup associated with the short
plantar ligament. The mediolateral width of the tuber at the peroneal
trochlea was measured as the linear distance between the most lateral
point on the peroneal trochlea to the most medial point on the tuber,
which was often adjacent to the lateral margin of the flexor hallucis
longus groove beneath the sustentaculum tali. These measurements
were taken on calcanei from adult H. sapiens (n = 37), Pan troglodytes
(n = 25), Gorilla gorilla (n = 25), and Pongo pygmaeus (n = 14) and
from juvenile H. sapiens (n = 28), P. troglodytes (n = 32), G. gorilla
(n =18), and P. pygmaeus (n = 13).

Univariate pairwise comparisons were conducted to assess the
quantitative differences between extant taxa. When multiple com-
parisons are conducted, the chance of obtaining a type I error, or
the incorrect rejection of a true null hypothesis, is increased. The
standard o value of 0.05 was modified using Tukey’s pairwise com-
parisons. All statistical analyses were conducted using PAST (PAle-
ontological STatistics) (36, 37).

Calcaneal growth

As described above, two linear measurements were taken on mixed-age
calcanei from H. sapiens (n = 42), P. troglodytes (n = 60), Pan paniscus
(n=6), G. gorilla gorilla (n = 17), and P. pygmaeus (n = 9): maximum
calcaneal length and distal calcaneal height. Distal calcaneal height
was measured as the minimum dorsoplantar height perpendicular
to the distal edge of the proximal talar facet. Total calcaneal length
in A.L. 333-8 was estimated by regressing total calcaneal length
against maximum preserved length in A.L. 333-8 in humans (n =5),
chimpanzees (n = 4), gorillas (n = 4), and the fossil calcaneus Omo-
33-74-896. Maximum calcaneal length was measured as the linear
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distance between the most dorsal point on the calcaneocuboid joint
to the most proximal point on the triceps surae insertion. Minimum
calcaneal length was measured as the distance between the most prox-
imal point on the triceps surae insertion to the most distal point on
the short plantar ligament insertion beneath the plantar margin of
the calcaneocuboid joint.

Talus

Talar axis angle and wedging were assessed using the methods
described elsewhere (38). In short, two measurements were taken:
the mediolaterally widest aspect of the anterior (or distal) talar
trochlea from the rim of the cotylar fossa to the distolateral edge of
the trochlea and the mediolaterally widest aspect of the posterior
(or proximal) talar trochlea. These measurements were taken from
mixed-aged tali from H. sapiens (n = 101), G. gorilla gorilla (n = 55),
P. troglodytes (n = 71), P. paniscus (n = 6), and P. pygmaeus (n = 56).
The talar axis angle was calculated as described elsewhere (38). In
short, the talus was digitally isolated using DeskArtes, and a hori-
zontal line was drawn through the dorsal surface of the talar trochlea.
Another line was drawn through the inferior edges of the cotylar
fossa and the fibular facet. The angle between these lines was mea-
sured using ImageJ and compared with an adult sample of humans
(n = 45), chimpanzees (n = 51), and gorillas (n = 45), as previously
published (38). The talar axis angle was taken on juveniles H. sapiens
(n=27), G. gorilla gorilla (n = 9), and P. troglodytes (n = 20) using
the methods described above using images of the talus taken in pos-
terior view. Because the DIK-1-1f talus is still articulated with the
other foot elements, this measurement should be considered an
estimate and revisited when the talus has been digitally isolated.

Navicular

The navicular is the last tarsal to fully ossify (35) and yields the least
amount of information in the DIK-1-1f. The navicular tuberosity, which
forms from a secondary ossification center, either had not begun to ossify
or was not preserved in DIK-1-1f. Facets for the cuneiforms lacked defined
edges delineating articular facets from nonarticular regions of the bone.

Medial cuneiform

This bone was examined in adult H. sapiens (n = 20), G. gorilla gorilla
(n =36), and P. troglodytes (n = 36) and in juveniles of H. sapiens
(n = 37), G. gorilla gorilla (n = 6), and P. troglodytes (n = 24). A.L.
333-28 was studied at the National Museum of Ethiopia (Addis
Ababa). Human samples were obtained through a retrospective search
of nonpathological computed tomography (CT) scans of the foot at
Massachusetts General Hospital (n = 47). That aspect of the study
was approved by the Partners Healthcare Inc. Institutional Review
Board and complied with the Health Insurance Portability and
Accountability Act. Ten skeletonized adult medial cuneiforms from
the Boston University Biological Anthropology Laboratory were
also included. In vivo CT imaging was performed using a GE Light-
Speed Pro 16 scanner (General Electric): slice thickness, 2.5 mmy;
tube voltage, 120 kV; average tube current-time, 300 mA-s. Dry bone
and casts of hominin fossils were scanned using a Planmed Verity
(Planmed Oy) CT scanner: slice thickness, 400 pum; tube voltage, 90 kV;
average tuber current-time, 3.8 mA-s. Because CT was used, soft
tissue and cartilage were not captured in the resulting 3D surface
renderings that were used to quantify facet orientation or curvature.
Yet, note that we were limited to quantifying only the osseous por-
tion of the medial cuneiform in juveniles and are well aware that
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endochondral ossification was still occurring in these individuals.
Thus, the shape of the preserved osteochondral interface quantified
may not precisely mirror the shape of the joint surface. Neverthe-
less, through chondral modeling (39), the articular cartilage layer
eventually becomes congruent with the underlying subchondral bone,
and in this study and elsewhere (9), we characterized the develop-
mental trajectory by which this adult shape was achieved. Neverthe-
less, note that the DIK-1-1f medial cuneiform has well-defined edges
delineating the smooth articular Mtl facet from the nonarticular
regions of the bone. It is comparable to human medial cuneiforms
between 4.5 and 6 years of age (35), and it is known that the adult
morphology of the medial cuneiform has been achieved by the age
of 6 years in humans (40) although adult size has not. Measurements
on these scanned medial cuneiforms were taken in a Picture Archiving
and Communication System viewer (OsiriX software version 5.8.5,
Pixmeo SARL) and described in more detail elsewhere (9). Briefly,
the radius of curvature of the first metatarsal facet was measured on
the transverse slice of axial images corresponding to the middle of
the navicular facet using the ROI tool. A circle was fitted to maximize
contact with the facet. How radius of curvature changed during growth
in humans and apes was assessed as a function of the maximum dor-
soplantar height of the medial cuneiform. Because of damage to the
bone dorsally, only 22.5 mm of the dorsoplantar height was preserved.
The full dorsoplantar height of A.L. 333-28 was estimated to be 29.5 mm
by taking the ratio of the maximum proximodistal length to the dorso-
plantar height in the StW 573 and OH 8 medial cuneiforms and ap-
plying it to A.L. 333-28. Medial angulation of the first metatarsal facet
was quantified as described elsewhere (8, 9). In short, points were
placed along the lateral edge of the navicular facet, as well as on the
medial and lateral edges of the distal facet. An angulation tool was
used to connect these to yield medial angulation in degrees.

Lateral and intermediate cuneiforms

Two measurements were taken on both the lateral and intermediate cunei-
forms: the maximum mediolateral width of the bone and the maximum
proximodistal length. These measures were taken on the lateral cunei-
form of juvenile and adult H. sapiens (n = 43), G. gorilla gorilla (n = 40),
P. troglodytes (n = 80), P. paniscus (n = 5), and P. pygmaeus (n = 8).
These measures were taken on the intermediate cuneiform of juvenile
and adult H. sapiens (n = 43), G. gorilla gorilla (n = 39), P. troglodytes
(n=74), P. paniscus (n = 5), and P. pygmaeus (n = 8). A.L. 333-79 was
measured at the National Museum of Ethiopia in Addis Ababa.

Cuboid

Three measurements were taken on juvenile and adult cuboids from
H. sapiens (n = 32), G. gorilla gorilla (n = 19), P. troglodytes (n = 59),
P. paniscus (n = 6), and P. pygmaeus (n = 9): the maximum medio-
lateral width of the cuboid, the maximum medial proximodistal length
from the edge of the facet with the fourth metatarsal to the edge of
the facet with the calcaneus, and the maximum lateral proximodistal
length from the edge of the facet with the fifth metatarsal to the edge
of the facet with the calcaneus.

Metatarsals

Measurements were taken primarily on the second and fourth meta-
tarsals. These included the maximum length, maximum mediolateral
width of the metatarsal base, and the maximum dorsoplantar height of
the metatarsal base. Comparative measurements were taken on mixed-aged
second metatarsals from H. sapiens (n = 34), G. gorilla gorilla (n = 17),
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P. troglodytes (n = 50), P. paniscus (n = 5), and P. pygmaeus (n =9) and on
mixed-aged fourth metatarsals from H. sapiens (n = 39), G. gorilla gorilla
(n=16), P. troglodytes (n = 53), P. paniscus (n = 5), and P. pygmaeus
(n=9).In addition, fourth metatarsal torsion was measured on juvenile
H. sapiens (n = 14) and P. troglodytes (n = 10) and compared with
published data on torsion in adult specimens (13). Torsion was measured
by aligning the dorsum of the metatarsal base along a horizontal plane
and photographing the distal metatarsal (either the head if the epiphysis
was attached or the epiphyseal surface). The photograph was imported
into Image], and the angle between the long axis of the head (or epiphy-
seal surface) and the horizontal plane of the dorsal surface of the base
was measured. These measurements were compared with and fall within
the range of distribution found in adult fourth metatarsals of the same
species (13). Metatarsal torsion was measured the same way in DIK-1-1f,
but the bone was broken along the distal shaft and, thus, was only roughly
comparable to the extant sample. Data from A.L. 333-160 and BRT-VP-2/73
(Burtele) were obtained from published measurements (11, 13). A.L.
333-133 was measured at the Ethiopia National Museum in Addis Ababa.

Longitudinal arch

A composite adult A. afarensis foot was assembled from four right
tarsals from the 333 locality: A.L. 333-8 (calcaneus), A.L. 333-147 (talus),
A.L. 333-36 (navicular), and A.L. 333-28 (medial cuneiform). Original
fossils were studied in the Ethiopia National Museum in Addis Ababa.
Casts of all specimens were used to assemble the composite foot.
Observations on the original fossils strongly suggest that A.L. 333-36
and A.L. 333-28 belong to the same individual based on joint congru-
ence and shared patina. It is unclear whether the other fossils belong
to the same individual, although on the basis of joint congruence, it
is unlikely that A.L. 333-147 and A.L. 333-8 are from the same indi-
vidual. Therefore, we acknowledge that we are only crudely measuring
the morphology of the A. afarensis foot using the methods presented
here. The casts were manually assembled using museum putty and
by maximizing congruence between the joint surfaces through vi-
sual inspection. When fully assembled, the composite foot was
photographed in medial view. The talocalcaneal angle was measured
using Image]. A line was drawn along the plantar surface of the cal-
caneus and extended distally. A second line was drawn to bisect the
talar neck and head and the medial cuneiform. The angle between
the two lines is the talocalcaneal angle. The Hadar composite was re-
configured on five separate occasions, and this measurement was re-
taken. Each time, the measurement was ~25°. The same bones were
assembled on seven different P. troglodytes and G. gorilla feet and mea-
sured in the same manner, yielding talocalcaneal angles of 16.6°
(range, 13.6° to 20.1°). The angle was measured on DIK-1-1f in the same
manner. However, note that there has been some post mortem shifting
of the foot bones of DIK-1-1f such that the talus has slid slightly
laterally and proximally off the sustentaculum tali and the navicular
has moved dorsally. In addition, there is some evidence for medio-
lateral forces that compressed the foot, given that the epiphysis for
Mtl and the Mt5 shaft have both rotated. Even given these modifi-
cations to the DIK-1-1f, we measured a talocalcaneal angle near to
that found in the adult A. afarensis foot. Talar declination angle was
measured following (16).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/7/eaar7723/DC1
Supplementary Text
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Fig. S1. The discovery of DIK-1-1f by D. Geraads on 21 January 2002 during excavation at DIK-1 locality.
Fig. S2. DIK-1-1f in various views.

Fig. S3. Talus ontogeny in apes, humans, and A. afarensis.

Fig. S4. Calcaneal ontogeny in apes, humans, and A. afarensis.

Fig. S5. Medial cuneiform ontogeny in apes, humans, and A. afarensis.

Fig. S6. Cuboid ontogeny in apes, humans, and A. afarensis.

Fig. S7. A clean section through the metatarsal shafts of the articulated DIK-1-1f shows the
transverse arch of this foot.

Fig. S8. Compared to the apes, humans have proximodistally elongated cuneiforms.

Fig. S9. The calcaneus, talus, navicular, and medial cuneiform have been rearticulated in a
human, chimpanzee, gorilla, DIK-1-1f, and a composite Hadar foot.

Fig. S10. Metatarsal base ontogeny in apes, humans, and A. afarensis.

Data file S1. Raw measurements used in this study.
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