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Ardipithecus ramidus ankle provides
evidence for African ape-like vertical
climbing in the earliest hominins
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The origin of the human lineage was catalyzed by bipedalism, but how this locomotor mode evolved is
debated. We investigated the evolutionary context of human bipedalism by analyzing the morphology
of the 4.4 million-year-old hominin talus attributed to Ardipithecus ramidus (ARA-VP-6/500-023). Our
results demonstrate that ARA-VP-6/500-023 bears similarities to the tali of chimpanzees and gorillas,
who are adapted to vertical climbing and terrestrial plantigrade quadrupedalism. Additionally, we
identify the presence of derived features in ARA-VP-6/500-023 consistent with previous suggestions
of an enhanced push-off mechanism in the foot of Ar. ramidus. Our observations of the human and ape
fossil record are inconsistent with recently proposed models of human origins, which envision the last
common ancestor of humans and chimpanzees as a generalized arboreal ape. Instead, our results
strongly imply that humans evolved from an African ape-like ancestor, which directly narrows the

range of explanations for the origin of our lineage.

The Homo-Pan clade (i.e., extant/extinct humans, chimpanzees, and
bonobos) is nested within a larger clade that includes gorillas, but major
questions remain about whether the anatomy and locomotor behaviors
shared among extant African apes evolved in their last common ancestor
(LCA) or, alternatively, independently in Pan and Gorilla. A particularly
intense debate centers on reconstructing the morphology and positional
behavior of the Homo-Pan LCA, which is critical for formulating and
testing hypotheses about how and why terrestrial bipedalism evolved in
hominins'"". The 4.4 million-year-old partial skeleton (ARA-VP-6/500)
of Ardipithecus ramidus provides especially important comparative
evidence for this debate due to its hominin craniodental synapomor-
phies, which provide evidence for a close phylogenetic relationship
between Ar. ramidus and later hominins. ARA-VP-6/500 predates
postcranial fossils of Australopithecus anamensis and Australopithecus
afarensis, including the ‘Lucy’ skeleton (A.L. 288-1), and combines
primitive features, such as a grasping hallux, with derived features of the
cranial base, pelvis, and foot, suggesting that Ar. ramidus used an early
form of bipedalism'~. Therefore, the earlier adaptive grade represented

by Ar. ramidus may shed light on the locomotor antecedents of hominin
bipedalism.

The extent to which the Ar. ramidus fossils display African ape-like
affinities, and their implications for locomotor behavior in the Homo-Pan
LCA, is important for testing earlier models for human origins (reviewed by
ref. 10), but it is currently debated. Some studies have suggested that Ar.
ramidus lacks extant African ape-like adaptations to vertical climbing, ter-
restrial quadrupedalism (knuckle walking in particular), and below-branch
suspension™. If correct, this implies that the locomotor repertoire of the
Homo-Pan LCA probably excluded these behaviors, and extensive homo-
plasy occurred in the evolution of hominins and African apes. After con-
ducting a broad comparative analysis of postcranial morphology, Lovejoy
and colleagues’ concluded, “Ar. ramidus implies that African apes are
adaptive cul-de-sacs rather than stages in human emergence” (p. 104).
However, later studies suggested that Ar. ramidus possessed an African ape-
like foot morphology reflecting a heel-strike plantigrade foot posture®
combined with features enabling more effective lateral push-off in an early
form of bipedalism'”*. Moreover, the Ar. ramidus hand displays relatively
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long, curved manual proximal phalanges, deep metacarpophalangeal and
interphalangeal joints, and an overall shape more closely aligned with
chimpanzees and bonobos than any other primate. Collectively, these fea-
tures of Ar. ramidus suggest that climbing and below-branch suspension
were components of its varied positional repertoire’.

Although below-branch suspension has many established morpholo-
gical correlates (e.g., increased mobility at the shoulder, elbow, and wrist
joints), the relationship between hind limb anatomy and vertical climbing is
not as well understood. Vertical climbing is defined as the vertical ascent (and
subsequent descent) of supports oriented at 45° or greater relative to the
ground". All primates climb proficiently, including orangutans'"” and
hylobatids', but vertical climbing constitutes a high proportion of the
arboreal locomotor repertoire of African apes and represents a key element of
their ecological adaptation as large-bodied, forest-living quadrupeds that
utilize both arboreal and terrestrial substrates'*'"">*”. Locomotor data com-
piled by Gebo' shows that the arboreal locomotion of Pan troglodytes'>™""**°,
Pan paniscus™, and Gorilla gorilla™ includes the highest proportion of vertical
climbing (49-56%, 41%, and 56%, respectively) among the anthropoids
sampled, followed by Papio anubis'® (21%) and Ateles geoffroyi** (16%).
Baboons use a ‘pulse’ vertical climbing style, whereas African apes and atelids
use a dorsiflexed-ankle style of vertical climbing'"'**. African apes use
knuckle-walking and heel strike plantigrady when traveling quadrupedally on
the ground between trees, which they climb to access food and avoid pre-
dators, and in which they construct sleeping nests'”"*.

As part of the ankle (talocrural) joint, the talus plays a key role in the
kinematically distinct vertical climbing style employed by African apes by
enabling increased dorsiflexion and inversion, which minimizes potentially
lethal backwards pitching moments by positioning the center of mass closer
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Fig. 1 | The mechanics of vertical climbing provide a proximate explanation for
the convergent evolution of ankle morphology in African apes and atelids. a The
silhouette displays a chimpanzee redrawn from a photograph in DeSilva™"’. The
simplified free-body diagram depicts hypothetical hind limb forces based on

refs. 25-31,38. SRF = support reaction force, M = triceps surae muscle force, r

= internal moment arm of triceps surae muscle force, R = external moment arm of
the SRF, ] = joint reaction force, mg = body weight vector. Magnitudes, spatial

to the support. Vertical climbing involves hindlimb extension, including a
high degree of talocrural plantarflexion, which loads the anterior side of the
talocrural joint from an initially flexed hindlimb posture (Fig. 1A and SI
Fig. S1, Supplementary Note 1)***. Species whose arboreal locomotor
repertoire features the dorsiflexed-ankle style of vertical climbing tend to
display more trapezoidal talocrural joints, whereas those of bipeds and
arboreal quadrupeds tend to be more square-shaped™’. The increased
mediolateral breadth of the talocrural joint is hypothesized to decrease joint
stress via increased surface area™. Several studies support the hypothesis that
talar morphology is correlated with locomotor behavior among humans and
non-human primates™********". However, Lovejoy and colleagues' suggested
the talus to be of limited value for inferring locomotor behavior due to high
levels of variation across hominoids and described the presence of features
associated with talocrural dorsiflexion in vertical climbing as “minimally
expressed” (p. 72el) in the Ar. ramidus talus (ARA-VP-6/500-023). In
contrast, later qualitative assessments of the same specimen suggested a
broadly ape-like morphological affinity’”*. Therefore, in this study, we
assessed how talar morphology tracks vertical climbing in African apes using
abroad comparative sample of anthropoid primates to test whether the ARA-
VP-6/500-023 talus of Ar. ramidus possessed vertical climbing features.

Results

The simplified biomechanical model described here builds on previous
work™”"** (Fig. 1, Supplementary Fig. 1, Supplementary Note 1) and pre-
dicts that species whose arboreal locomotion prominently features the
dorsiflexed-ankle style of vertical climbing™**** should have, among other
traits, a relatively short forefoot compared to bipeds and quadrupeds to
reduce the length of the external moment arm acting on the foot and ankle

Pan Ateles
@ i \) ‘\\
A :
Colobus Saimiri

Homo

Australopithecus

orientations, and points of application of force vectors are hypothetical. b Species
whose arboreal locomotor repertoire includes high frequencies of the dorsiflexed-
ankle style of vertical climbing have trapezoidal ankle shapes, whereas arboreal
quadrupeds and bipeds have more square-shaped joints. Note that African apes and
atelids share similar trapezoidal talocrural joint shapes, whereas arboreal quad-
rupeds and bipeds share more square-shaped morphologies™***. Scale bar = 1 cm.
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Fig. 2 | Relative forefoot and talar dimensions. a The relative width of the anterior
trochlea as a function of the relative length of the forefoot across species means.

b The relative width of the posterior trochlea as a function of the relative length of the
forefoot across species means. Red squares = Pan troglodytes, Pan paniscus, Gorilla
gorilla, Gorilla beringei; pink triangles = Ateles, Alouatta, Lagothrix; blue circles =
Homo sapiens; purple circles = Pongo and hylobatids; gold circles = cercopithecoids
and non-atelid platyrrhines; black circle = LB1, Liang Bua 1, H. floresiensis; black
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stars = ARA-VP-6/500-023 (32.1, 36.2, and 51 kg body mass estimates). Transpar-
ent points indicate raw intraspecific values. Dashed lines indicate the axis describing
the range of body mass estimates for ARA-VP-6/500. Note the positive correlation
and higher slope of African ape and atelid anterior trochlear widths, and the rela-

tively large posterior trochlear widths of modern humans and fossil hominins. The
3D model is ARA-VP-6/500-023 in dorsal view with the tibial facet highlighted in
transparent red.

(R). We examined forefoot length (the sum of talar neck, cuboid body, and
fifth metatarsal lengths®), and the anterior and posterior mediolateral widths
of the talar trochlea as a function of estimated body mass using phylogenetic
generalized least-squares regression (Supplementary Fig. 2). The forefoot
lengths of Pan, Gorilla, and hylobatids are short for their estimated body
masses, whereas Pongo, cercopithecoids, and non-atelid platyrrhines have
the largest values. The atelid forefoot is relatively longer than those of
African apes and hylobatids, but shorter than those of cercopithecoids and
non-atelid platyrrhines. The human forefoot is relatively longer than those
of P. troglodytes, G. gorilla, and G. beringei, but they overlap extensively with
that of Pan paniscus. The cercopithecoid and non-atelid platyrrhine forefoot
is relatively longer than that of humans. The relative length of the ARA-VP-
6/500-023 forefoot falls at the high end of the human range of variation,
which is consistent with the results of a previous study”.

The biomechanical model described here also predicts a positive
relationship between relative forefoot length and the mediolateral width of
the anterior talar trochlea among species whose arboreal locomotion
prominently features the dorsiflexed-ankle style of vertical climbing
because longer feet should require higher magnitude plantarflexion forces
that are concentrated on the anterior surface of the trochlea. In other
words, for a given body mass, African apes and atelids with relatively
longer feet should display mediolaterally wider anterior talar trochleae
compared to other taxa. Consistent with this prediction, African apes and
atelids have stronger correlations (r = 0.91 and r = 0.74, respectively) and
higher slopes (slope = 0.64, p =0.09; slope = 0.38, p =0.03) between the
residual width of the anterior talar trochlea and residual forefoot length
compared to the sampled non-human primate taxa (r = 0.25; slope = 0.17,
p=0.2, Fig. 2a). The analysis of African ape species means is under-
powered because there are only four taxa sampled, which makes it difficult
to obtain p-values below the 0.05 threshold. Therefore, the correlation and
slope values should be interpreted cautiously for the African apes due to
this uncertainty. However, the analysis of the African ape intraspecific
values achieves statistical significance due to the substantially larger

sample size (n =102, p=2.011""). A future study could expand on this
analysis by collecting larger samples of African ape subspecies to test the
hypothesis that relative ankle dimensions are correlated with relative
forefoot dimensions across populations. The evolution of a longer forefoot
in humans, combined with a reliance on plantarflexion in bipedal
push-off, should increase the loading of the posterior side of the talar
trochlea”™****, Humans therefore have a relatively wide posterior talar
trochlea for their body mass and forefoot length (Fib. 2b, Supplementary
Fig. 2). LB1 has a relatively wide posterior talar trochlea for its relative
forefoot length compared to African apes, with larger values than most non-
human primates that have similarly long forefeet (Fig. 2b), falling within the
low end of the human range (Supplementary Fig. 2c). The anterior talar
trochlea of ARA-VP-6/500-023 is wide relative to all body mass estimates,
whereas the relative width of its posterior talar trochlea either falls within the
overlapping distributions of P. troglodytes and H. sapiens, or within the
distribution of P. troglodytes. All the relative widths of the posterior talar
trochlea of ARA-VP-6/500-023 fall above the interquartile ranges of
P. paniscus, G. gorilla, and G. beringei, and the largest estimates fall above all
of their ranges. The A. afarensis (A.L. 288-1as) and A. sediba (U.W. 88-98)
specimens also have relatively wide posterior talar trochleae for their esti-
mated body masses that fall within the overlapping ranges of H. sapiens and
P. troglodytes (Supplementary Fig. 2c). The extent to which plasticity, evo-
lutionary adaptation, or some combination of the two explain these patterns
is unclear, though talar articular morphology may not be particularly plastic
compared to long bone diaphyseal properties®’.

We computed the ratio of the mediolateral width of the anterior talo-
crural joint to the mediolateral width of the posterior talocrural joint multi-
plied by 100, which we term the talar interarticular index (T1I), in a large
sample of extant and fossil anthropoid primates (Supplementary Table 1,
Supplementary Data 1 and 2). The TII reflects the extent to which the
dimensions of the talocrural joint assume a more trapezoid- or square-like
configuration in dorsal view (i.e., ‘wedging’) following work by DeSilva™***.
African apes, especially gorillas, have the largest TII values among
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Fig. 3 | Phylomophospace plots of talocrural shape evolution in humans, apes,
and monkeys. a 3D phylomorphospace plot focused on the TII with 3D models
representing the range of plot values. b 3D phylomorphospace plot focused on the
talar angle with 3D models representing the range of plot values. Estimated ancestral
values are represented by internal nodes. A range of plausible talar angle values is
displayed for BAC 79 due to damage. ¢ 2D phylomorphospace plot for the TII. d 2D
phylomorphospace plot for the talar angle. Grey circles = fossil cercopithecoids,
platyrrhines, and Eocene/Oligocene anthropoids; blue circles = fossil hominins; red
circles = chimpanzees and gorillas; purple circles = orangutans and hylobatids; pink
circles = atelids; yellow circles = extant cercopithecoids and non-atelid platyrrhines.
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Hs = Homo sapiens, Pt = Pan troglodytes, Pp = Pan paniscus, Gg = Gorilla gorilla,
Gbg = Gorilla beringei graueri, Gbb = Gorilla beringei beringei, Ppy = Pongo pyg-
maeus, Pab = Pongo abelii, Hl = Hylobates lar, Ss = Symphalangus syndactylus, Mac
= Macaca, At = Ateles, La = Lagothrix, Al = Alouatta; A. afarensis = A.L. 288-1as,
A.L.333-147; H. erectus = D4110; H. naledi = U.W. 101-1417, U.W. 101-148/149; H.
neanderthalensis = Regourdou, Tabun, Krapina, La Chapelle 1, La Ferrassie 1, Spy;
Nacholapithecus kerioi = KNM-BG 35250; Oreopithecus bambolii = BAC 79;
Ekembo nyanzae = KNM-MW 13142C, KNM-RU 1743; Ekembo heseloni = KNM-
RU 1744, KNM-RU 1745, KNM-RU 2036. All extant taxa are situated at time = 0.

anthropoids, whereas modern humans and cercopithecine monkeys have the
smallest values (Fig. 3, Supplementary Fig. 3). There is an arboreal-terrestrial
morphocline among gorillas with the largest TII values in G. gorilla followed
by G. beringei graueri and G. beringei beringei, which is consistent with
previous work’>”’. ARA-VP-6/500-023 has the highest TII (147) of any fossil
talus included here, falling within the interquartile ranges of P. paniscus and
G. beringei and within the ranges of hylobatids and Ateles. Other fossil

hominins have reduced TII values, most of which fall within the range of
modern humans and other taxa, but among them, StW 88 (Au. africanus)
and LB1 (H. floresiensis) have the highest values (~128). Miocene hominoid
tali have much lower TII values that fall within the ranges of numerous
anthropoid taxa, although it is noteworthy that KNM-MW 13142C (E.
nyanzae) and the estimates for BAC-79 (O. bambolii) fall within the
ape range.
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Mediolateral curvature of the talocrural joint

Fig. 4 | The Ardipithecus talus displays increased mediolateral curvature of the
talocrural joint compared to other hominins. a Box and whisker plots display
variation in talocrural joint curvature quantified with quadric surface fitting. The
dashed vertical line indicates the value for ARA-VP-6/500-023. Quadric surfaces fit
to the talocrural joint display maximum and minimum curvature values among the
comparative sample. b ARA-VP-6/500-023 displays increased mediolateral

curvature and an elevated lateral trochlear rim (noted by the asterisk) similar to
western lowland gorillas when compared to Au. afarensis (A.L. 288-1as, A.L. 333-
147), modern humans, and mountain gorillas. Also note the more laterally pro-
jecting lateral malleolar facet in gorillas and ARA-VP-6/500-023, and the slightly
dorsally wider, more obliquely oriented FHL groove, compared to Au. afarensis and
modern humans, combined with well-developed rims.

The talar angle was quantified in the frontal plane using three-
dimensional scans of anthropoid tali"*>*****, The talar angle reflects the
angular relationship between the talocrural joint and the long axis of the
tibial diaphysis within the frontal plane”******, ARA-VP-6/500-023 has a
talar angle of 14.5% as reported by Lovejoy and colleagues', which is the
largest of any known fossil hominin and falls within the ranges of most non-
human primate taxa included here. The ARA-VP-6/500-023 talar angle falls
within the interquartile ranges of P. troglodytes, G. beringei, Hylobates,
Macaca, Alouatta, and callitrichids. The GWM67/P2b Ar. ramidus talus
from As Duma (Gona Project study Area, Ethiopia) could not be included in
this study, but a reconstruction of the talar head and neck with the body
suggests that the talar angle could be as low as 8-10°*". All of the other fossil
hominins have extremely low talar angles, most of which fall at the bottom
of the human range or just below it (Fig. 3, Supplementary Fig. 4).

The evolutionary history of the anthropoid TII and talar angle was
estimated using a stable model of continuous trait evolution (Fig. 3a).
First, the results strongly suggest that the low T1II and talar angles of most
extant cercopithecoids and platyrrhines have been relatively constrained
over the past ~40 million years of anthropoid evolutionary history as
evidenced by low values for Apidium** (DPC 3054, DPC 5027, DPC
5416), Aegyptopithecus” (DPC 1301, DPC 3052), Victoriapithecus"
(KNM-MB 9422), and several other taxa, combined with estimated low
ancestral values. Second, fossil apes (Ekembo nyanzae, KNM-MW
13142C*, KNM-RU 1743**; Nacholapithecus kerioi, KNM-BG 35250
Oreopithecus bambolii, BAC 79%) began to diverge from the ancestral
anthropoid pattern toward the modern great ape condition in the
Early to Middle Miocene. Third, by the Middle to Late Miocene,
ARA-VP-6/500-023 and the estimated value for the Homo-Pan LCA are
derived in the direction of Pan and Gorilla relative to that of most other
anthropoids, consistent with a vertical climbing adaptation. Fourth, the
talocrural similarities between African apes and atelids, initially high-
lighted by DeSilva™, are most likely the result of convergent evolution.
This convergence may reflect biomechanical similarities in vertical
climbing”*****, foot posture (i.e., heel strike plantigrady in African apes

and midfoot plantigrady in atelids), or a combination of both. Finally, the
Australopithecus ankle evolved toward smaller TII and talar angle values
associated with adaptation to bipedalism in the Pliocene (Fig. 3b) due to
the mediolateral expansion of the posterior trochlea”” relative to body
mass (Fig. 2b, Supplementary Fig. 2c).

The mediolateral curvature of the talocrural joint was quantified using
quadric surface fitting’*", which captures trochlear grooving™'. The exact
mechanical function of variation in trochlear depth is unknown, but the
spectrum of arboreality and terrestriality is reflected in the mediolateral
curvature of the talocrural joint among extant hominoids. Among extant
hominoids, recent modern humans and eastern gorillas have the flattest
talocrural joints, whereas orangutans and hylobatids have the greatest
curvature, with chimpanzees and bonobos in between. The ARA-VP-6/500-
023 talus has the highest mediolateral curvature, and therefore the deepest
trochlear groove, among the fossil hominin sample (Fig. 4a), and clearly
displays an African ape-like talocrural morphology in a posterior view
(Fig. 4b). As noted previously, the GWM67/P2b specimen attributed to
Ar. ramidus could not be included in this study, but Simpson and
colleagues' display a posterior view of the talus that demonstrates a grooved
trochlear surface that is qualitatively deeper than that of ARA-VP-6/500-
023 but with a slightly more elevated medial trochlear rim*.

Finally, we performed multivariate analyses of overall talar shape using
linear (Supplementary Fig. 5) and three-dimensional data sets to assess the
morphometric affinities of the ARA-VP-6/500-023 talus (Fig. 5, Supple-
mentary Fig. 6, Supplementary Tables 2, 3, Supplementary Data 3-6, Sup-
plementary Results). Recent modern humans are well-separated from the
other taxa (Supplementary Fig. 6a—c, Supplementary Data 3 and 5) by
variables reflecting the more plantar orientation of the articular surfaces
relative to the talocrural joint, a mediolaterally flatter talocrural joint, a
mediolaterally wider posterior talocrural joint, a proximodistally longer and
mediolaterally narrower posterior calcaneal facet, and a mediolaterally
wider talar head (Fig. 5; Supplementary Data 3 and 5). Most fossil hominins
are classified as ‘Homo sapiens’ in linear and 3D analyses, but tali of Homo
floresiensis (LB1-15) and Homo naledi (U.W. 101-1417) variably display
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Fig. 5 | Multivariate analyses demonstrate the African ape-like affinities of the
ARA-VP-6/500-023 talus. a 3D models of tali with segmented articular surfaces.
Red = tibial facet, yellow = lateral malleolar facet, dark blue = medial malleolar facet,
light blue = posterior calcaneal facet, green = navicular facet, orange = anterior cal-
caneal facet, purple = flexor hallucis longus groove. b Linear discriminant analysis
on 11 geometric mean-standardized talar measurements. ¢ Linear discriminant

analysis on 23 3D morphometric variables, including relative surface areas, prox-
imodistal and mediolateral talocrural joint curvatures, and angles between planes fit
to each surface. The ARA-VP-6/500-023 talus is classified as Gorilla gorilla

(b, posterior probability = 88%) and Pan troglodytes (c, posterior probability = 74%).
Note the flexor hallucis longus groove of ARA-VP-6/500-023, which is morpholo-
gically intermediate between Pan and A.L. 288-1as.

some affinity with African apes (Supplementary Fig. 6a, Supplementary
Data 4 and 6).

Miocene fossil hominoid tali attributed to Ekembo heseloni (KNM-RU
1744, KNM-RU 1745, KNM-RU 2036)**"", Ekembo nyanzae (KNM-RU
1743, KNM-MW 13142C)*, and Proconsul major (KNM-SO 89)***** are
classified either as ‘cercopithecoid’ or ‘hylobatid’ (Supplementary Fig. 6d,
Supplementary Data 4 and 6). Notably, the Oreopithecus bambolii (BAC-
79)* talus is classified as ‘atelid’ with high posterior probability (0.97,
Supplementary Data 4). The fossil cercopithecoid KNM-BC 3 (Paracolobus
chemeroni)™ is classified as NWM’ or ‘Pongo’ in the linear analysis (Sup-
plementary Data 4) or ‘OWM in the 3D analysis (Supplementary Data 6).
The fossil platyrrhines (UCMP 38762, Cebupithecia sarmientoi'; IGM-KU
89031, Neosaimiri fieldsi; MLP 91-1X-1-119,  Proteropithecia
neuquenensis’’; IGM-KU 8802, Aotus dindensis’’; IGM-KU 8803, Saimiri
annectens’’; MACN SC 271, Carlocebus carmenensis™; MACN-SN 397,
Soriacebus ameghinorum™) are mostly classified as ‘NWM’ in both the
linear and 3D analyses (Supplementary Data 4 and 6). The Eocene/
Oligocene anthropoids (DPC 3054, DPC 5027, DPC 5416, Apidium
phiomense*>*; DPC 1301, Aegyptopithecus zeuxis") are classified as NWM’
in both analyses.

The ARA-VP-6/500-023 talus is classified as ‘Pan troglodytes’ (pos-
terior probability = 0.74) in the 3D analysis and ‘Gorilla gorilla’ in the linear
analysis (posterior probability = 0.88, Supplementary Data 4 and 6). In the
3D analysis, the ARA-VP-6/500-023 talus falls at one end of the multivariate
axis separating African apes from recent modern humans. Inspection of the

variable loadings and the distributions of individual variables included in the
3D multivariate analysis (Supplementary Figs. 5-11) shows that, compared
to most African apes in our sample, the ARA-VP-6/500-023 talus tends to
have a reduced relative area of the navicular facet (Supplementary Fig. 7f), an
increased relative area of the posterior calcaneal facet (Supplementary
Fig. 7b), a larger angle between the anterior calcaneal and posterior calcaneal
facets (Supplementary Fig. 8¢c), and a larger angle between the anterior
calcaneal and medial malleolar facets (Supplementary Fig. 11b).

Our comprehensive morphometric analysis demonstrates that the
ARA-VP-6/500-023 talus displays a predominantly African ape-like talar
morphology, particularly related to talocrural joint shape and orientation.
Moreover, with subtle modifications to its anterior subtalar joint, the ARA-
VP-6/500-023 talus is slightly more similar to those of other hominins than
African apes in the 3D LDA (Fig. 5¢). Additionally, a series of non-metric
features further reflect a mosaic talar morphology in ARA-VP-6/500-023
(Supplementary Fig. 12). Specifically, although the ARA-VP-6/500-023
talus shares clear metric (Fig. 5) and non-metric similarities with African
apes (Supplementary Fig. 12a), it is characterized by a hominin-like
extension of the talocrural articular surface proximally combined with a
deep, proximally positioned, flexor hallucis longus (FHL) groove due the
development of its medial rim. Additionally, the ARA-VP-6/500-023 talus
displays a bifurcated anterior calcaneal facet with distinct proximal and
distal segments (Supplementary Fig. 13). Consequently, the distal segment
of the anterior calcaneal facet forms a planar articular extension beneath the
talar head, which would be positioned dorsally relative to the cuboid facet. In

Communications Biology | (2025)8:1454


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08711-7

Article

contrast, Miocene hominoids are characterized by a combination of ape-
and monkey-like features (Supplementary Fig. 12c).

Discussion

Our morphometric analyses demonstrate that the talar morphology of
ARA-VP-6/500-023, unlike all sampled fossil specimens representing
approximately 40 million years of evolutionary history, shares affinities with
African apes. Our ancestral estimations suggest that the talar morphology
shared by ARA-VP-6/500-023, Pan, and Gorilla, and on which atelids
converge to some degree”™ ", is derived relative to that of fossil apes, fossil
monkeys, and Eocene/Oligocene anthropoids. Although there are many
outstanding questions about the mechanistic effects of talar form on foot
function in humans, apes, and monkeys™’, we interpret these shared aspects
of talar morphology to reflect adaptation to terrestrial plantigrade
quadrupedalism® and the dorsiflexed-ankle style of vertical climbing’* in
the Homo-Pan LCA and early fossil hominins such as Ar. ramidus. Our
quantitative analysis supports earlier qualitative observations of a more ape-
like morphology of the ARA-VP-6/500-023 talus” than originally
suggested"”. However, the ARA-VP-6/500-023 talus is not entirely African
ape-like because it displays hominin-like modifications of the subtalar and
talocrural joints, and FHL groove (Figs. 2, 5). Collectively, these results are
inconsistent with human and chimpanzee evolution from a generalized
arboreal ancestor that lacked adaptations for terrestrial quadrupedalism,
vertical climbing, and suspension'™”.

The extent to which talar morphology reflects function or phylogeny
has been debated********** A study by Nozaki and colleagues™ argued
that talar morphology is more phylogenetically conserved, rather than
functionally informative, in non-human primates because chimpanzees and
western lowland gorillas display differences in 3D talus shape despite
sharing similar locomotor repertoires”. Turley and Frost” found that
locomotion explained the highest proportion of variation in the 3D shape of
the talus in a large comparative sample, followed by body size and phylo-
geny. Similarly, Monclus-Gonzalo and colleagues’ found that locomotor
behavior is significantly correlated with the 3D shape of the talus across
hominoids, cercopithecoids, and platyrrhines. Recent studies focusing on
variation within and between Pan and Gorilla have shown that talar mor-
phology predictably reflects ecology and locomotion®***. Our analysis
showed that the more terrestrial G. beringei has a reduced TII (Fig. 2,
Supplementary Fig. 3), talar angle (Fig. 2, Supplementary Fig. 4), anterior
trochlea width (Fig. 3, Supplementary Fig. 2), and mediolateral curvature of
the talocrural joint (Fig. 4) compared to more arboreal G. gorilla. These
analyses are consistent with the hypothesis that talar morphology reflects
locomotor behavior among large-bodied, closely related African ape
species™*>*>*%% Therefore, the talar similarities between ARA-VP-6/500-
023, G. gorilla, and P. troglodytes (Figs. 2-5), along with their differences
from the more terrestrial G. beringei and more arboreal Pongo, imply that
both vertical climbing and terrestriality were significant components of the
positional repertoire of Ar. ramidus.

Overall, we interpret the mosaic morphology of the ARA-VP-6/500-
023 talus to reflect a combination of African ape-like vertical climbing as
part of a varied positional repertoire that included orthograde posture,
forelimb-dominated suspensory locomotion, and an early form of biped-
alism (Supplementary Fig. 12). The relatively high talar angle of ARA-VP-6/
500-023 compared to other fossil hominins does not, in isolation, support a
vertical climbing hypothesis due to the overlap across taxa that use different
locomotor modes, but it may indicate the retention of a more African ape-
like ankle posture relative to other fossil hominins'. The ‘total morphological
pattern’ of the ARA-VP-6/500 partial skeleton supports the hypothesis that
the positional repertoire of the earliest hominins included vertical climbing
and suspension. In a previous study, the hand shape of Ar. ramidus was
placed in a selective regime with chimpanzees and bonobos, implying
shared adaptation to orthogrady, below-branch suspension, and vertical
climbing’. The ARA-VP-6/500 foot has an elongated first metatarsal relative
to the length of the fifth metatarsal, which is argued to increase the moment
arm of the intrinsic hallucal adductor musculature (e.g, m. adductor

hallucis), and reflects the forceful hallucal grasping characteristic of African
apes associated with vertical climbing****. The pelvis of Ar. ramidus dis-
plays an elongated ischium’, which suggests a greater capacity to produce
hip extension moments in vertical climbing compared to later hominins®.
The foot proportions of Ar. ramidus are most similar to heel strike planti-
grade gorillas® when examined relative to a foot geometric mean® or a
postcranial geometric mean representing the preserved size of the ARA-VP-
6/500 partial skeleton®.

We focus on the vertical climbing features of the talus to address
current debates about the locomotion of Ar. ramidus and the Homo-Pan
LCA"*%%7% byt the talar morphology of African apes likely reflects
multiple factors, including large body mass, phylogeny, and their unique
combination of climbing and terrestrial plantigrade quadrupedalism®"******
253639405963 A laboratory analysis of 3D marker-based foot and ankle
kinematics demonstrated the use of talocrural dorsiflexion during climbing,
arboreal quadrupedalism, and terrestrial quadrupedalism in chimpanzees™.
Another study on the 2D quadrupedal kinematics of captive primates also
showed that chimpanzees (and gorillas) use talocrural dorsiflexion during
terrestrial quadrupedalism®, which is their most frequent locomotor mode
during adulthood'”"*"*". However, both studies support the hypothesis that
the chimpanzee talocrural joint experiences increased dorsiflexion during
vertical climbing’*. Furthermore, the shared aspects of talar morphology
among African apes and atelids support the hypothesis of a convergent
adaptation most plausibly explained by vertical climbing’>****** given the
lack of terrestriality and heel strike plantigrady among the latter®**. Pre-
vious studies have argued that the presence of a flaring lateral malleolar facet
and a more plantarly oriented talar head in African ape tali are features
reflecting terrestrial plantigrade quadrupedalism®*®, both of which are
found in ARA-VP-6/500-023 but absent among atelid platyrrhines.
Therefore, the African ape-like foot of Ar. ramidus, including the mor-
phology of the talus, suggests that the Homo-Pan LCA had a positional
repertoire that included terrestrial plantigrade quadrupedalism and vertical
climbing™.

Concurrently, other features of the ARA-VP-6/500 skeleton indicate
that Ar. ramidus used a form of bipedalism that included basicranial
reorganization’, the presence of an anterior inferior iliac spine on the ilium’,
dorsally domed lateral metatarsal heads’, a more plantar-lateral position of
the os peroneum sesamoid bone of the m. fibularis longus tendon', and a
more extrinsically elongated forefoot attributed to distal tarsal length"®. The
more hominin-like lateral side of the ARA-VP-6/500 foot is hypothesized to
have improved lateral push-off performance compared to that of apes’**. At
the same time, on the medial side of the foot, the ARA-VP-6/500-089 first
metatarsal displays Gorilla-like extensions of articular surface on the dorsal
side of the head (non-subchondral isthmus), it lacks dorsal doming of the
head, and the ARA-VP-6/1000 second metatarsal displays paired rugosities
on the dorsal side of the base for the cuneiform-metatarsal ligaments'. The
presence of an abducted hallux indicates that medial push-off must have
differed from the condition inferred for Australopithecus and these medial
metatarsal features imply habitual frontal plane rotation at the metatarso-
phalangeal joints during facultative bipedalism with an abducted hallux"**.

Although exact mechanical interpretations remain challenging based
only on the traits observed in the fossil record, we hypothesize that the lateral
extension of the anterior calcaneal facet (Supplementary Fig. 13) reflects a
modified articular relationship of the talus and calcaneus in ARA-VP-6/
500-023 relative to those of apes. This morphology may indicate the use of
an everted transverse tarsal joint during the stance phase of facultative
bipedalism in Ar. ramidus, with the talar head buttressed against the dorsal
side of the calcaneocuboid joint. A 3D kinematic study on chimpanzees
showed that terrestrial quadrupedalism involves more everted transverse
tarsal joint postures compared to the more inverted postures used during
climbing®. Notably, this observation is consistent with the morphology of
the preserved distal calcaneus from As Duma (Gona Project study area,
Ethiopia) attributed to Ar. ramidus (GWM67/P2c), which displays an
anterolateral process and a lateral extension of the anterior talar facet dorsal
to the cuboid facet'. Furthermore, the talar angle of GWM67/P2b from As
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Duma may be more derived than that of ARA-VP-6/500-023"**', which
could reflect population-level variation in Ar. ramidus necessary for the
selection of traits that would improve bipedal performance.

The more hominin-like proximal extension of the flexor hallucis
longus (FHL) groove might imply that the extrinsic digital flexor muscu-
lature could have exerted a larger magnitude plantarflexion moment at the
ankle during bipedal push-off*. The observation of an elongated forefoot
and the potential for a relatively wide posterior talar trochlea, in ARA-VP-6/
500-023, is consistent with this functional hypothesis. However, the ARA-
VP-6/500-023 FHL groove is also deep, mediolaterally wide dorsally, and its
lateral rim is more obliquely oriented relative to the talocrural axis of
rotation and therefore more similar to the African apes than to other fossil
hominins™. Functionally, these features suggest greater muscle size and
possibly greater force production during contraction for hallucal grasping or
for counteracting extension moments on the digits during the stance phase
of terrestrial locomotion. Therefore, we interpret the functional morphology
of the ARA-VP-6/500-023 talus to be consistent with a positional repertoire
that included African ape-like vertical climbing and early bipedalism.
Outstanding questions concerning the frequency and biomechanics of
terrestrial bipedalism in Ardipithecus are important, but we cannot address
them with our dataset.

Keith®” was among the earliest to suggest that humans and chimpan-
zees evolved from an ancestor with a body plan adapted to hominoid-like
orthogrady rather than monkey-like pronogrady. Building on Keith’s
hypothesis, others suggested that humans evolved from a suspensory
(‘brachiating’) ancestor, which resulted in decades of research on the ana-
tomical requisites of suspensory positional behavior and debates about the
LCA (reviewed in ref. 10). However, in the 1970s, an alternative hypothesis
emerged from a synthesis of behavioral observations, comparative anatomy,
and biomechanics in which the locomotor precursor to hominin bipedal-
ism, and the adaptive signal in the anatomy of hominoids, was not bra-
chiation sensu stricto but a form of climbing (variably termed vertical
climbing, cautious climbing, cautious quadrupedalism, or quadrumanous
climbing®7?). We view the African ape morphotype as a reflection of an
evolutionary history characterized by orthogrady, climbing, and forelimb
suspension. Therefore, climbing hypotheses®™"”, and hints of a climbing
ancestry in the functional anatomy of hominins and apes, are not mutually
exclusive with the hypothesis of an African ape-like ancestor of humans and
chimpanzees'**"”".

Keith’s multistage model proposed a “troglodytian” stage of hominoid
evolution characterized by larger body mass”. The positional repertoires of
extant primates are closely tied to variation in body mass because mass is one
of the main constraints on the biomechanics of animal locomotion””. Most
Miocene hominoids display morphological dimensions and estimated body
masses that are larger than most extant non-hominids, including the atelids
to which they are frequently compared, overlapping with siamangs, ter-
restrial baboons, and Asian colobines”. In the absence of baboon-like ter-
restrial adaptations among Miocene hominoids (e.g., short pedal phalanges,
digitigrade foot postures), and long external tails that could be used as
balancing organs”, their relatively large body masses necessitate modified
arboreal biomechanics compared to smaller extant cercopithecoids and
platyrrhines. The combination of lower TII values with higher talar angles
among Miocene apes, especially the atelid- and orangutan-like morphology
of BAC-79 (O. bambolii)*, is consistent with this hypothesis. Ardipithecus
ramidus, like other early hominins, was larger-bodied compared to most
Miocene hominoids and extant non-hominid primates™*. Therefore, the
African ape-like vertical climbing style inferred for Ar. ramidus is consistent
with its large body mass estimates, talar morphology, and other aspects of its
postcrania.

The fossil and comparative evidence can be used to test the null
hypothesis that the Hormo-Pan LCA was African ape-like in morphology and
inferred positional repertoire’’. The African ape positional repertoire is
reflected in the morphology of their appendicular and axial skeletons, as well
as their overall large body masses'**". At present, it is difficult to reject the
null hypothesis that humans evolved from an African ape-like LCA based on

the postcranial morphology of Ar. ramidus and other early hominins'’. The
hands and feet of Ar. ramidus, as well as its skeletal size and body mass
estimates, show clear similarities to the African apes"***”*. The postcranial
morphology of Ar. ramidus and other early fossil hominins strongly suggests
that humans evolved from a large-bodied, orthograde (short-backed)
ancestor with adaptations for vertical climbing, suspension, and heel-strike
plantigrady®*'****7*% Alternative hypotheses of a more generalized LCA
without specific African ape-like adaptations'™**, or an LCA with arboreal
bipedal adaptations***, are currently unsupported by the available fossil and
comparative evidence®**7*#%,

The phylogenetic position of humans within the African ape clade
implies evolution from an ancestor that used terrestrial plantigrade quad-
rupedalism, vertical climbing, and below-branch suspension. The func-
tional morphology of Ar. ramidus hands and feet, including the ARA-VP-6/
500-023 talus, is consistent with this hypothesis, while also displaying fea-
tures plausibly associated with an early form of bipedalism. The integrative
analysis of extant African ape and early fossil hominin morphology provides
our best chance for making inferences about the positional repertoire of the
Homo-Pan LCA in lieu of an African ape fossil record. Our inferences
regarding the positional repertoire of Ar. ramidus refocus evolutionary
explanations for the origin of bipedalism and, therefore, the emergence of
the human lineage.

Methods

This study uses four overlapping data sets (with different sample sizes and
species compositions) consisting of linear distances collected on anthropoid
tali; two-dimensional talar angles collected from three-dimensional surface
scans; three-dimensional joint curvatures, relative surface areas, and angles
between surfaces also measured on 3D scans; and linear measurements of
the cuboid, fifth metatarsal, and femoral head superoinferior diameter for
quantifying forefoot length relative to estimated body mass. Linear data
were collected on extant anthropoid tali housed at the following institutions
(Supplementary Data 1): American Museum of Natural History; United
States National Museum of Natural History; Harvard Museum of Com-
parative Zoology; Royal Museum for Central Africa; Cleveland Museum of
Natural History; Stony Brook University; Museum of Vertebrate Zoology,
University of California, Berkeley; Human Evolutionary Research Center,
University of California, Berkeley; Phoebe A. Hearst Museum of Anthro-
pology, University of California, Berkeley; Center for the Study of Human
Origins, New York University. Additional anthropoid tali were downloaded
from Morphosource to supplement the initial dataset (https://www.
morphosource.org/), which initially appeared in ref. 87.

The fossil sample includes data from original specimens, except in a few
cases where measurements were taken on casts (Supplementary Data 2).
Data were collected on fossil tali of extinct hominin, hominoid, cerco-
pithecoid, and platyrrhine taxa housed at the following institutions:
National Museum of Ethiopia; Nairobi National Museum; Evolutionary
Studies Institute, University of the Witwatersrand; Duke Lemur Center,
Division of Fossil Primates; University of California Paleontology Museum;
Museo Geologico, INGEOMINAS, Bogota, Colombia; Museo de La Plata,
Argentina; Museo Argentino de Ciencias Naturales. As with the extant
specimens, additional fossil platyrrhine tali were downloaded from Mor-
phosource to supplement the fossil talus dataset.

Linear measurements were collected on tali using digital calipers: (1)
talar length, (2) trochlear length, (3) talar width, (4) mediolateral width of
the anterior trochlea, (5) mediolateral width of the posterior trochlea, (6)
fibular facet height, (7) medial malleolar facet height, (8) mediolateral head
width, (9) dorsoplantar head height, (10) mediolateral width of the posterior
calcaneal facet, (11) proximodistal length of the posterior calcaneal facet
(Supplementary Fig. 5). Talar length (1) is defined as the maximum prox-
imodistal distance between the most proximal margin of the talar trochlea
and the most distal point of the talar head. Trochlear length (2) is defined as
the maximum proximodistal distance between the most proximal margin of
the talar trochlea and the most distal point of the talar trochlea. Talar width
(3) is defined as the maximum mediolateral distance between the
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distolateral edge of the fibular facet and the most medial point on the talar
head. Mediolateral width of the anterior trochlea (4) is defined as the
mediolateral distance between the distolateral edge of the anterior talar
trochlea and the distomedial margin that separates the trochlea from the
medial malleolar facet. Mediolateral width of the posterior trochlea (5) is
defined as the mediolateral distance between the most proximolateral cor-
ner of the fibular facet-posterior talar trochlear margin and the most
proximodistal corner of the medial malleolar facet-posterior talar trochlear
margin. Fibular facet height (6) is defined as the maximum dorsoplantar
distance between the most plantar point of the fibular facet articular surface
and the most dorsal point on the lateral margin of the talar trochlea. Medial
malleolar facet height (7) is defined as the maximum dorsoplantar distance
between the most plantar point of the medial malleolar articular surface and
the most dorsal point on the medial margin of the talar trochlea. Medio-
lateral head width (8) is defined as the maximum mediolateral width of the
talar head taken parallel to the long axis of the talonavicular joint. Dorso-
plantar head height (9) is defined as the maximum dorsoplantar height of
the navicular facet taken perpendicular to the long axis of the talonavicular
joint. Mediolateral width of the posterior calcaneal facet (10) is defined as the
maximum mediolateral width of the posterior calcaneal facet taken per-
pendicular to the long axis of the joint. Proximodistal length of the posterior
calcaneal facet (11) is defined as the maximum proximodistal length of the
posterior calcaneal facet articular surface taken parallel to the long axis of
the joint.

Talar measurements 4 and 6 were used to derive a variable that we
term the talar interarticular index (TII, [mediolateral width of the anterior
trochlea/mediolateral width of the posterior trochlea]x100). Increased T1I
values are associated with a more wedge-shaped talocrural joint,
whereas lower values are associated with a more square-shaped talocrural
joint25,30,38'

Forefoot length was quantified as the sum of talar neck length (derived
by subtracting talar trochlea length from talar length), dorsal non-articular
length of the cuboid, and fifth metatarsal length (given the preservation of
elements in the ARA-VP-6/500 partial foot) following Prang®’. The body
mass of each individual was estimated using species-specific regression
equations for humans®, chimpanzees, gorillas, orangutans, and
hylobatids*, and the remaining non-hominoid taxa™. Body mass estimates
for fossil hominins (ARA-VP-6/500-023, A.L. 288-1, LB1, U.W. 88-98) and
fossil apes (KNM-RU 2036, KNM-BG 35250) were taken from published
sources™”**". Lovejoy and colleagues” estimate a body mass of 51 kg for
ARA-VP-6/500 based on capitate and talus measurements. Grabowski and
colleagues™ estimate body masses of 32.1 kg and 29.1 kg for ARA-VP-6/500
and MH2 (U.W. 88-98), respectively, whereas Ruff and colleagues88 estimate
body masses of 36.2 and 41 kg for these individuals. A later study by Gra-
bowski and colleagues™ estimated a body mass of 50.2 kg for ARA-VP-6/
500 using a human model. Body mass estimates range from 13.4 to 17.2 kg
for KNM-RU 2036 based on first metatarsal dimensions™. We therefore use
four body mass estimates for ARA-VP-6/500 and two body mass estimates
for U.W. 88-98 (MH2) and KNM-RU 2036. Phylogenetic generalized least-
squares regression (pGLS)™* was used to individually regress the natural
logarithms of forefoot length, anterior trochlear width, and posterior tro-
chlear width as response variables against the natural logarithm of estimated
body mass. The branch lengths of the phylogeny were transformed using
Pagel’s lambda™, which was estimated with a maximum likelihood proce-
dure implemented in the ‘caper’ package v. 1.0.3* in R v. 4.4.0”. All response
variables are in units of millimeters, and the body mass estimates are in units
of kilograms prior to logarithmic transformation.

The talar angle was quantified following refs. 1,25,30,32. The talar angle
(also known as the talocrural joint angle) is defined as the frontal plane angle
formed between a line drawn through the most dorsal points on the lateral
and medial talar trochlea rims and a second line drawn through the most
plantar points on the medial malleolar and fibular facets taken in posterior
view. We used Geomagic Studio software to place 3D point features on each
specimen (most dorsal point on the medial trochlear rim, most dorsal point
on thelateral trochlear rim, most plantar point on the medial malleolar facet,

most plantar point on the fibular facet). Then, we oriented each specimen in
posterior view, enabled 3D mesh transparency to visualize the position of
each point feature, and measured the talar angle from a screen capture using
Image] software”. Lovejoy and colleagues' report a value of 14.5° for the
talar angle of the ARA-VP-6/500-023, which we included in subsequent
analyses.

The 3D data set consists of metrics quantified on 3D scans of tali
generated using a NextEngine Desktop 3D scanner. Tali were scanned in at
least two orientations and merged using ScanStudio Pro Software. The
resulting triangular meshes were imported into Geomagic Studio software
to clean imperfections (e.g., filling small holes). Angles between surfaces
were quantified by fitting least-squares planes to virtually segmented
articular surfaces in Geomagic Studio, and calculated as the inverse cosine of
the dot product of the normal vectors between each plane”. Relative surface
areas were quantified by dividing the surface area of the virtually segmented
articular surfaces by the total bone surface area multiplied by 100'”. Finally,
mediolateral and proximodistal curvatures of the tibiotalar surface were
quantified by fitting quadric surfaces to virtually segmented tibial facets
using custom software’*™.

We estimated ancestral values for the talar angle and TII for a subset
of our extant sample using a stable model of continuous trait evolution
implemented in StableTraits software v. 1.5'"" following refs. 6,8,9. Sta-
bleTraits uses a Markov chain Monte Carlo (MCMC) approach that
estimates the posterior distribution of ancestral states given a dataset and
phylogeny while relaxing assumptions of neutrality and gradualism'”'. We
ran two independent MCMC chains for 5,000,000 iterations each at a
thinning rate of 200, resulting in 25,000 samples each. We used the default
priors on the evolutionary rate to prevent rates from approaching zero. A
proportional scale reduction factor (PSRF) value of 1 indicated chain
convergence after 2,500,000 iterations, which we discarded as burn-in. We
used a molecular consensus phylogeny from the 10k trees website'”* with
fossil taxa added in Mesquite software v. 3.81'”. The ages and phyloge-
netic positions of the fossil taxa were based on refs. 104-112. We excluded
the fossil hominoids Oreopithecus bambolii and Nacholapithecus kerioi
from the phylogeny, and therefore the ancestral estimations, because their
phylogenetic positions are debated''"'"”. Ancestral estimates and taxon
mean values were visualized in a 3D phylomorphospace plot using custom
code based on the ‘phylomorphospace3d’ function in the ‘phytools’
package v. 2.1'" in R”.

We transformed our original 11 linear measurements to Mosimann
shape variables by dividing each measurement by the combined geometric
mean of all measurements per individual for multivariate analyses'. We
used linear discriminant analysis (LDA) on the pooled covariance matrix of
11 linear measurement shape variables, followed by an LDA on the pooled
covariance matrix of 23 3D scale-free variables (relative surface areas, angles,
and curvatures), with groups defined by taxon to determine (1) whether
multivariate talus shape distinguishes such groups and (2) to which group
the Ar. ramidus talus is most similar. We assessed the effectiveness of the
LDA by evaluating the posterior probabilities of group membership for
extant taxa using a leave-one-out cross-validation approach. All fossil spe-
cimens were added to the analyses a posteriori without group membership
identified.

Statistics and reproducibility

The sizes of the human and nonhuman primate samples vary across the
following analyses included in this study: talar angle analysis, N = 384; linear
discriminant analysis of linear dimensions, N =473; linear discriminant
analysis of relative surface areas, angles between surfaces, and articular
surface curvatures, N = 503; relative foot and ankle dimensions, N = 359. A
complete list of all extant specimens and their accession numbers can be
found in Supplementary Data 7. Sample means and standard deviations are
reported for univariate metrics (i.e., talar angle, TII, and talocrural ML
curvature). Phylogenetic generalized least-squares and ordinary least-
squares regressions were used for the analysis of the relative size and scaling
of foot and ankle dimensions, which test the null hypothesis that the
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response variable is random with respect to the predictor variable. Ancestral
states for the talar angle and TII were reconstructed using a Markov chain
Monte Carlo (MCMC) approach using a stable model of trait evolution and
a phylogenetic tree. Linear discriminant analysis was used to assess cross-
validated posterior probabilities of group membership among extant taxa
and the predicted group membership of fossils. All data used in the analysis
are available on the Figshare digital data repository.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data used in this analysis are available on the Figshare digital data

repository (https://doi.org/10.6084/m9.figshare.26069590).
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