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¢ ) foot anatomy. This study assesses which calcaneal traits represent plesiomorphic, autapomorphic, and/
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or functional adaptations. Geometric morphometrics was used to analyze the external shape of 7
Neanderthal and 64 H. sapiens calcanei spanning early Upper Pleistocene hunter-gatherers to post-
industrial populations. Shape, size, and allometric differences were assessed among groups, enabling
. detailed examination of the whole calcaneus and key subregions such as talar facets, the cuboid facet,
Functional morphology . . . . .
Longitudinal arch and the tuberosity. Compared to calcanei of H. sapiens, calcanei of Neanderthals were shorter, wider, and
Geometric morphometrics taller—distinct adaptations likely favoring more load-bearing over the rearfoot and high mobility.
Locomotion Similar but less pronounced traits appear in highly mobile, unshod modern humans, while sedentary,
postindustrial populations show more gracile calcanei, likely influenced by footwear and reduced ac-
tivity. Neanderthals also displayed ancestral features such as a shorter sinus tarsi. Notably, Neanderthal
subtalar joint shape and calcaneocuboid orientation suggest a habitually pronated foot posture. Ne-
anderthals also exhibit a reduced lateral plantar process compared to H. sapiens, implicating differences
in plantar ligament attachment and foot arch support. Differences in the cuboid facet and tuberosity of
Neanderthals and H. sapiens imply alternative strategies for foot stabilization and force transmission
through proximal tarsal joints, likely reflecting a different longitudinal arch expression, one adapted to
Neanderthals’ body mass and high-activity lifestyle.
© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The human ankle and foot bones have significantly advanced
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including hominins (Harcourt-Smith and Aiello, 2004; Holowka
and Lieberman, 2018; McNutt et al., 2018; DeSilva et al., 2019).
Functional adaptation of the human skeleton to bipedalism has
focused on external shape of the ankle and foot bones (Latimer
et al., 1987; Fernandez et al., 2018; Sorrentino et al., 2020a,
2023; Harper et al., 2021; Nozaki et al., 2021; Marchi et al., 2022;
Harper, 2023; Dann et al., 2024; Pietrobelli et al., 2024a; Tomizawa
et al., 2024), their trabecular bone remodeling (DeSilva and Devlin,
2012; Zeininger et al., 2016; Su and Carlson, 2017; Tsegai et al.,
2017, 2018; Saers et al., 2018; DeMars et al., 2020; Koneru and
Harper, 2024), and foot kinematics (Griffin et al., 2010; Greiner
and Ball, 2014; Holowka et al., 2017; Finestone et al., 2018;
O'Neill et al., 2018).

Among the tarsal bones, the calcaneus, having a crucial role in
weight-bearing and force transmission at heel strike during
bipedal locomotion, has wundergone significant changes
throughout human evolution (Webber and Raichlen, 2016;
Zeininger et al., 2020; Harper et al., 2021, 2022b; Prang, 2024).
Thanks to its central role in promoting a mechanically efficient
bipedal gait, the calcaneus is particularly well suited for exploring
the link between form and function.

Anatomically, the calcaneus articulates superiorly with the
talus through the posterior and anterior talar facets and distally
with the cuboid. Compared to those of great apes, the human
calcaneus exhibits unique features associated with bipedalism
such as a larger tuberosity providing a strong attachment for the
Achilles tendon and lever arm for the triceps surae, both being
adaptive for forward propulsion, and a flatter posterior talar facet
to reduce subtalar joint mobility (Latimer and Lovejoy, 1989;
Prang, 2015a, 2016). A more plantarly oriented lateral plantar
process of the calcaneus in Homo sapiens purportedly provides
additional support and stability during weight-bearing activities
(Boyle et al., 2018; Harper et al., 2021). In comparison, the more
concave cuboid articular surface and projecting peroneal trochlea
typical of ape calcanei have been associated with increased sub-
talar joint mobility (i.e., inversion and eversion) that is adaptive for
climbing (Gebo, 1992; Gebo and Schwartz, 2006; Harper et al.,
2021; Nozaki et al., 2021). These morphological adaptations
reflect evolutionary pressures that have shaped calcaneal anatomy
to optimize performance during the respective behavioral
patterns.

Although the precise point at which modern human-—like
calcaneal morphology emerged in our evolutionary lineage re-
mains uncertain, the prevailing hypothesis is that Australopithecus
afarensis exhibits more humanlike characteristics than other Aus-
tralopithecus species, Homo habilis, or Paranthropus boisei (Zipfel
et al,, 2011; Prang, 2015b; Boyle et al., 2018; McNutt et al., 2018;
Harper et al., 2021). While there is a gap in the fossil record of early
Homo calcanei, both in Africa and Eurasia, Middle and Upper
Pleistocene Homo taxa both in Africa and Eurasia are represented
in the fossil record (Pablos, 2015; DeSilva et al., 2019). Specifically,
Middle Pleistocene calcanei have been recovered from Homo
naledi (from 236 to 335 kyr) who still retain some apelike traits
(Harcourt-Smith et al., 2015; Harper et al., 2021). In contrast,
calcanei from Sima de los Huesos (~430 kyr; Atapuerca Mountains,
Spain) and Homo neanderthalensis (~300—40 kyr) in Eurasia, as
well as those from Jinniushan (~260 kyr; China), are generally
more similar to those of anatomically modern humans, despite
some features indicating functional or phylogenetic divergence
from H. sapiens (Trinkaus, 1983; Lu et al., 2011; Pablos et al., 2014;
Pablos, 2015; Pablos and Arsuaga, 2024).

Particularly, H. neanderthalensis (hereafter called Neanderthals)
and H. sapiens share anatomical pedal features, as well as exhibit
significant differences (Harvati, 2010). Neanderthal foot bones
purportedly reflect their overall postcranial musculoskeletal
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robusticity, as indicated by thicker and larger bones, more curved
femora, and strongly marked muscle insertions particularly in the
lower limbs (Trinkaus et al., 1991; Pearson, 2000; De Groote, 2011;
Belcastro et al., 2020). Although Neanderthal foot bones are almost
indistinguishable from those of modern humans, Neanderthals
exhibit larger joint surfaces and more robust tarsals and meta-
tarsals that suggest higher biomechanical loadings due to higher
activity levels and greater body mass (Trinkaus, 1983; Trinkaus
et al, 1991; Pablos et al.,, 2014, 2017; Pearson et al., 2020;
Sorrentino et al., 2021). Neanderthal generalized lower limb
robusticity is extended to the calcaneus, given its role in weight
transfer, in the form of large talar facets, a projecting sustentac-
ulum tali, and a mediolaterally wide tuberosity (Trinkaus, 1983;
Pablos et al., 2014). These Neanderthal traits are shared by calcanei
from Sima de los Huesos, possibly suggesting a phylogenetic
relationship of these two paleodemes and perhaps likely indi-
cating a similarly large body size in both (Pablos and Arsuaga,
2024). While there is no doubt about obligate terrestrial bipe-
dality in Neanderthals, their running performance capabilities are
debatable (Raichlen et al., 2011). Distinguishing which traits are
more functionally related or represent derived features of Nean-
derthals requires careful consideration of the variables, both
environmental and cultural, influencing their foot morphology. In
this study, we contribute to this research topic by using geometric
morphometrics to examine external shape of the calcaneus in
Neanderthals compared to various groups of H. sapiens with
different mobility strategies.

Factors used to frame the morphological differences between
Neanderthals and H. sapiens are primarily mobility levels, ac-
counting for the distances regularly traveled due to shifts in sub-
sistence strategies (e.g., within H. sapiens this includes mobile
hunter-gatherers — sedentary agriculturalists — high sedentary
postindustrial societies). Several studies have indicated that
reduced physical activity and mobility levels have driven skeletal
gracilization in H. sapiens from the Pleistocene to the Holocene
(Carlson and Marchi, 2014; Chirchir et al., 2015; Ryan and Shaw,
2015). This affects many regions of the body and has been well
studied in foot bones (Saers et al., 2018; DeMars et al., 2020;
Sorrentino et al., 2020b, 2021; Harper, 2023; Dann et al., 2024).
Studies on bone robusticity and estimates of energetic expenditure
for foraging, as well as associated technocomplexes and prevailing
climatic conditions, suggest that Neanderthals and Middle Pleis-
tocene/early Upper Pleistocene (EUP) H. sapiens were character-
ized by high mobility, exceeding that of H. sapiens hunter-
gatherers from the late Upper Pleistocene (LUP) (Holt, 2003;
Weaver and Steudel-numbers, 2005; Holt and Formicola, 2008;
Shaw and Stock, 2011). Thus, our expectation is that if certain traits
of the Neanderthal calcaneus reflect high mechanical stress due to
elevated levels of mobility, these traits should also be present in
EUP H. sapiens specimens in our sample (i.e., Qafzeh and Skhul) but
presumably to a lesser degree in LUP individuals that are closer to
modernity. However, if there are calcaneal features shared be-
tween Neanderthals and early H. sapiens, then these may represent
ancestral retentions. Therefore, empirical comparisons with Mid-
dle Pleistocene Homo fossils from Sima de los Huesos (Pablos et al.,
2014, 2017; Pablos and Arsuaga, 2024) and Jinniushan (Lu et al.,
2011) should be helpful to attempt to discern whether any of
these traits are the result of either ancestry or high levels of
behaviorally driven mechanical stress.

Additionally, footwear use, spanning from prehistoric func-
tional protection to modern industrialized designs, has profoundly
influenced bone structure (Trinkaus, 2005; Carlson et al., 2007;
Zipfel and Berger, 2007; Willems et al., 2017). Early footwear,
emerging in the LUP, reduced mechanical loading on foot bones,
leading to decreased robustness of bones and increased incidence
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of pathologies (e.g., hallux valgus, metatarsal deformities).
Industrialization exacerbated these trends by introducing seden-
tary lifestyles (Trinkaus, 2005; Hatala et al., 2013; Willems et al.,
2017; Holowka et al., 2018, 2022; Wallace et al., 2018; Sorrentino
et al,, 2020b). In this context, evidence from footprints suggests
that Neanderthals in Europe, and even LUP H. sapiens populations,
walked without footwear (Lockley et al., 2008; Citton et al., 2017;
Duveau et al., 2019; Muniz et al., 2019; Bennett et al., 2021; Neto de
Carvalho et al., 2025). We expect to recognize certain calcaneal
traits that may be correlated with unshod walking or walking with
soft foot coverings among Neanderthals and H. sapiens hunter-
gatherers, compared to the hard-soled shoes used by post-
industrial H. sapiens groups. Indeed, studies have shown that heel
strike patterns change in barefoot populations. For instance,
barefoot walking tends to involve a more midfoot or forefoot
strike, which reduces heel impact forces compared to those during
shod walking (Lieberman, 2014; Holowka et al., 2018; Wallace
et al., 2018). Additionally, barefoot walking often involves greater
ankle compliance in multiple planes (Wallace et al., 2018), while
footwear increases ankle dorsiflexion (Lopez et al., 2023). Thus,
differences in foot bone morphology distinguish populations with
varying footwear habits (Trinkaus, 2005; Saers et al., 2018;
Sorrentino et al., 2020b, 2021; Harper, 2023; Dann et al., 2024).

Finally, it has been suggested that Neanderthal tali reveal some
autapomorphic traits in the subtalar joint that indicate a predis-
position for pronated foot posture. This unique morphology is
thought to reflect a plastic response to greater body mass and/or
mechanical stress (Sorrentino et al., 2021). Here, we hypothesize
that talar facets of the calcaneus will mirror these derived features
in the articulating surfaces of the talus, which would confirm a
unique foot posture in Neanderthals.

Table 1
Sample of Homo sapiens and Homo neanderthalensis for this study.
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This study will further elucidate ancestral, derived, and plastic
features that reflect variability in locomotor adaptations, thereby
enhancing our understanding of Neanderthal foot anatomy.

2. Materials and methods
2.1. Sample

The sample consists of 71 three-dimensional (3D) digital
models of calcanei of adult individuals (7 Neanderthals and 64
H. sapiens; Table 1), without evident signs of pathologies. In the
majority of cases, left calcanei were used, but when unavailable,
the right calcaneus was mirrored for inclusion in geometric
morphometric analyses.

The Neanderthal calcanei in this study include late (classical)
Neanderthals: Regourdou 1, La Chapelle, La Ferrassie 1 and 2, El
Sidrén SD-2192 and SDR-112, and Spy 2.

Regourdou 1 is a young adult of indeterminate sex retrieved at
the Regourdou site (Montignac, France). The individual has been
dated to 70—56 ka BP (Bonifay, 1964; Pablos et al., 2019). La
Chapelle is from a male individual found in La Bouffia Bonneval
cave at La Chapelle-aux-Saints (France), dated to 56—47 ka BP, and
is now stored at the Muséum National d'Histoire Naturelle,
Département Hommes, Natures, Sociétés, in Paris, France (Griin
and Stringer, 1991). At the Mousterian site of La Ferrassie
(France), two skeletons were found, known as La Ferrassie 1 and 2,
dated to 54—40 ka BP (Heim, 1976, 1982; Guérin et al., 2015). La
Ferrassie 1 was a male Neanderthal, while La Ferrassie 2 was a
female (Gomez-Olivencia et al., 2018). From El Sidrén (Asturias,
Spain) two calcanei have been analyzed, SD-2192 and SDR-112, for
which the sex is indeterminate due to the fragmentary nature of

Sample Time period Geographical Subsistence
location

Neanderthals (n = 7)

Regourdou 1 70—56 ka BP France Hunter-gatherer

La Chapelle 56—47 ka BP France Hunter-gatherer

La Ferrassie 1 54—40 ka BP France Hunter-gatherer

La Ferrassie 2 54—40 ka BP France Hunter-gatherer

El Sidrén (SD-2192) 49 ka BP Spain Hunter-gatherer

El Sidrén (SDR-112) 49 ka BP Spain Hunter-gatherer

Spy 2 36 ka BP Belgium Hunter-gatherer

Homo sapiens

Early Upper Pleistocene (n = 3)

Qafzeh 8 120-90 ka BP [srael Hunter-gatherer

Qafzeh 9 120-90 ka BP Israel Hunter-gatherer

Skhul 4 120—90 ka BP Israel Hunter-gatherer

Late Upper Pleistocene (n = 7)

Dolni Véstonice 15 ~31 ka cal. BP Czech Republic Hunter-gatherer

San Teodoro 1
Arene Candide 2
Arene Candide 3
Arene Candide 5
Arene Candide 10
Arene Candide 14
Iron age group (n = 8)
Baucina
Postindustrial

group (n = 46)
Bologna

15—14 ka cal. BP
13—12 ka cal. BP
13—12 ka cal. BP
13—12 ka cal. BP
13—12 ka cal. BP
13—12 ka cal. BP

7th—>5th c. BCE*

19th—20th c. CE®

Italy Hunter-gatherer
Italy Hunter-gatherer
Italy Hunter-gatherer
Italy Hunter-gatherer
Italy Hunter-gatherer
Italy Hunter-gatherer
Italy Farmers/foragers
Italy Urban laborers and

specializations

2 Chronology estimated based on contextual and archaeological data.
b Chronology based on cemetery record.
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both individuals. They have been dated to 49 ka BP (Rosas et al.,
2006; Wood et al., 2013). Spy 2 is an individual found in Spy
Cave (Belgium), for which the sex cannot yet be reliably
determined as studies report conflicting results (Holloway et al.,
2005; Chapman et al., 2013). This individual has been dated to
36 ka BP, making it one of the most recent Neanderthals in Europe
prior to their extinction (Semal et al., 2009).

The H. sapiens sample includes early and LUP hunter-gatherers,
Iron Age farmers/foragers, and a postindustrial group.

The EUP group includes Qafzeh and Skhul individuals (Israel)
dated to 120—90 ka BP. Skhul 4 is located at the Rockefeller
Museum of Jerusalem (Israel), and he was a 40-year old male
discovered in a cave near Mount Carmel (Mount Mar Elias) from
the Upper Galilee. Qafzeh 8 and 9 are from Qafzeh cave (Israel) and
are curated at Tel Aviv University (Israel). The Qafzeh 9 individual
is originally assessed as an adult female (Vandermeersch, 1981;
but see Castejon-Molina and Pablos, 2021; Coutinho-Nogueira
et al., 2021) from the most ancient double burial discovered to
date, whereas Qafzeh 8 was initially described as male by
Vandermeersch (1981), but this identification was later not
confirmed (Vandermeersch and Bar-Yosef, 2019). The EUP sample
represents a hunter-gatherer H. sapiens group with presumably
higher mobility than other H. sapiens groups in the study, as sug-
gested by anatomical and archaeological data reconstructing EUP
locomotor behaviors (Holt, 2003; Weaver and Steudel-numbers,
2005; Holt and Formicola, 2008; Shaw and Stock, 2011). Based
on chronology, shared ancestral characteristics of the calcaneus
are expected to be more prevalent in Neanderthals and Early Up-
per Paleolithic H. sapiens than in either of these groups when
compared to all more recent H. sapiens groups.

The LUP group includes Dolni Véstonice 15 (Czech Republic),
San Teodoro 1 (Italy), and five calcanei from Arene Candide (Italy).
The calcaneus of Dolni Véstonice 15 belonged to a Gravettian male
individual from the eponymous site from the Czech Republic dated
to ~31 ka cal. BP (Formicola et al.,, 2001; Fewlass et al., 2019).
Calcanei from Arene Candide originate from late Epigravettian
burials in the eponymous cave in Finale Ligure, Liguria (Italy) dated
to 13—12 ka cal. BP (Sparacello et al., 2018a, 2021). Another late
Epigravettian individual is San Teodoro 1 from Grotta di San Teo-
doro near Acquedolci (province of Messina, Italy) dated to
15,315—14,255 and 15,232—14,126 ka cal. BP (Sineo et al., 2002;
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D'Amore et al., 2009; Forgia et al., 2025) and stored at the Museo di
Paleontologia G.G. Gemellaro in Palermo (Italy). The LUP group
represents a H. sapiens population whose subsistence was based
on hunting and foraging. Their lifestyle involved high levels of
physical activity and mobility, although these levels were likely
less intense than those of EUP hunter-gatherers (Holt, 2003;
Trinkaus, 2005; D'Amore et al., 2009; Sparacello et al., 2018b;
Pietrobelli et al., 2024b).

The Iron Age group from Baucina (n = 8, undetermined sex)
originated from the archaeological site of Monte Falcone in Sicily,
Italy, inhabited by Sikans, an indigenous group of Sicily. Archaeo-
logical findings at this site indicate subsistence practices such as
cereal farming, animal domestication, and foraging, which likely
contributed to increased sedentarization in this group during the
period from 7th to 5th c. BCE (Belvedere et al., 2016). Lastly, the
postindustrial group (n = 46, including 24 males and 22 females)
originates from the Documented Human Osteological Collection
(DHOC) of the Certosa Cemetery of Bologna (Italy) (19th—20th c.
CE). It represents the most sedentary group within this study,
characterized by individuals who habitually wore heavy shoes and
boots during their occupational activities in the city of Bologna
(Belcastro et al., 2017; Sorrentino et al., 2020b, 2022, 2025).

2.2. Digital data collection

The 3D surface reconstructions were acquired by laser scan-
ning, CT, or puCT scans of the original specimens. These techniques
have been shown to give comparable results (Brzobohata et al.,
2012; Sorrentino et al., 2021; Pietrobelli et al., 2022). In the case
of CT or uCT scans, Avizo v. 9.2 (Thermo Fisher Scientific, Waltham)
was used to generate 3D digital models (isosurface re-
constructions) from the image data.

A 3D model of the Regourdou 1 calcaneus was obtained from
UCT scanning (voxel resolution of 0.0455 x 0.0455 x 0.0457 mm)
conducted at the European Synchrotron Radiation Facility in
Grenoble, France. Structured light scanning of the calcaneal sur-
face of La Chapelle, as well as CT scans of calcanei of La Ferrassie 1
(voxel size: 0.219 x 0.219 x 0.400 mm) and La Ferrassie 2 (voxel
size = 0.251 x 0.251 x 0.500 mm) were kindly provided by the
Muséum National d’Histoire Naturelle, Département Hommes,
Natures, Sociétés (Paris, France). The 3D models of SD-2192 and

Figure 1. Template configuration of landmarks and semilandmarks on the calcaneus as seen in lateral (a), medial (b), distal (c), and plantar (d) views. These include 14 landmarks
(black spheres), 85 curve semilandmarks (blue spheres), and 177 surface semilandmarks (orange spheres). Description of landmarks, curves and surfaces are provided in SOM
Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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SDR-112 were acquired using a structured light scanner and pro-
vided from the Group of Paleoanthropology, Department of
Paleobiology, Museo Nacional de Ciencias Naturales-CSIC (Madrid,
Spain). The Spy 2 calcaneus was scanned using an Olympus E10
camera and obtained from Neanderthal Studies Professional On-
line Service (http://www.archiv.neanderthal.de). The pCT image
data for Qafzeh and Skhul individuals, and for Dolni Véstonice 15,
were acquired using a BIR ACTIS high-resolution CT scanner at the
Department of Human Evolution, Max Planck Institute for Evolu-
tionary  Anthropology (Leipzig, Germany) with voxel
sizes 0.029—0.054 mm. Surface scans of the Arene Candide sample
were taken using the structured light scanner DAVID® SLS-2
(DAVID Group 2007—2015) and downloaded from a Morpho-
source database labeled ‘The Arene Candide 3D Database’ (https://
www.morphosource.org/projects/00000C206). Calcanei of San
Teodoro 1, Baucina, and the Bologna sample were scanned using an
Artec Space Spider 3D structured light laser scanner (point-
accuracy = 0.05 mm; mesh resolution = 0.1 mm) housed at the
Department of Biological, Geological and Environmental Sciences
of the University of Bologna. The Bologna sample is stored in the
Morphosource database ‘The Virtual DHOC of the Certosa Ceme-
tery of Bologna’ (https://www.morphosource.org/projects/
000610808).

2.3. Geometric morphometrics and statistical analyses

A 3D template of 14 landmarks, 85 curve semilandmarks, and
177 surface semilandmarks (Fig. 1; Supplementary Online Material
[SOM] Table S1) was created in Viewbox 4 software (dHAL soft-
ware, Kifissia) on a specimen of the DHOC of the University of
Bologna (Sorrentino et al., 2025). This set of landmarks and sem-
ilandmarks permitted capturing the whole morphology of the
calcaneus, as well as isolating and analyzing calcaneal articular
facets (i.e., joined anterior and posterior talar facets, and the
cuboid facet, respectively) and the calcaneal tuberosity. The tem-
plate was applied to all individuals of the sample, i.e., the targets,
allowing semilandmarks to slide along curves and surfaces
becoming geometrically homologous by minimizing thin-plate
spline bending energy between the targets and the template
(Gunz and Mitteroecker, 2013). In cases where some landmarks
and/or semilandmarks lay on missing portions of a calcaneal

Table 2
Procrustes analyses of variance (ANOVAs®) for the whole calcaneus, tuberosity, talar
facets, and cuboid facet.

Variables Df SS MS R? F z p value
Whole calcaneus

Species 4 0.12126 0.030316 0.20513 4.3316  5.7553 0.001
Size 1 0.01124 0.011237 0.01901 1.6056 1.5736 0.061
Species:size 4 0.03174 0.007934 0.05369 1.1337 0.8467 0.196
Tuberosity

Species 4 0.22907 0.057267 0.25684 5.8094 5.4543 0.001
Size 1 0.02322 0.023216 0.02603 2.3551 2.2537 0.016
Species:size 4 0.03827 0.009568 0.04291 0.9706 -0.0386 0.514
Talar facets

Species 4 0.11022 0.027555 0.15455 2.9797 5.4581 0.001
Size 1 0.00682 0.006817 0.00956 0.7371 -0.6770 0.756
Species:size 4 0.03204 0.008009 0.04492 0.8661 —0.6400 0.744
Cuboid

Species 4 0.12225 0.030563 0.10812 2.0067 3.13279 0.001
Size 1 0.01143 0.011433 0.01011 0.7506 -0.48271 0.672

Species:size 4 0.06799 0.016997 0.06013 1.1160 0.63653 0.259

Abbreviations: Df = degree of freedom; SS = Procrustes distance sum of squares;
MS = mean squares distance; R? = coefficient of determination; F = effect type;
Z = effect size.

2 Significant p values (<0.05) for model terms are presented in bold.
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external surface, their positions were estimated using the ‘esti-
mate.missing’ function, with the thin-plate spline method, in the R
package Geomorph v 4.0.1 (Adams and Otarola-Castillo, 2013). For
H. sapiens fossil and modern individuals, this estimation was based
on the overall H. sapiens sample, while for Neanderthal individuals,
the preserved landmarks and semilandmarks were used as refer-
ences for estimating the missing ones (Gunz et al., 2009). Numbers
and percentages of estimated (semi)landmarks for fossil speci-
mens are presented in SOM Table S2. Higher percentages of
missing landmarks are recorded in the calcaneal tuberosity of
Regourdou 1, Spy 2, La Chapelle, SD 2192, and SDR 112, as well as in
the cuboid facet of Regourdou 1 and Spy 2. In contrast, the anterior
and medial talar facets, as well as the posterior talar facet, are
relatively well preserved and show fewer estimated missing data
(SOM Table S2).

Although sexual dimorphism may affect calcaneal shape
(Moore et al., 2019; Nozaki et al., 2020; Dann et al., 2024), the
distribution of sexes within the groups does not allow for a sta-
tistical assessment of sex-related differences within groups.
Therefore, individuals of all sexes were pooled within each taxon/
group for the analyses. Four separate generalized Procrustes ana-
lyses were performed on the Cartesian coordinates of the respec-
tive whole calcaneus, the talar facets, the cuboid facet, and the
tuberosity using the R package Geomorph v 4.0.1 with semiland-
marks being allowed to slide with each recursive update of the
Procrustes consensus (Slice, 2006).

For each set of Procrustes coordinates, a series of analyses was
performed. Procrustes analysis of variance (ANOVA) (in R package
Geomorph v 4.0.1) was conducted using a residual randomization
procedure (n = 1000), followed by a pairwise comparison, to
assess the role of shape (i.e., Procrustes coordinates), size (natural
logarithm of centroid size), and allometry (shape:size) in deter-
mining groups’ differences. Shape variation was explored and
visualized through principal component analysis (PCA). Differ-
ences among groups along the principal components (PCs)
contributing to >5% of variance were assessed using one-way
ANOVA accompanied with the Tukey post hoc or Kruskal-Wallis
test with Mann-Whitney U intergroup comparisons when data
did not pass a normality test (i.e., assessed using a Shapiro test).
Differences in the natural logarithm of centroid size, used as a
proxy for respective size of the whole calcaneus, the talar facets,
the cuboid facet, and the tuberosity, were assessed using one-way
ANOVA or Kruskal-Wallis tests (based on a normal distribution of
the sample) and visualized with boxplots (Sorrentino et al., 2023).

All statistical tests were performed in R v. 4.4.2.

3. Results

The Procrustes ANOVAs (number of permutations = 1000) for
the whole calcaneus, as well as for the individual calcaneal facets
and the tuberosity, reveal significant differences in calcaneal shape
based on group or species membership (Tables 2 and 3). Tuber-
osity shape accounts for the greatest amount of variation in group
or species membership (R? = 25.7%), followed by whole calcaneal
shape (R? = 20.5%), the joined talar facets (R? = 15.4%), and finally
the cuboid facet (R* = 10.8%; Table 2). No significant effects of size-
driven shape variation (i.e., allometry) were detected, except for
size (as indicated by the natural log of centroid size) accounting for
weak differences (R? = 2.6%) among individuals when considering
only the tuberosity (Table 2). Overall, size does not account for
significant differences among the groups, considering the whole
calcaneus, the individual calcaneal facets, or the tuberosity, with
Neanderthals falling among H. sapiens ranges of size variation
(SOM Fig. ST and SOM Table S3).
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Table 3

Pairwise comparisons of Procrustes ANOVA results.”
Region NEA vs. BAU NEA vs. BO NEA vs. LUP NEA vs. EUP BAU vs. BO BAU vs. LUP BAU vs. EUP BO vs. LUP BO vs. EUP
Whole calcaneus 0.001 0.001 0.001 0.002 0.040 0.238 0.256 0.025 0.036
Tuberosity 0.001 0.001 0.001 0.001 0.095 0.461 0.098 0.819 0.048
Talar facets 0.001 0.001 0.001 0.273 0.019 0.137 0.071 0.072 0.007
Cuboid 0.124 0.003 0.001 0.089 0.090 0.006 0.062 0.045 0.476

Abbreviations: NEA = Neanderthals; EUP = early Upper Pleistocene; LUP = late Upper Pleistocene; BAU = Baucina; BO = Bologna; ANOVA = analysis of variance.

¢ Significant p values (<0.05) for model terms are presented in bold.

3.1. Whole calcaneus

The PCA plot and pairwise comparisons following the Pro-
crustes ANOVA for the whole calcaneus show that Neanderthals
are significantly different from all H. sapiens groups (Fig. 2, Table 3,
and SOM Table S4). Neanderthal calcaneal shape diverges from
those of all H. sapiens groups (p < 0.001) along the first 4 PCs (all
contributing to >5% of variance; Fig. 2, SOM Fig. S2 and SOM
Table S4), accounting mainly for Neanderthals having a longitu-
dinally shorter and mediolaterally wider calcaneus, as well as a
dorsoplantarly taller calcaneal corpus as clearly seen by the
extreme shape accounting for negative scores of PC1 (21.1% of
variance). Neanderthals also exhibit enlarged calcaneal facets and
a larger tuberosity with respect to the overall calcaneal configu-
ration (extreme shape along negative score of PC1, Fig. 2 and SOM
Fig. S2), although their overall size (as indicated by the natural log
of centroid size) falls within the range of variation of H. sapiens
groups (SOM Fig. S1 and SOM Table S3). Particularly, Neanderthals
combine traits such as a very short sinus tarsi, a laterally flatter and
expanded posterior talar facet, enlarged and flatter medial and
anterior talar facets, a more broad and plantarly oriented susten-
taculum tali, an anteriorly positioned medial aspect of the cuboid
facet relative to the rest of the calcaneus, a less projecting peroneal
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trochlea, and a markedly reduced lateral plantar process of the
tuberosity (Fig. 2 and SOM Fig. S3).

Despite overlap among the H. sapiens groups in the PCA plot
(Fig. 2), calcanei of the postindustrial group from Bologna are
significantly different from those of all other H. sapiens groups
(EUP, LUP, and the Iron Age population; Table 3 and SOM Table S4).
Shape differences between Bologna calcanei and those of early and
late hunter-gatherer H. sapiens groups are mainly detected along
PC4 (6.6% of variance; SOM Fig. S2), while the Iron Age group does
not differ from any other group along PC4 (SOM Table S4). Bologna
modern humans differ from EUP and LUP H. sapiens by showing a
mediolaterally broader calcaneal tuberosity in plantar view, a less
mediolaterally expanded posterior talar facet, and a less elongated
medial talar facet and sustentaculum tali (SOM Figs. S2 and S3).

3.2. Tuberosity

Neanderthals clearly differ from all H. sapiens groups (Table 3),
and this difference is mainly captured by PC1 (33.3% of variance;
Fig. 3 and SOM Table S5). Negative scores on PC1 (i.e., Neanderthals)
correspond to an oval shape of the tuberosity in proximal view with
a mediolaterally enlarged superior aspect of the tuberosity and a
very short lateral plantar process that is also slightly projected
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Figure 2. Principal component analysis (PCA) plots of the whole calcaneus showing PC1 vs. PC2 (a) and the first 3 PCs (b). Shape changes along the PC axes are illustrated in dorsal
(top left), distal (top right), lateral (bottom left), and proximal (bottom right) views. Morphological differences between the Neanderthal mean (blue transparent) and Homo
sapiens mean (yellow) are shown in proximal (left) and distolateral (right) views (c). PC = principal component. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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toward the plantar side. Calcanei from all H. sapiens groups, on the
other hand, exhibit a more triangular shape in proximal view. The
H. sapiens groups also exhibit a high degree of variation in the su-
perior aspect of tuberosity shape, ranging from an enlarged to a
more narrow shape. However, in all cases, the H. sapiens individuals
have an anteriorly extended and plantarly projecting lateral plantar
process (Fig. 3, Table 3 and SOM Table S5).

3.3. Talar facets

Morphology and spatial arrangement (e.g., relative positions) of
the posterior talar facet and the joined anterior and medial talar
facets reveal that Neanderthals significantly differ from all
H. sapiens groups except EUP H. sapiens (Table 3). Neanderthals
share with EUP H. sapiens a relatively short sinus tarsi (with Ne-
anderthals having the shortest one), a more medially convex
posterior talar facet, and an enlarged medial talar facet that is
more posteriorly oriented (Fig. 4 and SOM Fig. S3). Still, Nean-
derthal calcanei show some distinctive traits, such as a laterally
flatter and expanded posterior talar facet and enlarged medial and
anterior talar facets. Shape differences among H. sapiens groups
are only slightly captured by PC1 (14.9% of variance), which mainly
highlights differences between EUP H. sapiens and the Baucina and
Bologna groups (Fig. 4 and SOM Table S6). However, a trend is
detectable from highly mobile EUP H. sapiens to the postindustrial
group from Bologna, with the most recent and sedentary group
showing a more anteroposteriorly extended posterior talar facet,
and a medial talar facet that is reduced in surface area and more
anteriorly oriented (Fig. 4 and SOM Fig. S3).

3.4. Cuboid facet
The cuboid facet accounts for the smallest amount of variation

among species/groups (see R? in Table 2). Neanderthals differ from
Bologna and LUP H. sapiens, and LUP H. sapiens differ from both
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Bologna and Baucina groups (Table 3). No statistical differences
were detected along the first five PCs, all of which contribute more
than 5% of the total variance (SOM Table S7). However, the PCA plot
(Fig. 5) shows a tendency for separation of Neanderthals from both
EUP and LUP H. sapiens groups along PC2, as well as between the
EUP and LUP H. sapiens groups themselves. The Bologna group
exhibits substantial variance, causing it to overlap with all other
groups. Negative scores of PC2, such as those exhibited by Nean-
derthal calcanei, appear to be characterized by a relatively flatter
and shorter cuboid facet (Fig. 5 and SOM Fig. S3). The cuboid facet
becomes progressively more superoinferiorly concave and taller
toward positive scores of PC2, reaching its highest concavity and
height in Bologna calcanei (Fig. 5 and SOM Fig. S3).

4. Discussion

Previous studies have identified similarities between Neander-
thals’ foot bones and those of H. sapiens (Trinkaus, 1975, 1983). More
recent studies have observed marked differences between Neander-
thal and H. sapiens foot bones that are not only related to increased
robusticity associated with more substantial biomechanical demands
and greater body mass of the former but that are also thought to
reflect anatomical functional adaptations linked to different foot
postures and potentially also phylogenetic heritage (Pablos et al.,
2017; Rosas et al., 2017; Pearson et al., 2020; Sorrentino et al., 2021,
2023; Pablos and Arsuaga, 2024). The present study uses a geometric
morphometric approach to identify which calcaneal traits of Nean-
derthals and H. sapiens may be plesiomorphic, autapomorphic, and/
or functional by analyzing whole calcaneal shape as well as individual
shapes of calcaneal articular facets and the tuberosity.

4.1. Robusticity and functional adaptations

Whole calcaneal shape of Neanderthals differs from that of
H. sapiens (both early and recent) by having a longitudinally

PC2 (12.3%)

PC1 (33.9%)

PC3 (9.9%)

Figure 3. Principal component analysis (PCA) plots of the tuberosity showing PC1 vs. PC2 (a) and the first 3 PCs (b). Shape changes along the PC axes are illustrated in lateral (left)
and proximal (right) views. Morphological differences between the Neanderthal mean (blue transparent) and Homo sapiens mean (yellow) are shown in lateral (left) and proximal
(right) views (c). PC = principal component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 4. Principal component analysis (PCA) plots of the talar facets showing PC1 vs. PC2 (a) and the first 3 PCs (b). Shape changes along the PC axes are illustrated in prox-
imodorsal view. Morphological differences between the Neanderthal mean (blue transparent) and Homo sapiens mean (yellow) are shown in proximolateral (left) and dorsal
(right) views (c). PC = principal component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 5. Principal component analysis (PCA) plots of the cuboid facet showing PC1 vs. PC2 (a) and the first 3 PCs (b). Shape changes along the PC axes are illustrated in lateral
(left) and distal (right) views. Morphological differences between the Neanderthal mean (blue transparent) and Homo sapiens mean (yellow) are shown in lateral (left) and distal
(right) views (c). PC = principal component. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

shorter and mediolaterally wider calcaneus and a dorsoplantarly
taller calcaneal body. It has been shown that in apes, the overall
calcaneus scales with body size, while some traits still vary based
on locomotor behaviors (Prang, 2015a, 2015b, 2024; Harper et al.,
2021, 2022a; Harper, 2023). A recent study on shape-size

relationships in the modern human calcaneus suggested that as
the calcaneus increases in size, it becomes taller, wider, and rela-
tively shorter, likely enabling more effective mitigation of stresses
from gravitational and muscular forces that also scale with size
(Treherne et al., 2025). Broad calcanei in both Neanderthals and
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Sima de los Huesos hominins have been suggested to represent
robusticity linked to their greater body mass. However, metrical
variables show a different pattern for calcaneal length, which does
not differ significantly between Neanderthals and either fossil or
recent H. sapiens but becomes significantly different when body
length is considered instead (Trinkaus, 1983; Pablos et al., 2014,
2017; Pablos and Arsuaga, 2024).

Notably, the widening and increased height of the Neanderthal
calcaneal body (i.e., shape related characteristics) may also reflect
adaptations to an active lifestyle and unshod locomotion, similar
to those features observed in H. sapiens hunter-gatherers (Harper,
2023). A similar pattern has been observed for metrical variables.
Specifically, the medial width (or the width of the sustentaculum
tali) and calcaneal height of Neanderthals and Sima de los Huesos
hominins do not differ significantly from those of fossil H. sapiens,
although they differ significantly from modern human compara-
tive samples (Pablos et al., 2014, 2017; Pablos and Arsuaga, 2024).
Nonetheless, a certain degree of variability in these relationships
can be present within H. sapiens based on the population being
studied (Dann et al., 2024). In the present study, we observed that
aspects of calcanei of highly mobile H. sapiens groups (EUP and LUP
hunter-gatherers and the mixed farmers/foragers of Baucina)
tended to resemble those of Neanderthals more closely than the
more sedentary postindustrial group from Bologna. A relatively
narrower calcaneal body, on the other hand, is more pronounced
in LUP hunter-gatherers than in the Bologna group, confirming
important variability within our species (Fig. 2, SOM Figs. S2 and
S3, SOM Table S4). A mediolaterally narrowed and dorso-
plantarly shortened calcaneal body in H. sapiens also could signal
gracilization resulting from a more sedentary lifestyle and cultural
innovation (i.e., use of shoes), reflecting the overall skeletal gra-
cilization observed in the group (Carlson and Marchi, 2014;
Chirchir et al., 2015; Ryan and Shaw, 2015). However, additional
factors such as ancestry, nutrition, and environment also have
been shown to contribute to calcaneal shape variation in H. sapiens
(Dann et al., 2024).

Calcaneal length tends to increase with decreasing levels of
inferred mobility in the H. sapiens groups (Fig. 2, SOM Figs. S2 and
S3). A comparative biomechanical study on foot mechanics and
proportions have associated a shorter rearfoot length with
improved muscle efficiency and enhanced performance in accel-
eration during sprinting (Baxter et al., 2012). The relatively shorter
calcaneus observed in H. sapiens hunter-gatherers would favor a
shorter calcaneal tuber, likely offering the adaptive benefits these
features provide during running and fast walking (Raichlen et al.,
2011; Harper, 2023). Some functional adaptations in modern
humans are also relatively recent developments, as shown by
significant increases in calcaneal length in postmedieval pop-
ulations compared to medieval ones, with variation according to
sex (Albee, 2022).

Although a shortened rearfoot might suggest that Neanderthals
had enhanced running capabilities, Raichlen et al. (Raichlen et al.,
2011) emphasized the importance of the length of the calcaneal
tuber relative to total calcaneal length. In particular, they associ-
ated longer relative length of the calcaneal tuber in Neanderthals
with decreased endurance running performance. Indeed, they
found that Neanderthals exhibited a proximodistally longer rela-
tive length of the calcaneal tuber (i.e., maximum distance between
the edge of the calcaneal tuberosity and the anterior edge of the
posterior talocalcaneal surface) than modern humans. This feature
correlates with a longer Achilles tendon moment arm, where long
moment arms increase not only possible joint torque but also
energy costs of running at a given speed. According to Raichlen
et al. (Raichlen et al., 2011), a relatively longer calcaneal tuber in
Neanderthals would reflect an adaptation that increases the
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leverage of the plantar flexor muscles. This enhancement likely
improved their torque generation capabilities when walking on
uneven terrain rather than supporting economical running
(Raichlen et al., 2011). This does not imply that Neanderthals were
incapable of endurance running, but it suggests that endurance
running had less adaptive importance in their subsistence
strategy.

Therefore, the more robust calcaneus in Neanderthals—char-
acterized by being longitudinally shorter, wider, and taller but
with a relatively longer calcaneal tuber—may be necessary to
accommodate their presumably increased mechanical loading
associated with greater body mass and high mobility (endurance
walking) on presumably uneven terrain.

4.2. Plesiomorphic traits

In addition to the functional aspects related to calcaneal length
discussed earlier, it is noteworthy that a shorter calcaneal corpus
characterizes the Sima de los Huesos hominins than in the case of
Neanderthals (Pablos et al., 2014, 2017; Pablos and Arsuaga, 2024).
This suggests a combination of inherited traits and functional
adaptations distinguish Neanderthals and H. sapiens.

The sinus tarsi is also notably shorter in Neanderthals (Fig. 2 and
SOM Fig. S1), reflecting their characteristically short talar neck
(Rosas et al., 2017; Sorrentino et al., 2021). This anatomical feature
likely reflects an ancestral (plesiomorphic) characteristic, as it is
also observed in other Homo fossils from the Pleistocene, and it is
not correlated with body mass (Lu et al., 2011; Pablos et al., 2017;
Rosas et al., 2017; Sorrentino et al., 2021).

4.3. Functional traits

Morphology of the articular facets of the calcaneus provides
important insights into locomotor behavior and foot function
among different human populations. Since general morphology of
the talar facet in Neanderthals and H. sapiens hunter-gatherer
groups is similar, this may indicate characteristic morphology of
a population that engages in high levels of physical activity
(Pearson et al., 2006).

The use of footwear and levels of mobility have been linked to
variation in H. sapiens subtalar joint shape, which is the joint
primarily responsible for foot eversion and inversion (Sorrentino
et al., 2020b; Harper, 2023; Dann et al., 2024). Specifically, varia-
tions in both external morphology and trabecular structure have
suggested higher lateral loading on the talus in hunter-gatherer
populations, likely due to a greater range of inversion and ever-
sion and a more everted foot posture (Sorrentino et al., 2020b,
2021, 2022). This is reflected in the morphology (i.e., shape inde-
pendent of size) of the talar facet of the calcaneus, where more
mobile, and likely unshod, H. sapiens groups (especially EUP and, to
a lesser extent, LUP humans) and Neanderthals present a broader
and more mediolaterally expanded posterior talar facet, along
with an elongated medial talar facet and sustentaculum tali, all of
which facilitate inversion-eversion motions (Figs. 2 and 4, and
SOM Figs. S2 and S3). A mediolaterally expanded posterior talar
facet morphology allows for greater contact surface with the
posterior calcaneal facet of the talus, thereby providing a larger
surface area to distribute loads through the subtalar joint, ulti-
mately reducing the maximum or peak stresses and enhancing
ability to withstand higher forces in a close-packed joint position
during locomotion (Harper, 2023). Moreover, this subtalar joint
configuration may reflect an adaptation to a larger inversion-
eversion range of motion during walking on uneven surfaces
(Apolito et al., 2025). In contrast, the Bologna postindustrial group
exhibits a less mediolaterally expanded posterior talar facet, a less
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elongated medial talar facet, and a less-prominent sustentaculum
tali, collectively suggesting the Bologna group exhibits a different
loading distribution and a more limited range of inversion-
eversion motion, as seen in habitually shod populations (Zipfel
and Berger, 2007; Holowka et al., 2022). In particular, a more
anteroposteriorly extended posterior talar facet in the Bologna
group (Fig. 4 and SOM Fig. S3) may indicate an increased emphasis
on plantarflexion and dorsiflexion capabilities, which would be
consistent with the use of rigid footwear that tends to constrain
rearfoot eversion (Trudeau et al., 2017).

Shape of the isolated cuboid facet accounts for the smallest
differences among species and groups (Tables 2 and 3). The
Neanderthal cuboid facet is flatter and shorter than that of
H. sapiens. In the latter groups, the cuboid facet becomes taller and
more superoinferiorly concave from the most mobile hunter-
gatherers to the most sedentary groups (Fig. 5 and SOM Fig. S3).
Among postindustrial H. sapiens populations, the taller and more
superoinferiorly concave cuboid facet likely reflects the influence
of footwear that restricts mediolateral foot motion, limiting
transverse plane movements (Harper, 2023).

4.4. Autapomorphic traits

Besides the functional implications of the shape of the talar
facets of the calcaneus, it is worth noting that metrical variables
also indicate that the posterior talar articular surface is broader in
Neanderthals and EUP samples than in recent H. sapiens samples
(Pablos et al., 2019). However, in the Sima de los Huesos sample
(Pablos et al., 2014), this dimension is smaller and more similar to
that of recent H. sapiens. This suggests the presence of autapo-
morphic characteristics in addition to those related to physical
activity. Indeed, calcaneal configuration and morphology of the
talar facets in Neanderthals reflect, as expected, subtalar autapo-
morphic traits highlighted in the talus (Sorrentino et al., 2021). The
Neanderthal posterior talar facet of the calcaneus is more laterally
flattened and expanded, while the medial and anterior talar facets
of Neanderthal calcanei are entirely enlarged and flattened with
respect to the calcanei of all H. sapiens groups (Figs. 2 and 4, and
SOM Fig. S3). This configuration reflects the Neanderthal talus,
which is characterized by higher load-bearing on its lateral side, as
suggested by widened surface area and lateral distribution of high
trabecular bone density throughout the posterior calcaneal facet
(Pablos et al., 2017; Sorrentino et al., 2021). Correspondence be-
tween the calcaneus and talus would be expected for support of
the hypothesis that Neanderthals may have had a habitually pro-
nated foot posture (Sorrentino et al., 2021). Indeed, in modern
humans, pronation allows for wider contact areas at the posterior
(talar and calcaneal) facets than what is observed in supination,
thus suggesting an enhanced capability to withstand load in the
joint with a pronated foot (Wagner et al., 1992). A recent study on
modern foot kinematics confirms that the calcaneus (relative to
the talus) moves mainly during foot pronation, resulting in
calcaneal eversion that is amplified under the effect of increasing
load (Conconi et al., 2024). Collectively, these findings support the
interpretation that the pronated foot is functionally better adapted
to sustain higher loads, a condition that may also characterize
Neanderthals, who are associated with greater body mass than
H. sapiens.

Compared to H. sapiens groups, the Neanderthal cuboid facet is
positioned differently relative to the rest of the calcaneus, with its
medial side oriented more anteriorly than the rest of the calcaneus
(Fig. 2 and SOM Fig. S3). This characteristic where the cuboid facet
would accommodate the cuboid plantomedially, ensuring close-
packed position of the calcaneocuboid joint during pronation,
has not been observed in calcanei of the Jinniushan hominin or

10

Journal of Human Evolution 219 (2026) 103887

those from Sima de Los Huesos (Lu et al., 2011; Pablos et al., 2014,
2017; Pablos and Arsuaga, 2024). This unique configuration in
Neanderthals may represent a plastic response to their foot
posture rather than representing an ancestral trait. For example, a
more anteriorly positioned medial side of the cuboid facet has
been recognized in nonhuman apes and is thought to reflect their
greater midtarsal mobility at toe-off (Harper et al., 2021). This
ability likely promotes a more everted cuboid facet in nonhuman
apes, which can accentuate stable contact of the forefoot and toes
with a substrate during terrestrial locomotion despite an inverted
hind foot (Nozaki et al., 2021).

During inversion, a closed-packed position of the calcaneocu-
boid joint is thought to contribute to transforming the H. sapiens
foot into a rigid lever during toe-off and serve to stabilize the
lateral longitudinal arch of the foot (Desilva et al., 2015; Harper
et al,, 2021). The position of the cuboid facet in Neanderthals
may suggest comparatively less stability during this portion of
stance phase of the gait cycle. However, a less concave surface
would contribute to reducing range of motion at the calcaneocu-
boid joint, perhaps acting as a compensatory mechanism for
achieving a similar closed-packed position in Neanderthals,
therefore serving to enhance stability using a different mecha-
nism. If a fully rigid lever was not achieved, this would be sug-
gestive of a potentially different expression of the lateral
longitudinal arch in Neanderthals. Clinical studies have reported
associations between flatfoot conditions and the calcaneocuboid
joint, although there is limited direct evidence linking the shape of
the cuboid facet itself (for example, if the surface is more concave
or flattened) to flatfoot conditions (Fallon Verbruggen et al., 2023).
Kinematic studies have suggested that, in weight-bearing, modern
humans experience calcaneocuboid abduction, and when it in-
creases, it causes a flattening of the lateral longitudinal arch
(Conconi et al., 2024). Thus, Neanderthals may have experienced a
lower lateral longitudinal arch than H. sapiens and a certain degree
of mobility in the midfoot region, which would likely help main-
tain stability while navigating uneven terrain.

This hypothesis on the Neanderthal lateral longitudinal arch
echoes recent findings on the morphology of the navicular bone,
considered the keystone of the medial longitudinal arch, where
Neanderthals share some features (e.g., projecting tuberosity, a
more concave talar facet, and a greater anterior convexity of the
navicular) with adults clinically diagnosed with acquired flexible
flatfoot, most of whom were clinically overweight or obese
(Sorrentino et al.,, 2023). In recent humans, it appears that
greater body mass may be the cause of pronated foot postures,
ultimately leading to flattening of the longitudinal arches in
these individuals (Butterworth et al., 2015). A similar explana-
tion may exist in Neanderthals, where their body mass could
have played a crucial role in foot stability and longitudinal arch
expression. In addition to body mass, another potential
contributing factor to this foot posture in Neanderthals could be
favoring stereotyped loadings in natural terrains. Ultimately,
both stiffness and mobility of the midfoot contribute to foot
function, e.g., a greater range of eversion-inversion helps in
maintaining balance during uneven surface walking (Holowka
et al., 2017; Apolito et al., 2025).

Different strategies for enhancing foot stabilization and force
transmission through proximal tarsal joints are also observed in
the shape of the Neanderthal calcaneal tuberosity. The oval shape
of the tuberosity in Neanderthals appears derived. This shape is
formed by a mediolaterally enlarged superior aspect of the
tuberosity and a very short lateral plantar process that is also
slightly projected toward the plantar side (Figs. 2 and 3, and SOM
Fig. S3). The oval shape of the Neanderthal tuberosity, in contrast
with the more triangular shape seen in H. sapiens, is the result of
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reduced tuberosity height and decreased widening of the base
compared to the rest of the calcaneus in the former. This config-
uration likely resembles those seen in asymptomatic planus feet
vs. cavus feet (Moore et al., 2019). An enlarged superior aspect of
the tuberosity may be related to the attachment area and actions
of the triceps surae and Achilles tendon. Modern humans with
flatfoot can be associated with a short or contracted Achilles
tendon (Mosca, 2010), which would likely influence the
morphology of the tuberosity, although this has not been tested.

The lateral plantar process of the Neanderthal calcaneal tu-
berosity is poorly developed and plantarly projecting. Medial and
lateral plantar processes are usually positioned in the same
transverse plane in H. sapiens, being more plantarly positioned
than in other apes, although there is size and positional variation
within modern humans (Boyle et al., 2018). Both processes serve as
attachment sites for the long plantar ligament and intrinsic foot
muscles (i.e., quadratus plantae and flexor digitorum brevis), both
of which are crucial for foot movement and stability of the plantar
arch (Mckeon et al., 2015). Additionally, the lateral plantar process
is a weight-bearing structure in H. sapiens that plays a key role in
dissipating stresses generated by ground reaction forces during
heel strike (Latimer et al., 1987; Latimer and Lovejoy, 1989; Koneru
and Harper, 2024). A less developed lateral plantar process in
Neanderthals may suggest that the long plantar ligament was less
effective at maintaining the longitudinal arch than the condition in
modern humans, potentially indicating increased foot mobility as
an adaptation to uneven terrain in the former. A similar hypothesis
has been suggested for the Jinniushan calcanei that are charac-
terized by a different shape of the lateral plantar process (i.e.,
laterally disposed and anteriorly shifted) with respect to modern
humans (Lu et al., 2011). Compared to Jinniushan (Lu et al., 2011),
Neanderthals exhibit maximal reduction of the lateral plantar
process, indicating it may be an adaptation to their unique foot
posture and weight-bearing demands. However, because this
feature was not reported in descriptions of the Sima de los Huesos
sample (Pablos et al., 2014, 2017; Pablos and Arsuaga, 2024), no
firm conclusions can be drawn regarding the morphological di-
versity of the lateral plantar process among Middle Pleistocene
hominins. Consequently, further assessment is required to deter-
mine whether this trait should be interpreted as autapomorphic.

Additionally, a less developed peroneal trochlea in Neander-
thals (Fig. 2) would suggest a decreased role of the peroneal
musculature in an everted foot posture (Stern and Susman, 1983;
Gill et al., 2014). Indeed, development of the lateral plantar process
and that of the peroneal trochlea have been positively correlated,
and it has been suggested that modern humans with large pero-
neal trochleae also have high longitudinal arches and vice versa
(Gill et al., 2014). Nonhuman apes have relatively larger peroneal
trochleae than modern humans despite having flat feet, suggesting
that the functional significance of an enlarged peroneal trochlea
differs between species, which complicates its interpretation in
human ancestors (Gill et al., 2014; Prang, 2015a, 2015b; McNutt
et al., 2017; Boyle et al., 2018; Harper et al., 2021; Nozaki et al.,
2021).

Altogether, these traits offer some support for the hypothesis
that Neanderthals had a pronated foot and, consequently, a
different load-bearing and force dissipation regime in the foot,
resulting likely from different anatomical expressions of their
longitudinal arches (Sorrentino et al., 2021, 2023). While these
features add another piece to the puzzle of understanding differ-
ences in Neanderthal foot bones from those of H. sapiens, the
suggestive hypothesis of different longitudinal arches in Nean-
derthals and H. sapiens requires further investigation, auspiciously
combining geometric morphometrics with 3D modeling kinematic
analysis.

1
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4.5. Conclusions

In conclusion, this study supports unique locomotor adapta-
tions in Neanderthals, along with inherited traits and biome-
chanical demands associated with their greater body mass and
activity levels. Compared to H. sapiens, Neanderthals exhibit a
more robust calcaneus: one that is shorter in length, wider
mediolaterally, and taller dorsoplantarly, likely reflecting adapta-
tions for increased load-bearing and high mobility. Similar traits,
but to a lesser extent, are also observed in highly mobile, unshod
H. sapiens groups, whereas more gracile calcanei characterize
sedentary, postindustrial populations—Ilikely due to footwear use
and reduced mobility on the landscape. Anatomical traits like a
shorter sinus tarsi in Neanderthals may reflect ancestral charac-
teristics. Notably, the subtalar joint in Neanderthals—charac-
terized by flatter and more laterally expanded posterior talar
facets—and a reoriented calcaneocuboid joint support the hy-
pothesis of habitually pronated foot posture in Neanderthals.
Differences in shape and orientation of the cuboid facet and the
calcaneal tuberosity suggest alternative strategies for foot stabili-
zation and load dissipation, possibly indicating a distinct expres-
sion of the longitudinal arch in Neanderthals. Based on our
findings, it is plausible that the Neanderthal talar articular facets
and calcaneocuboid joint, together with tuberosity shape,
contributed to a unique, habitually pronated foot posture that
supported greater body mass and accommodated the high
biomechanical demands of Neanderthal locomotion.

The unique external calcaneal morphology observed in Nean-
derthals raises fundamental questions regarding its ontogenetic
basis. While our study focuses on adult morphology, these pro-
nounced interspecific divergences likely reflect distinct develop-
mental pathways, shaped by both intrinsic (genetic, epigenetic)
and extrinsic (biomechanical loading) factors throughout growth.
For instance, recent work on modern human calcaneal ontogeny
highlights how specific regions of this bone undergo significant
shape changes also in response to bipedal gait acquisition and
increasing weight-bearing demand (Figus et al., 2025). Such in-
sights into human developmental trajectories provide a crucial
interpretive framework, suggesting that the distinct Neanderthal
calcaneal shape may stem from a unique developmental program
or from different responses to specific locomotor demands during
their growth or from a combination of both.

Altogether, these morphological patterns suggest that Nean-
derthals possess calcaneal anatomy that was well suited for their
high-activity lifestyle and body structure. While plastic responses
to activity and footwear partly explain variation in H. sapiens, some
Neanderthal traits appear derived and may be linked to phyloge-
netic divergence. These findings highlight the complex interplay of
functional morphology, lifestyle, and evolutionary history in
shaping Neanderthal foot bones.
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