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1 | INTRODUCTION

The study of foot fossils is highly relevant in human evolu-
tion because the feet are involved in locomotion and weight
transmission (Pablos, Gomez-Olivencia, et al., 2013; Sorren-
tino, Stephens, et al., 2020; Trinkaus, 1975). Furthermore,
despite their scarcity, they can serve as proxies for body
size reconstructions and offer valuable information
regarding taxonomic relationships in the human lineage
(Castejon-Molina & Pablos, 2021; Pomeroy et al., 2017;
Trinkaus, 1983b).

Very few foot fossils existed in the Homo fossil
record prior to Neandertals. Additionally, they are
geographically and chronologically scattered (Boyle &
DeSilva, 2015; Lu et al., 2011; Pablos et al., 2012; Pearson
et al., 2008). For a better understanding of the morpho-
logical origin of the foot of Neandertals, it is necessary to
study Early and Middle Pleistocene Homo foot fossils.
Although similar to recent Homo sapiens in morphology,
overall size, proportions, and implied locomotor capabili-
ties, the Neandertal feet are generally more robust. More-
over, some metric and morphological traits distinguish
Neandertals and recent H. sapiens. Neandertal tarsal
bones tend to be larger with large articular surfaces, and
their tarsals are wider than recent and fossil H. sapiens
(Pablos et al.,, 2019; Pearson et al., 2020; Pomeroy
et al., 2017; Rhoads & Trinkaus, 1977; Trinkaus, 2016;
Vandermeersch, 1981). The Neandertal talus displays a
relatively large trochlea, especially with regard to its lat-
eral malleolar facet. The calcanei are robust with broad
sustentaculum tali, and the navicular is broad and robust
(Harvati et al., 2013; Pablos et al.,, 2018; Rhoads &
Trinkaus, 1977; Sorrentino, Carlson, et al.,, 2020;
Trinkaus, 1975). Traditionally, these differences have
been attributed to greater biomechanical stress and gen-
eral robustness of the postcranial skeleton in Neandertals
(Arsuaga et al., 2015; Trinkaus, 1975). The first represen-
tatives of the genus Homo had feet that were small,
whereas the foot fossils of the Early-Middle Pleistocene
are large and robust (Boyle & DeSilva, 2015; Lu
et al., 2011; Pablos et al., 2012). This large, robust mor-
photype is maintained in the Neandertals. Recent
H. sapiens are gracile in comparison to Neandertals. But
they probably descend from robust groups from Africa
(Arsuaga et al., 1999; Bonmati et al., 2010; Di Vincenzo
et al., 2015; Simpson et al., 2008), indicating that a strong
gracilization process, including the narrowing of the
whole foot without a decrease in length, has taken place
from the Early Pleistocene to the Holocene (Ryan &
Shaw, 2015).

In this work, we present a metric and morphological
study, together with a complete graphic and descriptive
updated inventory, of the tarsals (rearfoot) from the

Middle Pleistocene site of Sima de los Huesos—SH
(Atapuerca, Burgos, Spain). More than 7000 human fos-
sils from across the skeleton have been recovered from
this site during more than 40 years of excavation and
research (Arsuaga et al., 2014, 2015), of which more
than 500 belong to the foot (Pablos, 2015). They
belonged to a minimum of 29 individuals from both
sexes, mostly corresponding to late adolescents or young
adults (Bermudez de Castro et al., 2021). They are
closely related to Neandertals, both genetically (Meyer
et al., 2014, 2016), and morphologically, in spite of some
exclusive or autapomorphic traits present in this Middle
Pleistocene population (Arsuaga et al., 2014, 2015; Ber-
mudez de Castro et al., 2024; Carretero et al., 1997;
Gomez-Olivencia & Arsuaga, 2024; Pablos et al., 2017,
Pablos & Arsuaga, 2024; Pantoja-Pérez et al.,, 2015;
Rodriguez et al., 2016). It has previously been proposed
that the SH sample is phylogenetically related to Nean-
dertals, suggesting that this Middle Pleistocene popula-
tion, or other similar, could be the paleodeme that gave
rise to Neandertals in Europe (Arsuaga et al, 2014,
2015). Thus, the SH population and Neandertals likely
represent evolutionary sister groups. All the human
remains from SH were found in the lithostratigraphic
unit—LU-6 (Aranburu et al., 2017), which has been
dated to 430-450 ka (Arsuaga et al., 2014; Demuro
et al., 2019). The most likely hypothesis suggests that
these skeletons were complete when deposited as an act
of intentional funerary behavior of anthropic origin
(Arsuaga et al, 1991; Arsuaga, Martinez, Gracia,
Carretero, et al., 1997; Sala et al., 2016; Sala, Arsuaga,
Pantoja-Pérez, et al., 2015; Sala, Martinez, et al., 2024;
Sala, Pantoja-Pérez, et al., 2024). Finally, a proxy of
body size will be estimated based on the dimensions of
the tarsals.

The state of conservation of the human fossils from
the SH site is quite good. However, sometimes they
appear fragmented with post-depositional fractures,
likely caused by the overlying sediment (Sala, Arsuaga,
Martinez, & Gracia-Téllez, 2015). Usually, some refittings
are done because of the absence of post-depositional
deformation processes. They are fragmented, mixed, and
comingled, but not all are associated. From the beginning
of the excavation of the site 40 years ago, some associa-
tions among different elements have been proposed
(Bonmati et al.,, 2010; Goémez-Olivencia et al., 2007;
Rodriguez et al., 2016). However, the possibility exists
that we are associating different elements that are likely
from separate individuals. The ongoing excavation may
provide new elements in the future that represent a better
fit than previous ones, and thus the associations sug-
gested now could slightly change based upon future
reviews of the collection.
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2 | MATERIALS AND METHODS

More than 500 fossils constitute the SH foot sample, of
which 149 are tarsals (Arsuaga et al., 2015; Pablos, 2015;
Pablos et al., 2017). They represent nearly the same num-
ber of specimens in the entire Neandertal fossil record,
and there are many more than are found in the world-
wide Homo fossil record prior to H. sapiens and Neander-
tals (Pablos, 2015).

21 |
studied

Comparative samples and variables

Several Homo fossil samples have been used for metric
and morphological comparisons of the SH tarsals (see
Arsuaga et al., 2015; Pablos et al., 2012, 2017, 2019;
Pomeroy et al., 2017; Trinkaus et al., 2014 for details),
mainly focusing on Neandertal and early modern
human samples. The data sources are mainly biblio-
graphic, but some original specimens/samples have
been measured and studied by the authors (e.g., La
Ferrassie, La Chapelle-Aux-Saints, Tabun, Regourdou,
Cro-Magnon, Gough's Cave, Abri Pataud, Skhul 9,
TD6-H. antecessor, etc.). Our fossil H. sapiens sample is
divided into Middle Paleolithic modern humans
(MPMH) and Upper Paleolithic modern humans (UP).
The MPMH sample is essentially composed of the
MIS 5 fossils from Skhul and Qafzeh (McCown &
Keith, 1939; Vandermeersch, 1981). The MIS 6-7 Omo-
Kibish 1 specimen is considered to belong to MPMH
despite its age of around 233 ka (Pearson et al., 2008;
Vidal et al., 2022) and the fact that it exhibits some mor-
phological differences relative to the Late Pleistocene
H. sapiens (Pablos et al, 2012, 2018; Pearson
et al.,, 2008; Trinkaus, 2005). The UP sample is com-
posed of western Eurasian Upper Paleolithic modern
humans (see Pablos et al. (2019) for details). Despite
morphological changes throughout this period, espe-
cially in stature and body proportions, robusticity and
morphology of the leg and foot do not appear to have
changed during this time (Trinkaus, 2015; Trinkaus
et al., 2017).

When available and appropriate, we have included
some Eurasian Middle and Early Pleistocene Homo fos-
sils in order to assess possible ancestral patterns of pedal
morphology, such as the Homo specimens from the Dma-
nisi, TD6-H. antecessor, Omo River, Olduvai, Jinniushan,
and Koobi Fora samples; and isolated specimens such as
Tianyuan and others. In addition, data from four recent/
late Holocene comparative samples are included: the
Hamann-Todd Osteological collection from the North
American 20th century of known sex (Cleveland

Museum of Natural History; n = 244), the San Pablo
Medieval collection of estimated sex (Universidad de Bur-
gos; n = 45), the Medieval Septlveda Church collection
from Segovia (Universidad Complutense de Madrid;
n = 27), and the unshod Woodland Amerindian collec-
tion of unknown sex from the site of Libben, Ohio (Kent
State University; n = 40; Trinkaus, 1975). This last com-
parative modern human sample is used to take into con-
sideration the fact that the footwear use in recent
populations might influence foot morphology. All the
recent modern human samples are pooled sex samples.

In some of the comparative specimens, the antimeres
of a given bone are preserved (e.g., La Ferrassie 1 and
2, Amud 1, Sunghir 1, Tabun 1, and the Shanidar, Skhul,
Qafzeh, Dolni Véstonice, and Predmosti samples). In
these cases, we averaged the available bilateral measure-
ments to provide a mean value for each individual. This
value was calculated to better represent the general mor-
phology of individuals rather than elements. Previous
studies have shown that there are no significant differ-
ences between the left and right foot bones (Bidmos &
Dayal, 2003; Pablos, Gdémez-Olivencia, et al., 2013;
Saldias et al., 2016). In other cases/sites, the association
of individuals is not clear (e.g., Cro-Magnon, Krapina,
and Moula Guercy samples); for those sites, we consid-
ered the bones separately (but see Trinkaus et al. (2021)
for a discussion about Cro-Magnon foot associations).

The anatomical variables studied in the present work
are linear measurements used in other studies of foot
remains, largely following the Martin system (Brduer
(1988); but see Trinkaus (1975, 1983b, 2016), Pablos
et al. (2012, 2014, 2018), Pablos, Martinez, et al. (2013),
Sala et al. (2013), Pomeroy et al. (2017) for details). The
metrical variables were selected in order to describe
the general morphology and articular size of each bone.
Some of these variables permit differentiation of Neander-
tal pedal remains from other samples. Additionally, some
of these variables are related to body size (McHenry &
Berger, 1998; Pablos, Gémez-Olivencia, et al., 2013). We
included a comparative section for anatomical traits (see
below), indicating the polarity of the different characters
(i.e., plesiomorphic or autapomorphic). This is assessed on
the basis of metric dimensions, where we indicated that a
trait is different between two populations if there are sig-
nificant differences in a measurement.

The calculation of the minimum number of individ-
uals (MNI) is estimated by identifying the most fre-
quently occurring element in the sample considering
adult and immature individuals separately.

In this work, we refer to exclusive traits as autapo-
morphic or derived traits that are exclusive to a popula-
tion/group. On the other hand, the term primitive is used
here to refer to plesiomorphic or ancestral traits.
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2.2 | Sexand body size (stature and
body mass) estimations

We are well aware of the limitations of sex assignment
in fossil populations. In spite of this, here we try to
make initial and approximate assignments to sex based
on general size of the tarsals, despite the dependence on
a reference population. For sex assignments, we used
similar methods to those used to establish sex from
the metatarsals and phalanges from SH (Pablos &
Arsuaga, 2024). The method consists of performing a
principal component analysis (PCA) on the raw vari-
ables of each element. We compared the coordinates of
the first factor from PCA, usually related to general size,
in males and females from the modern samples, and we
found significant differences (p < 0.05) between the
sexes. In order to try to extrapolate that sexual dimor-
phism to metatarsals and foot phalanges from SH, we
first compared the Neandertal and H. sapiens fossils that
usually are considered to be of known sex. The male
fossils fall within the range of variation of modern
males for this first factor, and are significantly different
from the modern females. The same pattern occurs with
the fossils that are generally considered to be females:
they are within the range of variation of modern
females and significantly different from the modern
males. Furthermore, when applicable, we confirm our
results to those obtained from discriminant function
analysis (see, e.g., Bidmos et al., 2021; Castejon-Molina &
Pablos, 2021; Mountrakis et al., 2010).

We are aware of the difficulty and limitations of using
forensic samples to estimate the body size (i.e., stature
and body mass) of fossil specimens. Moreover, using
regression formulae based on femoral head diameter or
bi-iliac breadth is wusually preferred (Auerbach &
Ruff, 2004). In spite of this, we attempted to estimate
these parameters in order to glean insight into the body

size of the hominins from SH. In the SH, there are some
tibiae and femora that are complete enough to calculate
body height (Carretero et al., 2012). However, we provide
stature estimations based on the tarsals from SH in order
to facilitate comparisons with other Pleistocene sites.

The stature estimates using the SH tarsals are based
on the maximum length of talus (M1) and calcaneus
(M1) when applying the formulae provided by Pablos,
Gémez-Olivencia, et al. (2013). When the sex of the talus
and calcaneus is known or can be estimated, sex-specific
equations are preferable since these will provide statures
with a lower Standard Error of Estimate (SEE) and thus
the estimates are more accurate. We applied the male for-
mulae for the male-identified tarsals from SH, the female
formulae for the female-identified tarsals, and both male
and female formulae for those elements classified as
indeterminate. In this last case, we calculated the average
male and female values for each bone.

In order to estimate body mass from the SH tali, we
applied the formulae of least squares for human-based
regression provided by McHenry (1992). The mediolateral
breadth of the trochlea (M5) was used to assess the body
mass of the SH tali.

2.3 | Statistical and osteometric analysis

A comparative univariate analysis of all variables was
carried out. We performed a Kruskal-Wallis test to com-
pare differences between the SH and Neandertal, UP,
MPMH, and recent modern human samples. When a sig-
nificant difference (p < 0.05) was found for a variable,
we performed a Mann-Whitney test on all possible pairs
of samples to determine which pairs were significantly
different (Mann & Whitney, 1947). We adjusted the
p-values for these comparisons using the Dunn-Sidak
method (1 — (1 — o)/™) (Rafter et al., 2002). This method

Adult
Element NR MNE MNI Total Male
Talus 26 25 14 11 3
Calcaneus 30 26 15 9 4
Navicular 25 25 15 10 3
Cuboid 23 18 10 7 3
Medial cuneiform 15 15 9 6 3
Intermediate cuneiform 16 16 10 8 -
Lateral cuneiform 14 14 8 6 1

TABLE 1 Minimum number of
individuals established by the tarsals

Female Imm in SH.

4 3

3 6

3 5

1 3

1 3

= 2

1 2

Note: Sex has been assigned preliminarily based on what was previously proposed by Pablos, Martinez, et al.

(2013) and Pablos et al. (2017).

Abbreviations: Imm, immature individuals; MNE, minimum number of elements; MNI, minimum number
of individuals established with each anatomical part; NR, number of remains; SH, Sima de los Huesos.
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FIGURE 1 Representation of some of the hominin tali from Sima de los Huesos including complete right adult bones (upper rows),
complete left adult bones (intermediate rows), and immature tali (lower row) in Dorsal view. Scale bar = 2 cm. See Table 4 for details about
the identification.
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TABLE 4 Inventory of Tali from SH.

Label Side Age Anatomical description

AT-575 R Ad Nearly complete with an oblique fracture with erosion and the resulting exposure of cancellous bone.

AT-859 L Ad Trochlear fragment. It preserves a small fragment of the posterior calcaneal facet and the flexor hallucis longus

groove.

AT-860 L Ad Complete. Slight erosion of the articular facets especially on the posterior calcaneal facet and the head.

AT-964 L Im Complete. Slight erosion at the edges of the articular surfaces.

AT-965 L Ad Complete. Slight erosion at the edges of the articular surfaces.

AT-966° R Ad Complete.

AT-980° L  Ad Complete.

AT-1322 L Ad Nearly complete. It displays some erosion on the posterior calcaneal facet and on the head.

AT-1477 R Ad Nearly complete. It consists of at least seven fragments with a marked erosion and loss of internal spongy bone
tissue.

AT-1480 L Ad Quite complete. Longitudinal fracture with spongy bone tissue exposed.

AT-1498 L Im Lateral half. Longitudinal fracture with spongy bone tissue exposed.

AT-1700 R Ad Nearly complete. It presents furrowing in the medial zone of the trochlea.

AT-1716 L Ad Complete.

AT-1822 R Ad Complete. Slight erosion at the vertices of the articular facets of the head and trochlea.

AT-1832 R Ad Posterior half of talus (trochlea).

AT-1930 R Ad Complete. Slight erosion on the posterior side.

AT-1931 R Ad Complete. It displays deformation of the upper zone of the trochlea and slight erosion at the edges of the articular
facets.

AT-2495 R Ad Complete.

AT-2751 L Im Complete.

AT-2803 L Ad Complete.

AT-2844 1?7 ? Head fragment.

AT-3132 L Ad Complete with slight erosion in the plantar and dorsal zone of the head.

AT-3133 L Ad Complete. Marked erosion of the trochlea and head which largely exposes trabecular tissue.
AT-4425 R Ad Complete. Displays slight erosion of the margins of the articular surface of the head.
AT-4445 R Ad Posterior half of talus (trochlea).

AT-7005 L Ad Complete with slight erosion. A generalized crust is visible on all the bone.

Note: L = left. R = Right. Ad = Adult. Im = Immature. Updated from Pablos, Martinez, et al. (2013).

Abbreviation: SH, Sima de los Huesos.

“These tali belong to the same individual (Lorenzo et al., 1998; Pablos et al., 2017).

established a new threshold for the significance level at
p < 0.025. To compare individual values with the aver-
ages from the different samples, Z-scores were calculated
when the comparative sample size was >4, and a value of
1.96 was considered significant (p < 0.05; Sokal &
Rohlf, 2003).

3 | RESULTS

In general, the SH tarsal collection displays both com-
plete bones and fragments in different stages of preserva-
tion corresponding to both juvenile and adult
individuals. Over more than 40 years of excavation and

laboratory work, some of the fragments are glued
together to make complete bones (e.g., the cranium and
other postcranial bones; Arsuaga et al., 2014, 2015;
Bonmati et al., 2010; Goémez-Olivencia et al., 2007;
Pablos & Arsuaga, 2024; Pantoja-Pérez et al.,, 2016;
Rodriguez et al., 2016). The tarsals sometimes also under-
went this gluing process, as indicated below.

The SH tarsals from SH correspond to a minimum
number of 15 individuals (Table 1), which correspond to
51.7% of the total 29 individuals established using the
dental remains (Bermudez de Castro et al., 2021). Tables 2
and 3 provide a summary of the statistics for the SH and
comparative samples of the main variables considered in
this study.
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FIGURE 2 (a) Scatter diagram based on principal component analysis (PCA) for first and second factors of talus variables. The dashed
line indicates the 95% equiprobability ellipse of modern human (MH) variation, males (n = 76) and females (n = 78). The solid blue ellipse
indicates 95% of the Sima de los Huesos (SH) variation. The x-axis and y-axis show the factors and their percentage of variance, respectively.
The Neandertal sample (Nea) includes: Amud 1 left, Kiik-Koba 1 right and left, Krapina 235, La Chapelle-aux-Saints 1, La Ferrassie 1 right
and left; La Ferrassie 2 left, La Quina 1 right and left, Regourdou 1 right and left, Shanidar 5 right, Spy 2 left, and Tabun C1 right and left.
The Middle Paleolithic modern human sample (MPMH) includes Skhul 4 left and Skhul 5 left. The Upper Paleolithic modern human sample
(UP) includes Abri Pataud right and left, Cro-Magnon 4337 left and 438 right, and Gough's Cave 1 right. (b) Talus head-neck length

(in mm). Univariate analysis of the tarsal remains from the SH sample. SD, standard deviation. (c) Talus lateral malleolar breadth (in mm).
(d) Talar head breadth (in mm). (¢) Navicular breadth (in mm). (f) Dorsal length of the cuboid (in mm). MH-HTH, Modern humans-
Hamann-Todd Osteological collection; MH-Lib, Modern Humans-Libben-Amerindians collection (unshod); MH-SPab, Modern humans-
Medieval. See Trinkaus (1975, 2016), Pablos et al. (2012, 2014, 2017, 2018, 2019), Pablos, Martinez, et al. (2013), Sala et al. (2013), Trinkaus
et al. (2014), Pomeroy et al. (2017), and Pearson et al. (2020) for the composition of the samples and description of the variables. Tiany,
Tianyuan; Jin, Jinniushan.
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31 | Talus

There are 26 talus fragments in the SH site corresponding
to a minimum of 25 elements and 14 individuals
(Arsuaga et al., 2015), represented by 11 adults and three
juveniles (Table 1 and Figure 1). The complete inventory
of tali from SH is displayed in Table 4.

The general morphology of the talus has not changed
much in genus Homo over the last 1.5-1.6 ma (Boyle &
DeSilva, 2015; Pablos et al.,, 2012; Pablos, Martinez,
et al., 2013; Pearson et al., 2020; Trinkaus, 2016). In gen-
eral, the Neandertal tali are indistinguishable from those
of H. sapiens in their implied locomotor capabilities and
similar in overall size and proportions. However, they
tend to have relatively larger articular surfaces than those
of H. sapiens, for example, in the lateral malleolar facet

AT-7005
(=

FIGURE 3 AT-7005. Left talus. Views: (a) dorsal, (b) lateral,
(c) plantar, (d) medial, (e) anterior, and (f) posterior.

and the head (Rhoads & Trinkaus, 1977; Sorrentino
et al., 2021; Trinkaus, 1975, 1983b). Generally, the fossil
tali not belonging to H. sapiens display a short neck that
differentiates them from recent modern humans
(Figure 2b). The Neandertal talus displays a broad lateral
malleolar facet compared to recent modern humans, and
a very broad head (Goémez-Olivencia et al.,, 2020;
Pablos et al.,, 2019; Pearson et al.,, 2020; Rhoads &
Trinkaus, 1977).

The talus bones from SH display metrical variables
similar to Neandertals, for example, a trochlear wedging
index that indicates a more rectangular trochlea in SH
and Neandertals compared to fossil H. sapiens. However,
the lateral malleolar facet, already significantly broad in
Neandertals, is even broader in SH than in Neandertals
(Table 2 and Figure 2c). The lateral malleolar facet may
be broad in SH and Neandertals likely due to a talocrural
stabilization or a slight lateral shift in forces through the
ankle. In the tali, KNM-ER 813a and KNM-ER 1464, sup-
posedly belonging to H. ergaster, the lateral malleolar
facet is slightly broad (Figure 2c). The Early Pleistocene

TABLE 5 AT-7005 metrical measurements (in mm).

AT-7005
Talar length—M1 48.4
Total length—M1a 53.3
Total breadth—M?2 43.2
Articular breadth—M2b 43.2
Talar height—M3 26.0
Medial height—M3-1 27.7
Trochlear length—M4 32.0
Trochlear breadth—M5 28.9
Posterior trochlear breadth—M5-1 27.7
Anterior trochlear breadth—M5-2 29.8
Lateral malleolar oblique height—M?7 24.3
Lateral malleolar breadth—M?7a 13.7
Head-neck length—M8 19.6
Length of the head—M9 32.6
Breadth of the head—M10 219
Length of calcaneal post. artic. surf.—M12 32.0
Breadth of calcaneal post. artic. surf.—M13 21.3
Depth of calcaneal post. artic. surf.—M14 7.5
Lateral malleolar length—D4 29.2
Breadth of calcaneal middle artic. surf.—E2 13.5
Lateral height—L2 26.5
Medial malleolar length—L13 28.5
Lateral malleolar height—T6 22.5

Note: For a description of the variables, see Pablos, Martinez, et al. (2013).
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talus ATD6-95 belonging to H. antecessor (Pablos
et al., 2012) is large and displays a long, wide, and high
trochlea. The taphonomic erosion of this specimen makes
the lateral malleolar facet unavailable to study this
character.

Another trait differentiating SH and Neandertals is
the narrow head in SH tali (Pablos et al., 2017; Pablos,
Martinez, et al., 2013). The Neandertal tali have a signifi-
cantly broad head, whereas the SH tali have a
significantly narrow head (Figure 2d). Talar length shows
a similar pattern. In SH, the longer the talus is, the nar-
rower the head. However, in Neandertals, the longer the
talus is, the broader the head (Pablos et al., 2017).

From the last updated inventory from SH (Pablos
et al., 2017) a new complete talus has been found in
recent field campaigns in the SH site labeled as AT-7005
(Figure 3). It corresponds to an adult talus from the left
side with slight erosion in the plantar area. The metrical
dimensions of this new talus fall comfortably inside the
SH range of variation, and it shows a very broad lateral
malleolar facet (Table 5). In order to assess morphologi-
cal similarities between the talus AT-7005 and compara-
tive samples, we performed a PCA on the raw variables
with those samples and specimens that possess the same
variables as talus AT-7005. Table 6 shows the factor
matrix of this PCA and the loadings of the variables on
the factors. There are only two factors with an eigenvalue
greater than 1, which together account for 70.18% of the
total variance. All of the variables are positively corre-
lated with the first factor, and except in three cases (M7a,
M8, and M14), all of the variables have a correlation
greater than 0.6 with the first factor. Despite the fact that
there is no clear correlation with the geometric mean
(size proxy), the first factor could be considered a factor
for the general size of the talus. Factor 1 accounts for 63%
of the variance. In this way, the largest talus bones have
high positive values, and the smallest tali have high nega-
tive values. The second factor is correlated mainly with
the lateral malleolar breadth (M7a). Unlike the first fac-
tor, the second is bipolar, with some variables with nega-
tive loadings and others with positive loadings. However,
and although with a lower correlation (load = —0.521),
the depth of the calcaneal posterior articular surface
(M14) offers a negative load. This second factor can be
considered a factor for shape, in which tali with a wide
lateral malleolar breadth and a small depth of the calca-
neal posterior articular surface will have high positive
values.

When the first principal component is plotted against
the second (Figure 2a) several interesting conclusions
can be drawn. Most of the fossil tali show values in the
PCA that fall comfortably within the range of variation of
recent H. sapiens. The second factor of PCA-1 has some

EEDRERE WiLEy- L

TABLE 6 Principal component analysis of the AT-7005 talus
variables.
Factor1 Factor 2

Eigenvalue 10.71 1.22
% Variance 63.00 7.18
% Cumulative Variance 63.00 70.18
Talar length—M1 0.921 —0.192
Total length—M1a 0.900 —0.189
Total breadth—M?2 0.899 0.271
Articular breadth—M2b 0.885 0.285
Talar height—M3 0.636 —0.049
Medial height—M3-1 0.885 —0.021
Trochlear length—M4 0.842 0.006
Trochlear breadth—MS5 0.897 —-0.114
Posterior trochlear breadth—M5-1 0.829 0.041
Anterior trochlear breadth—M5-2 0.909 —0.079
Lateral malleolar breadth—M?7a 0.304 0.749
Head-neck length—M8 0.594 —0.330
Length of the head—M9 0.815 0.155
Breadth of the head—M10 0.764 0.065
Length of calcaneal post. artic. surf.— 0.853 0.022

M12
Breadth of calcaneal post. artic. surf.— 0.823 0.010

M13
Depth of calcaneal post. artic. surf.— 0.380 —0.521

M14

Note: Loadings above 0.6 (absolute value) are highlighted (bold).

taxonomic value. Nearly all the fossils display positive
values for the second factor, which positions them among
the tali with broad lateral malleolar facets and small
depths of the calcaneal posterior articular surface from
the modern human sample. The recent H. sapiens display
positive and negative values independent of their a priori
sex assignment. In the comparison of the first factor,
there are no significant differences among the different
comparative populations. When comparing the second
factor, there are significant differences between SH and
all the groups including Neandertals. Neandertals also
show significant differences with recent H. sapiens and
Upper Paleolithic modern humans (UP).

The specimen AT-7005 shows a particularly high
positive value for the second factor, which indicates a
broad lateral malleolar facet and a shallow calcaneal
posterior articular surface. It is inside the range of vari-
ation of SH tali and outside of the range of variation
of the equiprobability ellipses of recent H. sapiens
(Figure 2a).
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AT-3131 ) AT-3771

FIGURE 4

AT-1576

AT-3130

AT-4426

Representation of some of the adult calcanei from Sima de los Huesos including right bones and left bones in dorsal and

medial views. Scale bar = 2 cm. See Table 7 for details about the identification.

In order to gain some insights into the paleobiology
of this Middle Pleistocene population, we tried to esti-
mate sex based on the overall size of the fossils in gen-
eral, and for AT-7005 in particular, despite the
dependence on a reference population (see Pablos,
Martinez, et al., 2013, for details about the methodology).
This method allowed us to estimate the sex of the previ-
ously known SH tali (Pablos, Martinez, et al., 2013).

When we compared the coordinates of the first factor
of the PCA of the recently discovered talus AT-7005 using
the Z-scores statistics with recent modern males, no sig-
nificant differences were observed. However, it is 1.9
standard deviations away from the sample of recent mod-
ern human males from the Hamann-Todd Osteological
collection. In the comparisons with the male tali from

SH, AT-7005 is more than two standard deviations away.
In the comparisons with the female groups, it only show
significant differences with the female Neandertals. How-
ever, the small sample size (n = 4) of this group pre-
cludes any firm conclusions. All this suggests that the
talus AT-7005 could correspond to a female individual.
To clarify the sex estimation of the talus AT-7005, we
applied the univariate discriminant equations obtained
by Alonso-Llamazares and Pablos (2019) for recent mod-
ern human tali. Eight univariate equations could be
applied to the metric variables of AT-7005. The results
classified AT-7005 as male for four variables and female
for four others. We then applied multivariate discriminant
equations from different bibliographic sources and
populations (Alonso-Llamazares & Pablos, 2019; Bidmos &
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Dayal, 2003; Gualdi-Russo, 2007; Mahakkanukrauh et al.,
2014; Peckmann et al., 2015; Steele, 1976). In this case, the
talus AT-7005 was identified as female using 12 equations,
and as male in four cases. With these results, we cautiously
established the sex of AT-7005 as female.

3.2 | Calcaneus

In the SH site, there are 30 calcanei corresponding to
complete and fragmentary remains (Figures 4 and 5).
They represent at least 26 elements and 15 individuals
based on the most repeated element (i.e.,, the

AT-1499+1501

EEDERERE WiLEY-L =

intermediate talar facet) and the stage of development
(Pablos et al., 2014). The calcaneal individuals represent
nine adults and six immatures (Table 1). The detailed
inventory of SH calcanei is shown in Table 7. Three cal-
canei from SH (AT-970, AT-3269, and AT-967) have the
posterior calcaneal tubercle partially fused. According to
Cardoso and Severino (2010), this corresponds to stage
2 indicating they were in the age range of 11-17 years at
the time of death.

The general morphology of the Neandertal calcanei is
indistinguishable from that of H. sapiens in terms of the
implied locomotor capabilities. They have large articular
surfaces, and they are characterized by being mediolaterally

AT-1786 AT-2185

AT-4285
77

FIGURE 5 Representation of some of the immature calcanei from Sima de los Huesos including nearly complete bones (upper row) and
fragments (lower rows) in dorsal view. Scale bar = 2 cm. See Table 7 for details about the identification.
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Label
AT-319

AT-423

AT-489
AT-663
AT-705

AT-967
AT-969
AT-970

AT-971
AT-972
AT-981
AT-1499%
AT-1501*
AT-1576
AT-1622

AT-1645

AT-1740
AT-1786
AT-2185
AT-2209
AT-2466
AT-2741
AT-3130
AT-3131
AT-3269

AT-3771
AT-4182
AT-4285
AT-4426

AT-6835

Side
R

R

' ~ & o & ® "

~ o0 ® ® ® ™ o &

= = = ©

Age
Ad

Im

Ad
Ad

Im

Ado
Ad
Ado

Ad
Ad?
Ad
Im
Im
Ad

Im?

Im

Ad
Im
Im
Im
Ad
Ad
Ad
Ad
Ado

Ad
Ad?
Im

Ad

Ad?
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Anatomical description

Fragment of calcaneus, with the talar facets and
part of upper area of the cuboid articulation.

Fragment of posterior talar facet and a small
portion of the tubercle.

Complete.
Complete.

Fragment of epiphysis of the posterior tubercle
(not figured).

Complete. Posterior tubercle partially fused.
Complete.

Nearly complete. Posterior tubercle partially
fused.

Complete.

Fragment of posterior talar facet.
Complete

Fragment of posterior talar facet.
Fragment of cuboid facet.
Nearly complete

Fragment of posterior talar facet and a small part
of sulcus calcaneus.

Fragment of epiphysis of the posterior tubercle
(not figured).

Complete.
Complete.
Complete.
Complete.
Complete.
Complete.
Complete.
Complete.

Complete. The posterior tubercle is partially
fused.

Complete.
Fragment of sustentaculum tali.
Highly eroded fragment of posterior talar facet.

Complete with a strong insertion for the Achilles
tendon.

Fragment of anterior-medial talar and cuboid
facets.

Note: Ad = Adult (>17 years old), Ado = Adolescent (calcaneal tuber partially fused; 11-17 years old),
Im = Immature (<11 years old), according to Cardoso and Severino (2010). R = Right, L = Left.

Abbreviation: SH, Sima de los Huesos.
#AT-1499 and AT-1501 are parts of the same calcaneus.

expanded with projected sustentaculum tali when com-

TABLE 7
from SH.

Inventory of calcanei

In SH paleodeme, the calcanei are as broad as Neander-

pared to recent H. sapiens (Goémez-Olivencia et al., 2020; tals with long posterior calcaneal tubercles (Table 2). Albeit

Pablos et al., 2019; Trinkaus, 1975, 1983b; Trinkaus, 2016).

in this last character, SH calcanei are not significantly longer
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AT-983 AT-1341

-

AT-1393 AT-1679

AT-1 AT-4436 AT-4500

AT-1566 AT-1869 AT-2001 AT4805

FIGURE 6 Representation of some of the naviculars from Sima de los Huesos including right adult complete or nearly complete bones
(upper rows), left adult complete or nearly complete bones (intermediate rows) and immature ones (lower row) in distal and proximal views.
Scale bar = 2 cm. See Table 8 for details about the identification.

B
8
2
g
°
g
H
o
g2
g
3
3
ES
7
2
2
S
El
=4
3
2
13
o
ES
3
g
g
=
=
2
g
=
=
g
=
5
2
8
IS
N
N
g
S
&
g
2
o
g
2
3
z
2
S
E
o
kY
g
@.
S
S
E
@
<
o
a
8
2
B
S
2
o
3
5
3
c
g
S
'S
@
2
N
Q
=
=
3
g
<
3
2
3
2
1)
I
K
-
)
2
F
b=
&
S
E}
-3
g
g
<
H
2
3
8
2
g
3
@
E
e
8
=3
9
z
S
H
2
o
3
5
3
c
g
g
<2
g
=
1]
Q
c
8
3
S
Q
13
2
@
Q
2
Q
E{
g
g
=
3
3
=
i
g
@
Q
g
<
3
g
3
3
3
2
C
g
a
8




PABLOS and ARSUAGA

o LwiLey-

than the UP group. The calcaneus from SH displays larger
tubercles on average in absolute terms than those from the
Upper Paleolithic populations. One of the metric traits dif-
ferentiating SH from Neandertals is the even more projected
sustentaculum tali in SH (Pablos et al., 2014). When we
compared the sustentacular index [M6 x 100/(M2 — M6)]
with the other comparative samples, SH calcanei showed
significant differences (p < 0.05) with all the groups.

3.3 | Navicular

The navicular human sample recovered in the SH site
amounts to 25 elements (Figure 6). All of them corre-
spond to 15 individuals according to the most repeated
element; 10 right adult specimens and 5 immature ones
differ in measurements and proportions (Pablos
et al., 2017). Of the adult individuals, three have been
classified as males and three as females (Table 1). Most of

the naviculars from SH are complete or nearly complete.
For a description of these fossils, see Table 8.

It was previously established that Neandertal navicular
is wide, both absolutely and relatively in relation to the
dorsoplantar height when compared to both recent and
fossil H. sapiens (Harvati et al., 2013; Pablos et al., 2018;
Pomeroy et al., 2017; Sala et al., 2013; Trinkaus, 1983b).
The navicular bones from SH are similar to Neandertals in
the absolute and relative breadth (Figure 2e and Table 3).
Although not significantly, the Middle Pleistocene speci-
men from Jinniushan 1 is narrower than the average of
Neandertals and SH naviculars (Lu et al., 2011).

3.4 | Cuboid

In the SH site, 23 cuboid bones have been recovered

(Figures 7 and 8), which represents one more from the
last inventory (Pablos et al., 2017). The minimum

TABLE 8 Inventory of naviculars

Label Side Age Anatomical description

from SH.
AT-458 L Ad Complete. Eroded at the tuberosity.
AT-709 R Ad Complete (two fragments).
AT-710 R Ad Complete. Eroded at the tuberosity.
AT-861 R Ad Complete.
AT-864 L Ad Complete. Eroded at the tuberosity.
AT-975 L Ad Complete.
AT-983 R Ad Complete.
AT-998 L Im Complete. Eroded.
AT-1341 R Ad Eroded at the tuberosity and distal area.
AT-1393 L Ad Dorsal fragment.
AT-1566 L Im Fragment eroded at plantar and medial zones.
AT-1679 L Ad Complete. Eroded at the tuberosity.
AT-1696 L Ad Nearly complete. Eroded at the tuberosity.
AT-1869 L Im Fragment eroded at the medial and lateral sides.
AT-2001 L Im Fragment eroded.
AT-2345 L Ad Nearly complete. Eroded at the tuberosity.
AT-2467 R Ad Complete.
AT-2718 L Ad Complete.
AT-2816 R Im Complete.
AT-2833 R Ad Complete. Eroded at the plantar area.
AT-4436 L Ad? Nearly complete. Eroded at the tuberosity.
AT-4500 L Ad Nearly complete. Eroded at the tuberosity.
AT-4617 R Ad Lateral fragment eroded.
AT-4805 R Inm Small fragment eroded.
AT-5651 R Ad Complete.

Note: L = left. R = Right. Ad = Adult. Im = Immature.
Abbreviation: SH, Sima de los Huesos.
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AT-1012+ AT-1013 AT-4444

AT-3134

AT-3360+AT-4209

RO WiLEY- L~

AT-6993

AT-2815
AT-2717

AT-5639

FIGURE 7 Representation of some of the cuboids from Sima de los Huesos including right bones (upper rows) and left ones (bottom

rows) in dorsal and medial view. Note that AT-1012 + AT-1013 is displayed in dorsal and lateral views. Scale bar = 2 cm. See Table 9 for

details about the identification.

number of elements and individuals is 18 and 10, respec-
tively. Seven of the cuboids correspond to adult elements
and three are immature ones. We can establish that three of
the adults probably belonged to male individuals, and one
likely is from a female (Table 1). The anatomical description
of the cuboid sample from SH is offered in Table 9.

Prior to Neandertals and H. sapiens, a few Homo
cuboid bones have been recovered in the human fossil
record, and most of them belonged to small-sized species
that make direct comparisons difficult, because it is
unknown exactly when the modern morphology of the
cuboid arose and its morphological relationship with
Neandertals. The Neandertal cuboids are robust and

anteroposteriorly short (Trinkaus, 1975). The cuboids
from SH are significantly anteroposteriorly shorter than
those of UP and recent H. sapiens (Figure 2). However,
the Middle Paleolithic modern human specimens Qafzeh
9 and Skhul 4 are as short as the cuboids of Neandertals
and SH. Thus, establishing an evolutionary polarity in
this trait is highly speculative until more cuboids belong-
ing to the genus Homo are discovered. Although not sig-
nificantly different, both Neandertals and SH cuboids are
proximally narrower than the average of the recent and
fossil H. sapiens. In this trait, the Middle Pleistocene
cuboid from Jinniushan (Lu et al., 2011) is narrower than
all the comparative samples.
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AT-1206 AT-1329

AT-1658

AT-1651

FIGURE 8 Representation
of some of the fragmentary
cuboids from Sima de los
Huesos in several views. Scale
bar = 2 cm. See Table 9 for
details about the identification.
Note that AT-6463 is displayed
in dorsal, plantar, and distal
views.

AT-1502

AT-6463
[

TABLE 9 Inventory of cuboids
from SH.

Label Side Age Anatomical description
AT-339 L Ad Complete. Eroded.
AT-490 R Ad Complete.

AT-702 R Ad Complete.

AT-973 L Ad Complete.

AT-974 R Ad Complete.

AT-982 R Ad Complete.

AT-1012 + AT-1013 R Ad Nearly complete. Two fragments.
AT-1206 IL Ad Dorsal fragment.

AT-1329 R Ad Posterior fragment.
AT-1502 IL Im? Distal fragment.

AT-1651 L Im Medial fragment.

AT-1658 R Ad? Posterior fragment.
AT-2717 L Ad Complete.

AT-2815 L Im Complete. Slightly eroded.
AT-3134 L Ad Complete.

AT-3360 + 4209 L Ad Complete. Two fragments.
AT-4444 R Ad Complete. Eroded
AT-5639 L Ad Complete.

AT-6463 R Ad Distal fragment.

AT-6466 - - Fragment of lateral cuneiform facet (not figured).
AT-6993 R Ad Complete. Eroded

Note: L = left. R = Right. Ad = Adult. Im = Immature.
Abbreviation: SH, Sima de los Huesos.

3.5 | Medial cuneiform

In the SH paleodeme, 15 medial cuneiforms are represented
(Figure 9 and Table 10), which represent at least nine

individuals. Six adult individuals are established with the left
ones, and the other three are estimated based on three left
immature medial cuneiforms. From the adult individuals, we
consider three as likely males and one as female (Table 1).
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AT-2497

AT-3135

AT-6961

AT-2557 AT-3136

AT-3137

EEDRRE WiLEY- L~

AT-4440 AT-5512

AT-1509 AT-2716

AT-3772 AT-4982

FIGURE 9 Representation of the medial cuneiforms from Sima de los Huesos including complete right adult bones (upper row),

complete left adult bones (intermediate rows), and immature medial cuneiforms (lower row) in medial and distal views. Scale bar = 2 cm.

See Table 10 for details about the identification.

The metric dimensions of the SH medial cuneiform
sample are displayed in Table 3. The antero-posterior
length of the different samples does not show significant
differences among the comparative samples and
SH. Besides those cuboids from SH, Neandertals, and
H. sapiens, in the Homo fossil record, there are three
medial cuneiforms with this measurement available;
D4110 from Dmanisi (Jashashvili et al., 2010), OH8 from
Olduvai (Day & Napier, 1964) and UW 101-1535
from Dinaledi Chamber (Harcourt-Smith et al., 2015).
These last three are shorter than all the comparative

samples. These three medial cuneiforms belonged to
small-sized species inside genus Homo, and probably that
is the reason for the short length instead of any other
phylogenetic establishment. However, the basal breadth
of the medial cuneiform (Table 3 and Figure 10a) is sig-
nificantly larger in SH than in recent populations. Nean-
dertals do not display significant differences with recent
and fossil H. sapiens. The specimen of Tianyuan
(Shang & Trinkaus, 2010) displays a narrow medial cune-
iform like those of recent and fossil H. sapiens. All of this
suggests that a broad medial cuneiform could represent
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an exclusive trait of the SH population different from
Neandertals and H. sapiens. More medial cuneiforms
from Early and Middle Pleistocene fossils are needed in
order to confirm or refute this statement.

TABLE 10 Inventory of medial cuneiforms from SH.
Label Side Age Anatomical description
AT-862 L Ad Complete.
AT-976 L Ad Complete.
AT-984 R Ad Complete.
AT-1509 L Ad Dorsal fragment.
AT-2497 R Ad Complete.
AT-2557 L Im Complete.
AT-2716 L Ad Complete.
AT-3135 L Ad Complete.
AT-3136 R Im Complete. Eroded.
AT-3137 L Im Complete. Eroded.
AT-3772 R Im Complete. Eroded.
AT-4440 R Ad Plantar fragment.
AT-4982 L Im Dorsal fragment
AT-5512 R Ad Nearly complete. Eroded
AT-6961 L Ad Nearly complete. Eroded

Note: L = left. R = Right. Ad = Adult. Im = Immature.
Abbreviation: SH, Sima de los Huesos.

(a) T11- basal breadth med. cuneiform
20
.
t [
s *
ATiany
.
16

T MeantSD ® SH 4 Neandertals ® MPMH @ UP

FIGURE 10

3.6 | Intermediate cuneiform

Among the SH foot collection, 16 intermediate cunei-
forms have been recovered (Figure 11 and Table 11).
From them, we identified a minimum of 10 individuals:
8 adults and 2 immatures (Table 1).

When we compared the dorsal length of the interme-
diate cuneiform, we see that those from SH are signifi-
cantly shorter than those of Neandertals, UP, and recent
H. sapiens (Figure 10). Apart from the small-sized indi-
viduals from Dinaledi Chamber (Harcourt-Smith
et al., 2015), there are no other large-sized Homo speci-
mens with which to compare. Interestingly, there are
four MPMH individuals that preserve the intermediate
cuneiform, and they are as short as those from SH. The
small sample size of this group precludes any firm con-
clusion about the evolutionary polarity of this character.
Anyway, the short intermediate cuneiform from SH is
different from their descendants the Neandertals in this
trait, which allows differentiation among these two
populations.

3.7 | Lateral cuneiform

In the SH site, 14 lateral cuneiforms have been recovered
and identified (Figure 12 and Table 12). The sample of
lateral cuneiforms is represented by at least eight

(b) M1 - Dorsal length interm. cuneiform
18
L | B
16
8

® MH-HTH © MH-SPab & MH-Lib & Other fossils

Univariate analysis of the Sima de los Huesos (SH) cuneiforms remains. MH-HTH, Modern humans-Hamann-Todd

Osteological collection; MH-Lib, Modern Humans-Libben-Amerindians collection (unshod); MH-SPab, San Pablo Medieval collection;
MPMH, Middle Paleolithic modern humans; SD, standard deviation; UP, Upper Paleolithic. (a) Plantar breadth of medial cuneiform
(in mm). (b) Superior length (M1) of the intermediate cuneiform (in mm). Tiany, Tianyuan.
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AT-1339

AT-1392

AT-2824 AT-3138

AT-3139

FIGURE 11
Table 11 for details about the identification.

individuals: six adult ones and two immatures. Among
the adult individuals, we estimate one as belonging to a
male and the other to a female.

When we compare the length of the lateral cuneiform
in the different comparative samples with SH (Table 3),
we see that those of Neandertals are shorter on average
than both those of recent and fossil H. sapiens, but not in
a significant way. The lateral cuneiforms from SH are sig-
nificantly shorter than the lateral cuneiforms of recent
and fossil H. sapiens,

AT-2509

AT-1789

AT-4435

Representation of some of the intermediate cuneiforms from Sima de los Huesos in lateral view. Scale bar = 2 cm. See

4 | MAIN ANATOMICAL TRAITS

The tarsals from the SH site are generally more robust
than the comparative samples (Table 13). In some ways,
this robusticity pattern is similar to that observed in
Neandertals, as is the case with the broad tali, calcanei,
and naviculars. This is in accordance with the general
robusticity of other elements of the postcranial skeleton
(Arsuaga et al.,, 2015; Bonmati et al., 2010; Carretero,
Garcia-Gonzalez, et al., 2024; Carretero, Rodriguez,
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TABLE 11 Inventory of intermediate cuneiforms from SH.

Label
AT-707
AT-979
AT-985
AT-1339
AT-1348
AT-1392
AT-1694
AT-1789
AT-2509
AT-2824
AT-3138
AT-3139
AT-4433
AT-4435
AT-5709
AT-6860

Side

ol A e ol S A A AR

]

Age
Ad?
Im
Ad
Ad
Ad
Ad
Ad
Ad
Ad
Ad
Ad
Im
Ad
Ad
Ad
Ad

PABLOS and ARSUAGA

Anatomical description

Dorsal fragment.
Complete.
Complete.
Dorsal fragment.
Dorsal fragment.
Dorsal fragment.
Nearly complete.
Complete.
Dorsal fragment.
Dorsal fragment.
Dorsal fragment.
Dorsal fragment.
Dorsal fragment.
Complete.
Complete. Eroded.
Complete.

Note: L = left. R = Right. Ad = Adult. Im = Immature.

Abbreviation: SH, Sima de los Huesos.

AT-4476

AT-1328

AT-1201

AT-5375

AT-1342

AT-5401

AT-1971

et al., 2024; Garcia-Gonzalez et al.,, 2024; GOmez-
Olivencia et al., 2007; Gémez-Olivencia & Arsuaga, 2024;
Pablos & Arsuaga, 2024; Rodriguez et al., 2024a, 2024b).

Nevertheless, there are other traits observed in SH
tarsal remains that allow us to differentiate from those of
Neandertals. The SH tali are even broader than those
of the already broad Neandertals and display an abso-
lutely and relatively narrow head. The calcanei of Nean-
dertals show projected sustentaculum tali. In SH, the
sustentaculum tali is even more projected than that in
Neandertals. Finally, a broad medial cuneiform and a
short intermediate cuneiform are different from those of
Neandertals. Although these are just a few characters, in
some ways, the SH tarsals are even more robust than
Neandertals (Table 13). Something similar is observed in
metatarsals and phalanges, especially in the hallucal ele-
ments (Pablos & Arsuaga, 2024).

Paleobiological inferences (stature and body mass)

Table 14 provides the results of the stature estimates
calculated from the talus and calcaneus. These results are
similar, albeit slightly higher, to those obtained using the
femora and the tibiae from SH: 168.1 + 3.2 cm (n = 8)

FIGURE 12 Representation of
some of the lateral cuneiforms from
Sima de los Huesos in lateral view.
Scale bar = 2 cm. See Table 12 for
details about the identification.

AT-3140

AT-1512

AT-3141
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for males, 156.1 + 2.5 cm (n = 2) for females, and 165.7
+ 5.8 cm (n = 10) for the entire SH sample of femora and
tibiae (Carretero et al., 2012).
In Table 14, we provide the average body mass esti-
mates for males, females, and the total sample altogether.
Considering the body mass estimates of the foot associa-
tions (foot 1 and foot 2), and keeping in mind that the

TABLE 12 Inventory of lateral cuneiforms from SH.

Label Side Age Anatomical description
AT-492 R Ad Complete.

AT-986 R Ad Complete.
AT-1201 L Im? Dorsal fragment.
AT-1328 L Ad Dorsal fragment.
AT-1342 L Ad Dorsal fragment.
AT-1512 L Ad Dorsal fragment.
AT-1971 R Im Complete. Eroded.
AT-3140 R Ad Dorsal fragment.
AT-3141 L Im Dorsal fragment.
AT-4476 R Ad Dorsal fragment.
AT-4712 L Ad Dorsal fragment.
AT-5375 R Ad Complete.
AT-5401 L Ad Complete.
AT-6186 R Ad Complete. Eroded

Note: L = left. R = Right. Ad = Adult. Im = Immature.
Abbreviation: SH, Sima de los Huesos.

AR e atomicalreco AR TSI

tarsals (89.2-92.2 kg) and metatarsals estimates are similar
to the results from pelvis 1 (Pablos et al., 2017; Pablos &
Arsuaga, 2024), we suggest here that these feet could belong
to the same large individual as pelvis 1 from the SH collec-
tion, or at least to one similar in proportions and body size.

The estimated body mass average for the human tali
sample from SH is 69.7 + 10.0 kg, and the mean esti-
mated stature calculated with the talus is 173.9 + 1.4 cm
for males and 161.9 + 2.3 cm for females (Table 14). In
spite of that, the estimate based on the bi-iliac breadth of
Pelvis 1 from SH (90.3-92.5; Bonmati et al., 2010) is well
above the mean of the estimates based on the talus from
SH (more than two standard deviations). There are also
two associated tali from the same individual (AT-965 and
AT-2495; Pablos, Martinez, et al., 2013), whose estimates
are basically indistinguishable (89.2-92.2).

5 | TARSAL ASSOCIATIONS

We cautiously propose here the most likely
associations among different tarsals at this point, taking
into account the current state of the foot collection into
SH. These associations are based on the general size, met-
ric dimensions, shape, general morphology, and that of
the articular facets, bilateral asymmetry, state of develop-
ment, anatomical congruence, and so on. The previously

TABLE 13 Summary of selected traits in tarsals in fossil and extant humans.
Element Trait H. ergaster/erectus H. antecessor SH Neandertals H. sapiens
Talus Lateral Variable - + Broad Broad Narrow
malleolar
fact
Head Absolutely and Absolutely broad and Absolutely and Absolutely and Intermediate
relatively arrow relatively narrow relatively Narrow  relatively Broad
Neck Short Short Short Short Long
Calcaneus General - - Broad Broad Narrow
breadth
Sustentaculum - - Well projected Projected Less
tali projected
Navicular General size Narrow? - Broad Broad Narrow
Cuboid General size - - Short Short Long
Medial General size - - Broad Narrow Narrow
cuneiform
Intermediate  General size - - Short Long Long and
cuneiform short (?)
Distal General size - - Short Short (?) Long
cuneiform

Note: Plesiomorphic (red) and derived or autapomorphic (blue) trait for Sima de los Huesos (SH), H. neanderthalensis, and H. sapiens clades. Traits exclusive to
SH relative to Neandertals are shown in green. Colorless cells indicate uncertain polarity. H. sapiens clade includes both recent and fossil samples. Modified

and updated from Arsuaga et al. (2015).
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established sex assignment also provides us with addi-
tional information to be used in the association of differ-
ent elements.

5.1 | Foot1 and foot 2 association

From different field campaigns, several tarsals and meta-
tarsals were recovered from the SH site, which likely
belonged to two nearly complete feet of the same male
adult individual. They correspond to the named foot
1 (right) and foot 2 (left) from the SH foot collection
(Pablos et al., 2015). This association was done based on

TABLE 14 Stature (in cm) and body mass (in kg) estimates
from the SH tarsals.

Talus Calcaneus

Stature from tarsals

Male 1739+ 1.4 175.7 + 1.9
(n=6) (n=17)
Female 1619 + 2.3 160.6 + 1.4
(n=17) (n=3)
All 167.4 + 6.0 179.9 + 6.9
(n=15) (n=13)
Body mass from Tali
Male 78.9 +10.3 -
(n=6)
Female 64.6 + 7.0 -
(n=8)
All 69.7 + 10.0 -
(n = 20)

Note: Mean #+ standard deviation and sample size (n) are shown.
Abbreviation: SH, Sima de los Huesos.

their state of development, general size, anatomical con-
gruence, bilateral asymmetry, and sexual assignment
(Figure 13).

The complete set of tarsometatarsal associations pre-
serves almost all of the tarsals from both sides, except for
the left lateral cuneiform. Both tali and calcanei have
been identified as male within the SH foot variation
(Pablos et al., 2014, 2017; Pablos, Martinez, et al., 2013).
This male individual is one of the largest in the SH foot
collection. All the epiphyses are completely fused, and
the general stage of development indicates that they
belong to an adult individual. All of the elements associ-
ated with foot 1 and foot 2 fit correctly in pairs: for exam-
ple, the right talus articulates perfectly with the right
calcaneus, which also fits with the cuboid, and so
on. This is also the case for all articulation among tarsals
and metatarsals (Pablos & Arsuaga, 2024).

The average stature calculated from the tali and
calcanei from both sides is 174.5 + 1.4 cm for this foot
association. Using the formula of least squares for
human-based regression provided by McHenry and Ber-
ger (1998) for the tali from foot 1 and foot 2, we obtained
an average body mass for this individual of 90.7 + 2.1
kg. These estimates are similar to those of pelvis 1 from
SH, one of the biggest in the SH collection (Bonmati
et al., 2010). The body mass index for the tarso-metatarsal
skeleton of foot 1 and foot 2 calculated here as the body
mass (in kg) divided by height squared (in m) is 27.74
which could suggest that some individuals were over-
weight, according to the International Obesity Task Force
(Cole & Lobstein, 2012). This fact suggests that the mus-
culature of this individual, and that from all the individ-
uals from SH, is higher than that observed in recent
modern humans because the corporal thoracic cylinder is
broader than in recent populations (Arsuaga et al., 1999;

FIGURE 13 Representation
of the foot 1 and foot 2
associations proposed inside the
SH foot collection. SH, Sima de
los Huesos.
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Carretero et al., 2018; Carretero, Rodriguez, et al., 2024;
Garcia-Gonzalez et al.,, 2024; GOmez-Olivencia et al.,
2010; Rodriguez et al., 2018, 2016, 2024b).

This individual denotes the high robusticity of the SH
Middle Pleistocene population, that is, for the same stat-
ure, the bodies are broader than those of modern and fos-
sil H. sapiens. The bauplan of “wide Homo” with a large
thorax, broad shoulders and pelves likely comes from ear-
lier species/populations such as Homo ergaster/anteces-
sor, from which H. sapiens departed (Arsuaga, 2010;
Arsuaga et al., 1999, 2015; Bonmati et al., 2010; Carretero
et al., 2004; Carretero, Rodriguez, et al., 2024; Garcia-
Gonzalez et al.,, 2009; Lorenzo et al., 2015; Pablos
et al., 2012).

6 | DISCUSSION AND
CONCLUSIONS

The talus sample from the SH site generally shows a pos-
teriorly broad trochlea, a very broad lateral malleolar
facet, a short neck, and a narrow head. The neck of the
talus is short in all the Homo fossils except those of
H. sapiens, probably due to the inverse relationship
between the trochlea length and the neck (Rhoads &
Trinkaus, 1977). A broad lateral malleolar facet could
represent a primitive or plesiomorphic trait inherited
from an African ancestor. Nevertheless, in other Early
and Middle Pleistocene tali (KNM-ER 1476a, KNM-ER
5428, and OH 8), this facet is significantly narrower than
those of SH and Neandertals, demonstrating the difficulty
of establishing the primitive/plesiomorphic or derivate/
autapomorphic condition of this trait. Usually, the talar
trochlea is described as wedge-shaped in recent
H. sapiens, but this morphology is not related to the
movement of the fibula nor to the plantarflexion of
the ankle (Barnett & Napier, 1953). In SH and Neander-
tals, the trochlea is more rectangular than in H. sapiens.
This similarity between SH and Neandertals likely
reflects the evolutionary relationship between these two
populations rather than biomechanical factors.

The Neandertal calcanei show long and robust bodies
for the insertion of the triceps surae muscle group, which
is related to the absorption of the stress of the heel during
the stance phase of the gait (Raichlen et al., 2011;
Trinkaus, 1983a). The posterior calcaneal tubercle is long
in Neandertals relative to anatomically modern humans
(Raichlen et al., 2011). The calcaneus bones from the SH
site are broad with relatively and absolutely broad susten-
taculum tali, which could represent an exclusive trait of
this Middle Pleistocene population. These broad and
robust calcanei from Neandertals, and especially from
SH, could support the evolutionary relationship

previously established between these two populations or
the fact that both populations display a large body size
(Arsuaga et al, 1999; Bonmati et al., 2010; Garcia-
Gonzalez et al., 2024). Nevertheless, the highly broad sus-
tentaculum tali observed in SH calcanei suggests that the
SH population is more robust than their descendants,
the Neandertals, at least in this trait and the lateral mal-
leolar facet of the talus (see above). The combination of
these traits allows us to differentiate between the SH cal-
canei and those of Neandertals and H. sapiens.

There are not many more naviculars in the Homo fos-
sil record, apart from those from the small-sized species
such as Homo floresiensis, H. naledi, and the OH8 speci-
men (Day & Napier, 1965; Harcourt-Smith et al., 2015;
Jungers et al., 2009), which makes difficult to establish
evolutionary relationships for this bone in human evolu-
tion. However, the current data suggest that a broad
navicular represents a Neandertal-derived or autapo-
morphic trait shared by the Neandertals and their ances-
tors, the hominins from SH.

The absolutely and relatively broad SH and Neander-
tal naviculars are likely related to the robusticity of these
populations. This pattern also confirms the evolutionary
relationship among these Pleistocene populations. The
primitive or plesiomorphic condition is likely that which
is observed in H. sapiens, and a broad navicular could
represent a derived or autapomorphic trait in the SH-
Neandertal lineage.

The proximally narrower cuboids of Neandertals and
SH hominins, and the narrower one of the Jinniushan
individual (Lu et al., 2011), suggest that a narrow cuboid
could be a primitive or plesiomorphic character within
the genus Homo. The lateral cuneiform of Neandertals
and those of the SH population are shorter than those of
recent and fossil H. sapiens. This could be identified as a
shared trait in the evolutionary line of Neandertals.
Again, more foot fossils are needed to clearly establish
the polarity of this character.

With these data on mind, the evolutionary relation-
ship among SH and Neandertals is confirmed based on
the morphology of the foot.

The studies of the postcranial skeleton of the SH
hominins have allowed to establish some traits similar
among this Middle Pleistocene population and Neander-
tals (Arsuaga et al., 2015; Carretero et al., 1997; Garcia-
Gonzalez et al., 2024; Gémez-Olivencia & Arsuaga, 2024,
Pablos et al., 2017; Rodriguez et al., 2024a). The study of
tarsals carried out here also found similar traits in SH
relative to Neandertals that differentiate both populat-
ions from recent H. sapiens. This confirms the evolution-
ary relationship between these two paleodemes as
evolutionary sister groups as previously established by
other anatomical regions (Arsuaga et al., 2014, 2015;
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Carretero, Garcia-Gonzalez, et al.,, 2024; Pablos,
Martinez, et al., 2013; Rodriguez et al., 2024a). This simi-
larity in postcranial anatomical traits between SH and
Neandertals is likely related to a high degree of biome-
chanical stress, and to the greater general robustness of
the postcranial skeleton. However, in some traits, the
forefoot from the SH collection exhibits subtle differences
with Neandertals, such as a very broad lateral malleolar
facet and a narrow head in the talus, a well-projecting
sustentaculum tali of the calcaneus, a broad medial cune-
iform, and a short intermediate cuneiform (Table 13).

The near absence of tarsals of other Homo species tenta-
tively precludes us from ascertaining more in-depth evolu-
tionary relationships with other Homo species. But this
robusticity pattern probably constitutes the primitive-
plesiomorphic condition inherited from H. antecessor or
other earlier species of genus Homo (Arsuaga, 2010;
Lorenzo et al., 2015; Lu et al., 2011; Pablos et al., 2012), or it
could represent shared traits by the SH-Neandertals evolu-
tionary line (Arsuaga et al., 2014, 2015; Arsuaga, Martinez,
Gracia, & Lorenzo, 1997; Garcia-Gonzalez et al., 2024;
Pablos et al., 2014; Pablos, Martinez, et al., 2013).

In some elements, we observed that the SH tarsals are
even more robust than in Neandertals (see above). These
traits observed in the tarsals are the projected lateral mal-
leolar facet of the talus (Pablos, Martinez, et al., 2013),
the well-projected sustentaculum tali of the calcaneus
(Pablos et al., 2014), and the broad medial cuneiform.
This is observed in the hallux of SH (Pablos &
Arsuaga, 2024), but also in other anatomical elements of
the postcranial skeleton. The SH pelvis displays a bi-iliac
breadth that is broader than that of Neandertals, the iliac
height and the maximum sacral breadth have lower
values in Neandertals, and the pubic ramus is cranio-
caudally thinner in Neandertals relative to the SH sample
(Arsuaga et al., 2015; Bonmati et al., 2010). The humeral
cortical area of the SH sample is higher than that of
Neandertals (Arsuaga et al., 2015). The posterior arch
of the atlas in SH hominins is more robust than the slen-
der ones observed in Neandertals (Arsuaga et al., 2015;
GoOmez-Olivencia et al., 2007; GoOmez-Olivencia &
Arsuaga, 2024). The lumbar vertebrae and the transverse
process in the third lumbar in SH are larger and longer,
respectively, in SH relative to Neandertals (Bonmati
et al., 2010). The SH first ribs have a tuberculo-ventral
chord that is larger than in Neandertals (Goémez-
Olivencia et al., 2010). The SH radii are longer than in
Neandertals, and the neck and diaphysis are medio-
laterally larger (Rodriguez et al., 2016). Taking into
account the stature estimates, Neandertals probably had
slightly reduced stature, albeit not significantly, com-
pared with their ancestors: the people from SH (Arsuaga
et al., 2015; Carretero et al., 2012; Will et al., 2017). All of

this suggests a slight gracilization process of the foot in
the SH-Neandertal lineage. These traits of robusticity
in the SH tarsals are proposed here as exclusive traits to
this Middle Pleistocene population with respect to Nean-
dertals and the rest of the known genus Homo. In the
Homo fossil record, there is a nearly ubiquitous absence
of tarsal remains excluding Neandertals and fossil
H. sapiens. The fact that in SH, all anatomical elements
of the postcranial skeleton have been recovered, includ-
ing all the posterior and anterior tarsals, suggests that
complete skeletons were deposited at the SH chamber
(Arsuaga et al., 1990; Sala, Martinez, et al., 2024).

The study of the rearfoot from the SH site has allowed
us to establish some likely primitive or plesiomorphic traits
in this population. This is likely related to general robusti-
city of the body in the SH hominins (Arsuaga et al., 2015;
Bonmati et al., 2010; Carretero et al.,, 2018; Carretero,
Rodriguez, et al., 2024; Garcia-Gonzdlez et al., 2024;
Gomez-Olivencia et al., 2007; Pablos et al., 2017; Rodriguez
et al., 2024a). Furthermore, the primitive or plesiomorphic
biotype observed in the few foot fossils belonging to
H. antecessor and H. ergaster/erectus suggest that a robust
bauplan could be inherited in SH hominins from these spe-
cies (Arsuaga, 2010; Carretero et al., 2004). The fact that
some of these traits are shared with Neandertals confirms
that SH and Neandertals represent evolutionary sister
groups (Arsuaga et al., 2014; Arsuaga, Martinez, Gracia, &
Lorenzo, 1997).
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