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Abstract: In this article, the foot in the Homo fossil record throughout the world is reviewed. The main
problem with the study of foot remains is the paucity of fossils from this anatomical area, in particular
from the earlier members of the genus Homo. In spite of this, a comprehensive review of the morphology
of the entire fossil record for the foot has been achieved. All the fossils belonging to the genus Homo are
proposed to be biped due to the presence of longitudinal and transversal arches, the robusticity pattern of
the metatarsals and an adducted hallux. Even in the early members of the genus Homo, the morphology
of the foot is modern-like, with size being practically the only variation observed. Of the foot remains
attributed to the genus Homo, two morphotypes become apparent: small-sized and large-sized individuals.
It is important though to take into account that the earliest Homo feet belonging to smaller individuals
could not belong to the genus Homo. Later, a new robust bauplan appears in the Homo fossil record for the
foot represented by Homo erectus/ergaster, Homo antecessor, the hominins from Sima de los Huesos and
Neandertals. Finally, modern humans display long feet that are gracile compared with their ancestors. An
examination of the morphology of the Neandertal foot and of the foot from Sima de los Huesos confirms
the evolutionary relationship between these two populations. However, enough differences exist between the
two samples to indicate that they are in fact morphologically distinct. A parallel gracilization process is
proposed in both modern humans and Neandertals.
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Der FuB} in der Fossiluberlieferung der Gattung Homo

Zusammenfassung: Im vorliegenden Beitrag werden sdmtliche archéologsich nachgewiesenen fossi-
len FuBknochen von Vertretern der Gattung Homo, ausgenommen der anatomisch moderne Mensch,
betrachtet. Das Hauptproblem, das beim Studium der FuBknochen besteht, ist deren Seltenheit im
archéologischen Befund. Dies gilt umso mehr dann, wenn es um éltere Vertreter der Gattung Homo
geht. Dennoch ist es gelungen, einen umfassenden Uberblick tiber die Morphologie des FuBles fir das
gesamte fossil tiberlieferte Material zu gewinnen. Fur alle fossil nachgewiesenen Vertreter der Gattung
Homo wird angenommen, dass sie aufrecht gingen. Diese Annahme beruht vor allem auf dem Vorhanden-
sein von Langsbogen und Querbogen bei den Fillen, auf dem Robustizitdtsmuster der MittelfuBknochen
(Metatarsien) und schlieBlich auf der abgespreizten GroBzehe. Selbst bei den frithen Vertretern der Gat-
tung Homo dhnelt die Morphologie des Fulles derjenigen moderner Menschen, und praktisch die einzi-
gen Unterschiede bestehen in der GroBe. Von daher scheinen bei den Fulliiberresten zwei Morphotypen

MGFU | mgfuopenaccess.org



12 Adrian Pablos

mit der Gattung Homo verbunden zu sein: es gibt kleine und groB3e Individuen. Dariiber hinaus muss
jedoch berticksichtigt werden, dass die dltesten der Gattung Homo zugewiesenen kleineren Individuen
vielleicht doch nicht zu Homo gehoren. Spéater erscheint dann ein neuer robuster Bauplan fiir den Ful,
wie er durch die Fossilien von Homo erectus/ergaster, Homo antecessor, die Menschen aus der Sima de
los Huesos in Atapuerca bei Burgos (Spanien) und die Neandertaler repriasentiert wird. Moderne Men-
schen schlieflich zeigen lange Fulle, die im Vergleich mit denjenigen ihrer Vorfahren grazil sind. Die
FubBmorphologie der Neandertaler und der Menschen aus der Sima de los Huesos erméglicht es, den
entwicklungsgeschichtlichen Zusammenhang zwischen beiden Populationen zu bestétigen. Andererseits
unterscheiden sie sich aber in ausreichendem Malle voneinander, um sie als morphologisch unterschied-
lich zu klassifizieren. Ein parallel verlaufender Prozess der Grazilisierung des Fulles wird sowohl fiir die
Neandertaler als auch fiir die modernen Menschen angenommen.

Schlagworter: Atapuerca, Pleistozin, Fil3e, Tarsus, Metatarsus, Gattung Homo

Introduction

There are complications involved in trying to establish who were the first represen-
tatives of the genus Homo. Most of the Early Homo record is composed of cranio-dental
remains (Leakey et al. 1964; Walter et al. 1991). A recently discovered mandible from
Ledi-Geraru (Ethiopia) places the oldest evidence in the time frame of 2.75-2.8 myr (Vill-
moare et al. 2015). Together with other anatomical areas of the postcranial skeleton, foot
remains represent important evidence in understanding human evolution. This is due to
the foot’s role in locomotion and weight transmission, and because feet act as a proxy for
body size (Harcourt-Smith and Aiello 2004).

A few foot remains have been recovered prior to Neandertals (Day and Napier 1964;
Trinkaus 1975; Lorenzo et al. 1999; Lordkipanidze et al. 2007; Lu et al. 2011; Pablos et al.
2012; Boyle and DeSilva 2015). It is also debatable whether most of the feet in the Early
Pleistocene African record do in fact belong to the genus Homo or to Paranthropus (Day
and Napier 1964; DeSilva 2009). The fact that foot bones are tiny, can easily roll and are
easily lost could explain the scarcity of these elements in the Homo fossil record. Studies
of this anatomical area in the genus Homo previous to Neandertals are limited due to
the scarcity of foot bones found in the Homo fossil record. There is a bias in Eurasia as
hardly any foot fossils have been recovered from a time period extending one million
years, from the Early Pleistocene site of Dmanisi dated to c. 1.8 myr (Lordkipanidze et
al. 2007) to the TD6 level of Atapuerca dated to c. 900 kyr (Table 1) (Lorenzo et al. 1999;
Pablos et al. 2012). In the European Middle Pleistocene some foot bones have been reco-
vered and studied, mainly from the Sima de los Huesos site in Atapuerca, Spain (Pablos
et al. 2013b, 2014, in press; Arsuaga et al. 2015), and some fossils from Arago in Tautavel,
France (Lamy 1982; Lumley 2015). During the Late Pleistocene more foot bones have
been found and studied, which belong mainly to Neandertals, Homo sapiens and Homo
floresiensis (Trinkaus 1975, 1983a; Vandermeersch 1981; Jungers et al. 2009a; Lu et al.
2011; Harvati et al. 2013).

The reconstruction of body size and stature is usually estimated using the long bones
(McHenry 1992; Carretero et al. 2012; Elliott et al. 2015). However, the dearth of com-
plete long bones does not always allow us to make such estimations. Thus, when there
are no complete long bones at a site, the preferred method is to use the foot bones in
order to estimate corporal size and stature (McHenry 1992; Pablos et al. 2013a; Boyle
and DeSilva 2015).
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The Foot in the Homo Fossil Record 13
Site/group  |Chronology |Species/population |Geography |Foot remains Main references
Shunura Unassociated talus, calca- 1.9. 3 amon
gul 2.2-2.36 myr |Early Homo (#) Ethiopia neus, phalanx and meta- | ;™ J
Formation others
tarsals
Olduvai 1.8-1.9 myr |Homo habilis #) |Tanzania Nearly complete feet, 2, 4 among others
phalanx and metatarsals
Koobi Fora |1.5-2 myr Early Homo (#)/ Kenya Several isolated elements 56,7, 8 among
Homo ergaster others
Early Homo #)/ South . 2,9, 10 among
Swartkrans |1-1.8 myr Homo ergaster Africa Several isolated elements others
Dmanisi ¢. 1.8 myr Homo erectus/geor- Georgia 11 elements from several 11,12
gicus individuals
TD6 level - 14 foot remais from sev-
Gran Dolina {900-950 kyr |Homo antecessor  |Spain eral adult and immature (13, 14, 15
(Atapuerca) individuals
Arago 400-600 kyr Homo erectus tau- France One fragmentary 16,17, 18
tavelensis metatarsal
Sima de los More than 500 foot
Huesos (Ata- |c. 430 kyr ¥* Spain remains (tarsals, metatar- {19, 20, 21, 22
puerca) sals and phalanges)
Jinniushan  [¢. 200 kyr  [Archaic Homo sapi-ley,, - fTwo feet from afemale o3 94 95
ens/Homo erectus individual
Omo-Kibish |c. 195 kyr Early Homo sapi- Ethiopia 11 ngments from a female 26,27, 28
ens (3) individual
. Multiple foot bones from
Neandertals Late Pleisto- | Homo neandertha- Eurasia different individuals 29, 30, 31, 32
cene lensis : . among others
(isolated and associated)
Late Pleis- . . Multiple foot bones from
tocene Homo Late Pleisto- Homo sapiens Africa and different individuals 29, 31 among
, cene Eurasia : . others
sapiens (isolated and associated)
more than. 30‘f0.0t bones
Liang Bua 17-95 kyr Homo floresiensis |Indonesia from LB1 individual, and 33, 34, 35, 36
cave several unassociated
elements

Table 1: Main sites with foot remains attributed to the genus Homo.

*The hominins from Sima de los Huesos usually have been classified as Homo heidelbergensis (Arsuaga
et al. 1997b). However, recent morphological (Arsuaga et al. 2014) and genetic (Meyer et al. 2014) studies
consider these hominins as ancestors of Neandertals. # The taxonomic assignation of these fossils is not
clear. They could belong to Homo, Australopithecus or Paranthropus. § This specimen has been assigned
to Early Homo sapiens (Day 1969), but several studies question the taxonomic affinity of these remains,
and they are considered a morphological gap between archaic and modern humans (Arsuaga et al. 1997b;
Pearson et al. 2008; Pablos et al. 2012).

Recent publications have appeared on the large collection (NR = 107) of foot fossils belonging to different
individuals of the species Homo naledi (Berger et al. 2015) from the Dinaledi Chamber in South Africa
(Harcourt-Smith et al. 2015). This site does not currently provide a precise chronology (Dirk et al. 2015)
and is therefore not included in Table 1.

Key to references: 1 = Deloison(1986). 2 = McHenry (1994). 8 = Gebo and Schwartz (2006). 4 = Day and
Napier (1964). 5 = Day (1976). 6 = Lamy(1983). 7 = Wood (1976). 8 = Boyle and DeSilva(2015). 9 = Sus-
man and de Ruiter(2004). 10 = Balter et al. (2008). 11 = Gabounia et al. (2002). 12 = Lordkipanidze et al.
(2007). 13 = Lorenzo et al. (1999). 14 = Berger et al. (2008). 15 = Pablos et al. (2012). 16 = Lamy (1982).
17 = Falgueres et al. (2004). 18 = Lumley (2015). 19 = Arsuaga et al. (2014). 20 = Pablos et al. (2013b). 21 =
Pablos et al. (2014). 22 = Pablos et al. (in press). 23 = Chen et al. (1994). 24 = Rosenberg et al. (2006). 25 =
Lu et al. (2011). 26 = Day (1969). 27 = Pearson et al. (2008). 28 = McDougall et al. (2008). 29 = Trinkaus
(1975). 30 = Trinkaus (1983b). 31 = Vandermeersch (1981). 32 = Harvati et al. (2013). 33 = Brown et al.
(2004). 34 = Roberts et al. (2009). 35 = Jungers et al. (2009b). 36 = Jungers et al. (2009a).
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It is also possible to obtain certain taxonomic information from foot remains (Day and
Napier 1964; Zipfel et al. 2011; Pablos et al. in press). Generally, however, taxonomic
assignment is proposed only when the foot remains are associated with cranio-mandi-
bular remains (Pearson et al. 2008; Zipfel et al. 2011; Pablos et al. in press), and this
usually only occurs in Neandertals, Late Pleistocene Homo sapiens and at sites that are
specially well preserved, such as at Dmanisi and Sima de los Huesos (Lordkipanidze et
al. 2007; Arsuaga et al. 2014).

A complete review is provided below of the foot remains of the Homo fossil record
throughout the world. The most important anatomical and metrical features describing
each species or taxonomic group are discussed. Furthermore, a review of the estimations
of body size and stature calculated with the foot remains is presented. Finally, the pos-
sible phylogenetic relationships within the genus Homo regarding the foot remains are
discussed. This last point refers mainly to the last members of human evolution and the
more abundant fossil record for this anatomical area.

In the Homo fossil record, more than two thousand foot fossils have been recovered
prior to modern humans (Fig. 1 and Table 1). However, most of them belong to Neander-
tals and Late Pleistocene Homo sapiens. Here it is important to emphasize that more
than 500 foot fossils have been recovered in a single site, the Middle Pleistocene site of
Sima de los Huesos (SH) in Atapuerca (Spain). All the skeletal elements are represented
at this site, including both cranial and postcranial bones, and even the ribs and tiny
distal pedal phalanges, indicating that entire corpses were accumulated here (Arsuaga
et al. 2014, 2015). Thus, the SH hominin sample has been proposed as an intentional
accumulation of cadavers by other hominins (Sala et al. 2015).
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Fig. 1: Foot bones of the genus Homo excluding modern humans.
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Early Pleistocene African record

The earliest evidence of the genus Homo is represented by the mandible Ledi-Geraru
LD 350-1 from Ethiopia, with a chronology of 2.75-2.8 myr (Villmoare et al. 2015). How-
ever, the oldest foot bones that could be assigned to Early Homo have a chronology of
2.2-2.36 myr (Deloison 1986, 1997; Gebo and Schwartz 2006). They include a talus (Omo
323-76-989) and a calcaneus (Omo 33-74-896) from the Early Pleistocene site of the
Shungura formation from Omo (Ethiopia). The talus is similar to modern humans and
KNM-ER 813 in total length, with a narrow trochlea, a short neck and a head absolutely
and relatively narrow (Gebo and Schwartz 2006). A narrow head relative to talar length
is also observed in this fossil, which could represent the primitive morphology in the
genus Homo (Pablos et al. in press).

The calcaneus Omo 33-74-896 possesses a large and robust peroneal tubercle (Gebo
and Schwartz 2006). It is slightly shorter than that in modern humans, and narrow with
a narrow sustentaculum tali compared with Sima de los Huesos hominins and Neander-
tals (Pablos et al. 2014). In both cases (the talus and the calcaneus from the Shungura
Formation), we must keep in mind that they could belong to the genus Paranthropus
(McHenry 1992, 1994).

Another important fossil in the Homo record of foot remains is the nearly complete
foot OH 8 from bed 1 of Olduvai in Tanzania (Day and Napier 1964), with a chronology
of around 1.8-1.9 myr (Walter et al. 1991). It consists of all the tarsals and metatarsals
of the left foot from the same individual. The calcaneus and the metatarsals are eroded
and lack some important parts. These fossils were originally described as paratypes of
Homo habilis (Leakey et al. 1964), but currently several authors consider the taxonomic
attribution of these fossils to Homo as unclear (Moya-Sola et al. 2008; DeSilva 2009).
This fossil belonged to a small-sized individual, which is reflected in the small size of all
the bones of this foot.

A distal hallucal phalanx (OH 10) (Day and Napier 1966) and a couple of metatarsals
(OH 43) from the third and fourth toes (Day 1973) were also discovered in the bed 1 at
Olduvai. The phalanx OH 10 is shorter than the later taxonomic groups and slightly
narrower than Neandertals and the hominins from Sima de los Huesos (Pablos et al. in
press).

If we assume that these fossils from Olduvai belonged to Homo habilis, it would con-
firm the small size of this species. These supposed Homo habilis foot fossils display some
derived human-like characteristics, consistent with a bipedal biomechanical pattern and
an adducted hallux (Day and Napier 1964; Berillon 2000; Harcourt-Smith and Aiello
2004).

There are some foot bones from Koobi Fora (Kenya), with chronologies between 2-1.5
myr (Day 1976; Lamy 1983). In this formation, it is not easy to associate cranial and
postcranial elements. Moreover, they represent fossils from the genus Homo, Paran-
thropus and Australopithecus, with it not always being possible to assign the postcranial
elements to a specific genus (Lamy 1983; Berillo, 2000; DeSilva 2009). Usually these foot
bones reflect adaptations to habitual bipedalism, with a morphology similar to modern
humans though smaller in size (Day and Leakey 1974; Wood 1976). This occurs espe-
cially with the talus KNM-ER 1476a, which is quite small. However, there is a talus
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(KNM-ER 5428) of 1.5-1.6 myr that displays a similar morphology to that of modern
humans, representing as well one of the biggest tali in the Homo fossil record (Boyle
and DeSilva 2015). These size differences in the sample from Koobi Fora could be due to
intraspecific variation (i.e., sexual dimorphism), or they could have belonged to a differ-
ent species or probably even different genus (Lamy 1983, 1986; Gebo and Schwartz 2006;
DeSilva 2009; Boyle and DeSilva 2015).

In South Africa, in the site of Swartkrans, a few foot remains belonging to genus
Homo have been recovered with a chronology of 1-1.8 myr (McHenry 1994; Susman and
de Ruiter 2004; Balter et al. 2008). As is the case with fossils from Koobi Fora, in this
Early Pleistocene site it is not always clear if the hominins belong to Homo or Paranthro-
pus. The foot bones from the early Pleistocene of South Africa display the same pattern
observed in the fossils from Koobi Fora. They belonged to bipedal individuals and show
a mosaic of derived human-like features and primitive ape-like features (Susman 1989;
McHenry 1994; Susman and de Ruiter 2004).

A new species from the genus Homo has recently been reported from the Dinaledi
Chamber in South Africa (Berger et al. 2015). More than 100 foot fossils have been recov-
ered from the species, which has been named Homo naledi (Harcourt-Smith et al. 2015).
The Homo naledi foot is predominantly modern-like in morphology and inferred func-
tion, with an adducted hallux, elongated tarsus, derived ankle and calcaneocuboid joints.
However, the H. naledi foot differs from modern humans with its reduced medial longi-
tudinal arch (Harcourt-Smith et al. 2015). The feet of this species correspond to small-
sized individuals similar to the supposed Homo habilis foot bones previously known.
Unfortunately, a precise chronology for the new fossils has yet to be determined (Dirks
et al. 2015). A reliable date is needed in order to make correct comparisons, mainly due
to the fact that, with Homo floresiensis, another small-sized species exists in the Homo
fossil record from the Late Pleistocene (Brown et al. 2004).

Early Pleistocene Eurasian record

The oldest site with foot remains found outside of Africa is Dmanisi (Georgia), with a
chronology of ¢. 1.8 myr (Gabounia and Vekua 1995). In this site, both cranial and post-
cranial hominin remains from different individuals assigned to Homo georgicus or Homo
erectus have been recovered (Gabounia et al. 2002; Lordkipanidze et al. 2013). This site
has yielded 11 hominin foot remains, including two tarsals, seven metatarsals and two
foot phalanges (Lordkipanidze et al. 2007; Jashashvili et al. 2010; Pontzer et al. 2010).
This sample represents an early presence of the genus Homo outside of Africa.

The morphology of the foot remains found in Dmanisi is human-like, but they belong
to small-sized individuals. They show a longitudinal and transverse arch, an adducted
hallux and a morphology of the ankle functionally similar to modern humans. However,
the metatarsals display a configuration similar to early hominins, including OH 8 and
Australopithecus. In general, the foot bones from Dmanisi are smaller than current popu-
lations, a point reflecting the small body size and stature of these individuals (Lordkipa-
nidze et al. 2007; Pontzer et al. 2010).
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Fig. 2: Foot remains from the Early Pleistocene TD6 level of Gran Dolina, Atapuerca (Spain).
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The human fossils found in the Early Pleistocene TD6 level of Gran Dolina in Ata-
puerca (Spain) were described as a new species, Homo antecessor (Bermudez de Castro
et al. 1997). In this level, with a chronology of around 900-950 kyr (Berger et al. 2008;
Cuenca-Bescos et al. 2015), cranial, dental and postcranial remains from at least 11 indi-
viduals have been recovered (Carbonell et al. 2005; Martinén-Torres et al. 2007; Ber-
mudez de Castro et al. 2010). In the TD6 sample, 14 foot remains have been identified
(Fig. 2), which include a talus, a fragment of a calcaneus, four fragments of metatarsals
and eight phalanges (Lorenzo et al. 1999; Pablos et al. 2012). The study of this material
established that the morphology of the metatarsals and phalanges of Homo antecessor
does not differ significantly from that of modern humans and the robust Neandertals
(Lorenzo et al. 1999). The recent discovery of more foot bones promoted the detailed
study of a talus and a fourth metatarsal, and the reconsideration of the second metatar-
sals that were previously published (Pablos et al. 2012).

The foot remains from TD6 belong to bipedal individuals, with transverse and longi-
tudinal arches, and human-like in morphology. Moreover, the talus ATD6-95 belonged to
a large-sized individual with large articular surfaces (Pablos et al. 2012), likely similar
in size to the Early Pleistocene talus KNM-ER 5428 from Koobi Fora (Boyle and DeSilva
2015). The association between the talus ATD6-95 and the second metatarsal ATDG6-
70+107 has allowed us to estimate a body mass of 76 kg and a stature of around 173 cm
for the supposed male individual to whom these foot fossils belonged (Pablos et al. 2012,
in press). Finally, the study of the fourth metatarsal ATD6-124 has established a broad
base in the fourth metatarsal as a likely shared derived trait in the evolutionary line of
Sima de los Huesos and Neandertals (Pablos et al. 2012, in press; Arsuaga et al. 2015).

The Middle Pleistocene African record

The main site containing a Middle Pleistocene foot record in Africa is the Kamoya’s
Hominid site, in the Omo River Valley (Ethiopia) (Day 1969). In this site, three partial
skeletons have been recovered (Omo-Kibish 1, 2 and 3), and their chronology is around
195 kyr (McDougall et al. 2008). Omo-Kibish 1 corresponds to an individual that is most
likely female with preserved cranial and postcranial elements (Day 1969; Pearson et al.
2008). These fossils were assigned to Early Homo sapiens (Day 1969). However, some
primitive traits in the cranium and the postcranial skeleton call into question the taxo-
nomic affinity of these individuals, and they are considered as a morphological gap bet-
ween late archaic and early modern humans (Arsuaga et al. 1997b; Pearson et al. 2008;
Pablos et al. 2012).

The studies carried out on the foot remains of Omo-Kibish 1 indicate that it is modern-
like biped (Pearson et al. 2008). However, it is morphologically different from Nean-
dertals, modern humans and the Middle Pleistocene population of Sima de los Huesos
(Pearson et al. 2008; Pablos et al. 2012, 2013b, in press). In general, the Omo-Kibish 1
foot belonged to a small individual with small articular surfaces and with the anatomical
traits required for bipedalism. Nevertheless, certain anatomical features differentiate it
from Neandertals and modern humans. The body mass estimate for this individual using
the talus is 54.1 Kg (Pablos et al. in press).
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The Middle Pleistocene Eurasian record

Unlike in Africa, there are several Middle Pleistocene sites in Europe and Asia that
have yielded hominin foot remains. The oldest one is located close to the village of Tau-
tavel (France). In the cave of Arago, situated in the French Pyrenees, abundant human
fossils belonging to several individuals have been recovered (Lumley and Lumley 1971),
with a chronology of 400-600 kyr (Falgueéres et al. 2004). These fossils were considered to
be of the species Homo heidelbergensis (Lumley 2010), but a recent study has classified
them as Homo erectus tautavelensis (Lumley 2015). Among the human fossils discovered
in Arago, just one foot bone, Arago 43, which is a fragmentary left second metatarsal, has
been recovered. It is human-like in morphology, but it is not very robust (Lamy 1982).

The Sima de los Huesos (SH) site in Atapuerca, Burgos (Spain), has yielded the lar-
gest collection of human bones in a single site. The SH site is located deep inside the
Cueva Mayor-Cueva del Silo karstic system (Arsuaga et al. 1997a). To date, more than
6800 human fossils have been recovered in this site (Sala et al. 2015), belonging to a
minimum of 28 individuals (Bermudez de Castro et al. 2004). All of the human bones in
SH come from the Lithostratigraphic Unit 6-LLU6, and are dated to c. 430 kyr (Arsuaga
et al. 2014; Aranburu et al. in press). In SH, both cranial (Arsuaga et al. 2014) and post-
cranial remains (Arsuaga et al. 2015) have been identified, belonging to the Neandertal
clade (Arsuaga et al. 2014).

More than 500 foot remains have been collected from SH (Pablos et al. in press). They
represent nearly the same specimens comprising the entire Neandertal record in the
world, and there are many more than what are found in the entire record of Homo fossils
previous to those of Homo sapiens and Neandertals (Fig. 1). In the SH sample, all skele-
tal parts of the foot are represented (tarsals, metatarsals and phalanges).

All the Homo fossil tali, including those from SH, display short necks compared to
modern humans. It was argued that a short neck is the product of an inverse relation-
ship between the length of the neck and the trochlea (Rhoads and Trinkaus 1977), which
indicates an increase in the articular surfaces and, hence, an increase in the body mass.
The SH tali and calcaneil show some variables similar to Neandertals. However, there
are a few features that differentiate the foot from SH and Neandertals. SH and Nean-
dertal tali share a broad lateral malleolar facet, which is even broader in SH than in
Neandertals (Pablos et al. 2013b). The calcanei from SH are broad and robust as those in
Neandertals, but the SH calcanei display a very projected sustentaculum tali, even more
so than found in Neandertals (Pablos et al. 2014).

One trait clearly allows us to distinguish between the Neandertal and SH foot: the
breadth of the head of the talus. The Neandertal tali have broad heads, while the SH tali
have narrow heads. If this variable is compared to the talar length, as a proxy of gene-
ral size, there are significant differences between Neandertals and the SH population
(Pablos et al. in press). In SH, the longer the talus is, the narrower the head. However, in
Neandertals, the longer the talus is, the broader the head.

Regarding the rest of the foot elements, the naviculars from SH are broader than
those of modern humans, and equally as broad as those of Neandertals. The intermedi-
ate cuneiforms from SH are shorter than those of Neandertals and modern humans. The
first metatarsals from SH are significantly broader than those of Neandertals (Pablos et
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al. in press), and the lateral metatarsals (III-V) are broader than those found in modern
humans and Late Pleistocene Homo sapiens (Arsuaga et al. 2015; Pablos et al. in press).
The existence of a narrow fourth metatarsal (ATD6-124) in the Early Pleistocene TD6
level of Gran Dolina, also in Atapuerca, indicates that a broad fourth metatarsal could
represent a derived trait in the evolutionary line of Neandertals and SH (Pablos et al.
2012). Finally, the phalanges of the hallux from SH are broad and robust, as in Neander-
tals (Pablos et al. in press).

In summary, the foot remains from SH are similar to Neandertals in having a broad
navicular and broad lateral metatarsals and phalanges. Most of these features are rela-
ted to the large corporal size of both populations, that of Sima de los Huesos and Nean-
dertals (Arsuaga et al. 1999). This robusticity pattern in SH and Neandertals possibly
constitutes the primitive condition, as was previously proposed (Arsuaga et al. 1999;
Lorenzo et al. 2015). However, there are a few traits that clearly differentiate SH from
Neandertals: the SH foot remains have a very broad lateral malleolar facet and a narrow
head in the talus, a very broad sustentaculum tali in the calcaneus, a short intermediate
cuneiform and a broad first metatarsal.

The foot remains from SH have been used to estimate the body mass and the stature
using different modern regression formulae (McHenry 1992; Pablos et al. 2013a). The
body mass, based on the medio-lateral breadth of the trochlea in the talus, has provided
a mean of 69.7 + 10.0 kg for the SH hominins. The estimated mean stature, based on
the total length of the talus, provided an estimate of 173.9 + 1.4 cm for males and 161.9
* 2.3 cm for females (Pablos et al. in press). These estimates are similar to those obtai-
ned using other postcranial bones, although the body mass calculated with the bi-iliac
breadth is higher (Bonmati et al. 2010), and the stature estimated with long bones is
slightly lower (Carretero et al. 2012).

In the Liaoning Province (China), in level 7 of the Middle Pleistocene site of Jinni-
ushan, a most likely female individual has been recovered that preserves both cranial
and postcranial remains (Lu 2003; Rosenberg et al. 2006). The chronology of this site is
around 200 kyr or older (Chen et al. 1994), and most of both feet are represented (Lu et
al. 2011). The foot of Jinniushan reveals a robusticity pattern that clearly distinguishes
it from modern humans, and it is similar to the robust Neandertal foot (Lu et al. 2011).
This foot offers evidence of stabilized longitudinal and transversals arches, while at the
same time retaining primitive features and characteristics of robust hominins, such as
a robust calcaneus, large trochlea of the talus and robust hallucal phalanges (Lu et al.
2011). The estimate of body mass (78.6 kg) with the pelvic remains reveals a broad indi-
vidual (Rosenberg et al. 2006). Furthermore, the body mass calculated with the talus
(74.4 kg) (Pablos et al. in press) is similar to that obtained with the pelvis (Rosenberg et
al. 2006).

Neandertals

Based on the study of the Neandertal foot from more than a century ago, several
features have been established as different from that of modern humans. In general,
Neandertal tarsals tend to be large, robust and have relatively large articular surfaces
(Trinkaus 1975, 1983a; Rhoads and Trinkaus 1977; Harvati et al. 2013). However, the
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Fig. 3: Foot of the La Ferrassie 2 Neandertal (France).

feet of Neandertals are indistinguishable from modern humans in the implied locomotor
capabilities, and similar in general dimensions and proportions (Fig. 3). These traits
have usually been associated with a high level of biomechanical stress and a greater
robusticity of the postcranial skeleton (Trinkaus 1975, 1983b; Rhoads and Trinkaus
1977; Vandermeersch 1981; Harvati et al. 2013).
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There are a few traits that are exclusive to the Neandertal feet, although their
ancestors, the hominins from Sima de los Huesos, share some of these traits. The Nean-
dertals present a relatively large trochlea of the talus, especially its lateral malleolar
facet, and a broad calcaneus with broad sustentaculum tali (Trinkaus 1975; Rhoads and
Trinkaus 1977; Vandermeersch 1981). These traits (the lateral malleolar facet of the
talus and the sustentaculum tali of the calcaneus) are broader in Neandertals than in
modern humans, but narrower than those of their ancestors, the hominins from Sima
de los Huesos (Pablos et al. 2013b, 2014). The naviculars of Neandertals, like those from
Sima de los Huesos, are broad, robust and have a great navicular tuberosity, which could
represent a derived trait in this evolutionary line (Trinkaus 1975; Harvati et al. 2013;
Pablos et al. in press). The lateral metatarsals and the phalanges of Neandertals are
wider than those of modern humans (Trinkaus 1975, 1983a, b; Trinkaus and Hilton 1996;
Pablos et al. in press). As was previously noted, in the case of the fourth metatarsals, a
broad base probably represents a shared derived trait in the evolutionary line of Sima de
los Huesos and Neandertals (Pablos et al. 2012, in press).

Several foot traits associate Neandertals with the Sima de los Huesos population.
However, there are some metric and morphological features that differentiate these two
samples/populations (Pablos et al. 2013b, 2014, in press). In sum, the Neandertal feet
are essentially robust in their articular surfaces when compared to modern humans.

The estimations of body size for Neandertals based on foot remains were calcula-
ted with the formulae provided by McHenry (McHenry 1992). Using the talus trochlear
breadth, a mean body mass of 67.4 + 8.7 kg has been calculated for Neandertals (Pablos et
al. in press). This value is slightly lower than that obtained using the talus from Sima de
los Huesos (Pablos et al. in press), which could indicate a gracilization process in the evolu-
tionary Neandertal line, parallel to what occurs in modern humans (Ryan and Shaw 2015).

Late Pleistocene Homo sapiens

The foot remains of the Late Pleistocene Homo sapiens are morphologically and func-
tionally quite similar to, but more robust than, modern humans. However, these speci-
mens display tali with short necks, as is the case for all Homo fossils, and probably the
result of a long trochlea (Rhoads and Trinkaus 1977; Vandermeersch 1981; Pablos et
al. in press). Moreover, tali of the populations from the Late Pleistocene that belong to
Homo sapiens display a trochlea of the talus with wedged sides (Pablos et al. in press).

Homo floresiensis

To the South of the Wallace line, no other hominin other than Homo sapiens was
known until 2004. In this year, a new species was discovered in the cave of Liang Bua
(Flores Island, Indonesia): Homo floresiensis (Brown et al. 2004). These findings include
several cranial and postcranial human bones belonging to a small-bodied species. The
chronology of the site is between 17 kyr and 95 kyr (Roberts et al. 2009). Among the enor-
mous quantity of human fossils, a partial skeleton from a female adult individual (LB1)
with more than 30 foot bones and several unassociated foot remains stands out (Jungers
et al. 2009a, b). The foot of Homo floresiensis is long in relation to the femur and the tibia
when compared with modern humans. However, the human-like robusticity pattern of
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the metatarsals and a short and adducted hallux indicate a bipedal pattern for this
hominin (Jungers et al. 2009a). The size of the talus and the foot of LB1 are comparable
to the Australopithecus afarensis specimen AL 288-1. The feet from Flores are similar
to modern humans with regard to some features. But they are considered intermediate
between humans and African apes in other respects, such as, for example, the primitive
navicular or the poorly developed longitudinal arch (Jungers et al. 2009a, b).

Discussion and conclusions

Despite the paucity of human foot remains from the genus Homo, even if the fossils
with uncertain taxonomic affinity are included, it is possible to establish that most of
them display some characteristics related to bipedalism, i.e., the presence of both longi-
tudinal and transverse arches, an adducted hallux and a robusticity pattern of metatar-
sals similar to modern humans (Day and Napier 1964; Trinkaus 1983a; Deloison 1997,
Berillon 2000; Lordkipanidze et al. 2007; Boyle and DeSilva 2015; Pablos et al. in press).

From the first representatives of the genus Homo, it can be said that there are two
morphotypes or bauplans. There are a few Early Homo remains that belonged to small-
sized individuals (Day and Napier 1964; Day and Leakey 1974; Day 1976; Lordkipanidze
et al. 2007), with other foot bones belonging to modern-like individuals in terms of size
having been identified (Deloison 1986, 1997; Gebo and Schwartz 2006; DeSilva 2009;
Boyle and DeSilva 2015; Arsuaga et al. 2015). This could be explained by intraspecific
variation in Early Homo (e.g., sexual dimorphism) or the fact that they belonged to dif-
ferent species, or even different genus, as was previously proposed (Day 1976; Berillon
2000; Gebo and Schwartz 2006; Moya-Sola et al. 2008).

Through the evolution of the feet in the genus Homo, it can be observed that an incre-
ase in body size, robusticity and stature has taken place in the later stages of human
evolution, similarly to Homo ergaster, Homo antecessor, Neandertals and the hominins
from Sima de los Huesos (Trinkaus 1983a; Arsuaga et al. 1999, 2015; Gebo and Schwartz
2006; Lu et al. 2011; Pablos et al. 2012, in press; Boyle and DeSilva 2015). However, in
the early specimens of the genus Homo, there are feet belonging to small-sized indivi-
duals (Day and Napier 1964; McHenry 1994; Lordkipanidze et al. 2007) and large-sized
individuals (Wood 1976; Gebo and Schwartz 2006; Boyle and DeSilva 2015). In this con-
text, it 1s important to emphasize the small size of the feet from the Late Pleistocene
species Homo floresiensis (Jungers et al. 2009a, b), especially because all the other foot
bones belonging to the genus Homo from the Middle Pleistocene are large-sized individu-
als. This could be related to an evolutionary relationship between Homo floresiensis and
earlier hominins such as Homo habilis, or even Australopithecus (Jungers et al. 2009a).

Although it is difficult to establish phylogenetic relationships based solely on foot
remains, it is possible to make an approximation with the current data. This is true
especially for the evolutionary line that gave place to Neandertals due to the Atapuerca
discoveries. The studies of Neandertal feet have proposed several traits exclusive to this
group/population (Rhoads and Trinkaus 1977; Vandermeersch 1981; Trinkaus 1983a;
Harvati et al., 2013; Pablos et al. 2013b, in press). Most of these Neandertal features are
associated with a large corporal size and increased biomechanical stress (Trinkaus 1975,
1983a; Rhoads and Trinkaus 1977; Vandermeersch 1981; Harvati et al. 2013). Some of
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the traits characteristic of Neandertals are similar to those found in the hominins from
Sima de los Huesos, such as, for example, the robust naviculars and lateral metatarsals
(Pablos et al. 2013b, 2014, in press; Arsuaga et al. 2015). This broad, large and robust
morphotype found in Neandertals as compared with their ancestors, the hominins from
Sima de los Huesos, could be explained by the phylogenetic relationship between these
two populations (Arsuaga et al. 2014, 2015). However, there are a few traits exclusive
to Neandertals (e.g., a broad head of the talus), and others exclusive to the hominins
from Sima de los Huesos (e.g., a relative and absolutely narrow head of the talus, very
broad lateral malleolar facet in the talus and very broad sustentaculum tali in the cal-
caneus) (Pablos et al. 2012, 2013b, 2014, in press; Arsuaga et al. 2015). As mentioned
above, Neandertals are, in some of these characteristics, broad, while at the same time
narrower than the hominins from Sima de los Huesos (e.g., lateral malleolar facet in the
talus and sustentaculum tali in the calcaneus). This suggests a gracilization process in
Neandertals.

In summary, the morphology of the foot is similar throughout the genus Homo, but
several bauplans could be proposed. In the first stages of the genus Homo, there were
biped individuals, with both large- and small-sized individuals. Later, a group of archaic
Homo existed, which were tall, broad and robust (e.g., Homo erectus/ergaster, Homo
antecessor, the hominins from Sima de los Huesos and Neandertals). And finally, modern
humans appeared, who were tall hominins, though narrow and gracile (Trinkaus 1975;
McHenry 1994; Lordkipanidze et al. 2007; Boyle and DeSilva 2015; Arsuaga et al. 2015;
Pablos et al. in press). Modern humans were more gracile than their ancestors, but
Neandertals were also more gracile than their own ancestors, the hominins from Sima
de los Huesos. Hence, a parallel gracilization process occurred in both the Neandertal
and modern human lineages.
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