A Partial Neandertal Foot From the Late Middle Paleolithic of Amud Cave, Israel
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ABSTRACT
Excavations of Amud Cave in 1991-1994 yielded 14 hominin skeletal specimens (Amud 5-19) in addition to those
recovered in the 1960s. Amud 9 is a partial right distal leg and foot that preserves portions of the distal tibia, talus,
first metatarsal, first proximal phalanx, and a middle and distal phalanx of digit II-IV. The bones are fairly small
and likely belonged to a female. The talus features a strongly projecting fibular articular facet in common with
Neandertals and many tali from Sima de los Huesos. Discriminant analysis of the talus shows that its nearest
match lies among tali from Sima de los Huesos, a result primarily attributable to its moderately enlarged posterior
trochlear articular breadth. The first metatarsal falls among Neandertals in discriminant space. The pedal phalan-
ges are short and broad, in common with other Neandertals. The length of the first metatarsal and talus predict
a female’s stature of 160-166cm and the width of the talar trochlea predicts a body mass of 59.9kg. The bones
were found within anthropogenic deposits dated date to 55 ka, very close in time to the proposed main pulse of
Neandertal interbreeding, as inferred from living people’s DNA, and slightly before the first appearance of Upper

Paleolithic industries.

INTRODUCTION

he Middle to Upper Paleolithic transition in Israel and

adjacent areas is a matter of extreme interest due to its
arguable association with the dispersal of modern humans
from Africa (Alex et al. 2017; Bar-Yosef 2000; Douka et al.
2013; Foley and Lahr 1997; Hublin 2015; Mellars 2005, 2006;
Rak 1993; Rebollo et al. 2011; Rose and Marks 2014; Shea
2007, 2008). Many other scientists remain skeptical or ag-
nostic about the role of a late dispersal of modern humans
from Africa in transforming the material culture of Eur-
asia (e.g., Greenbaum et al. 2019a, 2019b; Kuhn and Zwyns
2014). Genetic evidence places the dispersal of modern hu-
mans from Africa at ~70-50 ka (DiGiorgio et al. 2009; Fa-
gundes et al. 2007; Fu et al. 2013, 2014; Henn et al. 2012; Li
and Durbin 2011; Mallick et al. 2016; Schiffels and Durbin
2014; Scozzari et al. 2012; Soares et al. 2012; Wei et al. 2012),
close to the inferred date of interbreeding that has left a
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~1-3% Neandertal contribution in the genome of living
humans outside of Africa (Kuhlwilm et al. 2016; Meyer et
al. 2012; Sankararaman et al. 2014, 2016; Priifer et al. 2017).
The major pulse of admixture from Neandertals dates to
1843-2018 generations ago (48,178-64,036 years ago) based
on the 95% credible intervals of the average of DECODE
and linkage disequilibrium (LD) data sets for Europeans
(Sankararaman et al. 2012). Based on ancient DNA, the ad-
mixture predated the Ust’-Ishim individual, directly radio-
carbon dated 45 ka, by 232-430 generations (6,728-12,470
years at 29 years per generation), i.e., 51.7-57.4 ka (Fu et al.
2014). The midpoint of these estimates for admixture falls
at 55 ka, which is also the suggested uranium-series age
for Manot 1, the earliest modern human from the Levant
(Hershkovitz et al. 2015) and very close to the means for
TL and ESR-TIMS ages for subunits B1 and B2 at Amud
Cave (Rink et al. 2001; Valladas et al. 1999), the strata that
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contained all but one of the hominin remains (Hovers et al.
1995; and see below).

Renewed excavation of Amud Cave (Figure 1) in 1991-
1994 (Hovers 1998, 2004; Hovers et al. 1991, 1995), yielded
14 Neandertal specimens (Amud 5-19; Hovers et al. 1995;
Rak et al. 1994), which add to the four specimens (Amud
I-IV) recovered during excavations in the 1960s (Suzuki
and Takai 1970). The original description of Amud I, an
adult male skeleton recovered in 1961, emphasized the
“progressive” morphology of the cranium (Suzuki, 1970)
and aspects of the postcranial skeleton (Endo and Kimura
1970), which fit the dominant interpretation at the time that
modern humans, as represented by the fossils from Skhul
and Qafzeh, postdated and had evolved from “progres-
sive” Neandertals in the Near East (Howell 1957, 1958; see
discussion in Rak 1998). The hypothesis of an evolution-
ary sequence leading from Near Eastern Neandertals to the
earliest modern humans remained influential (Smith et al.
1989; Trinkaus 1983, 1984), even in the face of faunal evi-
dence that the early modern humans from Qafzeh predated
most of the Levantine Neandertals (Bar-Yosef and Vander-
meersch 1981), a deduction that was substantiated by sub-
sequent TL and ESR dates for Qafzeh (Schwarcz et al. 1988;
Valladas et al. 1987, 1988, 1998) and Skhul (Mercier et al.
1993; Stringer et al. 1989).

During the 1990s, emphasis shifted from general com-
parisons of proportions and morphological details (Mc-
Cown and Keith 1939; Trinkaus 1983, 1984; Vandermeersch
1981) to cladistic features that differentiated Neandertal
and modern human crania and postcrania (e.g., Rak 1986,
1990, 1991; Rak and Arensburg 1987; Rak et al. 1994, 1996;
Tillier 1989). Within this perspective, at least three hominins
from Amud (Amud I, II, and 7) possessed derived features
of Neandertals and thus could be considered as such (Hov-
ers et al. 1995; Lavi 1994). At the same time, other authors
noted that in some features Neandertals and early modern
humans from Skhul and Qafzeh overlapped (Arensburg
1991; Arensburg and Belfer-Cohen 1998; Trinkaus 1995),
sometimes in ways that separated both from more recent
humans (Rhodes and Trinkaus 1977; Tillier 1989, 1998,
1999; Vandermeersch 1981).

The temporal context of Amud Cave, the presence of
hominin fossils, and the rich archaeological record excavat-
ed from the site (see below) have rendered it a key site for
questions related to the shift from the Middle to the Upper
Paleolithic in the Levant. The current paper describes and
analyzes the Amud 9 fossil and presents some implications
of how it might inform the discussion.

OVERVIEW OF THE SITE OF AMUD

The Middle Paleolithic (MP) occupation of Amud Cave is
known through a series of publications pertaining to its
chronology, site formation processes, human remains, lith-
ic typo-technology, raw material acquisition and use, cli-
matic shifts based on faunal and isotopic studies, plant use,
hunting territories, and spatial organization of the cave’s
use (Alperson-Afil and Hovers 2005; Belmaker and Hovers
2011; Ekshtain et al. 2017; Hallin et al. 2012; Hartman et al.

2015; Hovers 2004, 2007; Hovers et al. 1995, 2000, 2011; Kol-
ska Horwitz and Hongo 2008; Krakovsky 2017; Madella et
al. 2002; Rabinovich and Hovers 2004; Rak et al. 1994; Rink
et al. 2001; Shahack-Gross et al. 2008; Suzuki and Takai
1970; Valladas et al. 1999; Zeigen et al. 2019)spatial studies
of Middle Paleolithic remains often focus on sites with rela-
tively low densities of finds and with clear stratigraphic
and spatial features that help distinguish demarcated areas
within sites. Sites with complex stratigraphies, high find
densities and no clear spatial features are less often stud-
ied. Here we re-port on a case study from the Neandertal
site of Amud Cave (Israel. The site’s stratigraphy, initially
established in the 1960s (Chinzei 1970), was confirmed and
elaborated by the later excavations (Hovers 2004; Hovers
et al. 1991, 2017). Apart from disturbed sediments of Unit
A, which contained historic artifacts or a mix of prehistoric
lithics and historical artifacts, all the sediments at the site
are MP in age (Unit B). Stratigraphic subunit B4 directly
overlies bedrock and has a weighted mean Thermolumi-
nescence (TL) date of 68.5+3.4 ka (Valladas et al. 1999).
Subunit B3 is archaeologically sterile and consists of gravel
from the disintegration of the cave roof and walls. The over-
lying subunits B2 and B1 produced weighted average ages
of 56.5+3.5 ka, and 57.6%3.7 ka, respectively (Valladas et al.
1999). Notably, the ages of subunits B2 and B1 are statisti-
cally indistinguishable, indicating a period of rapid deposi-
tion from more intensive or frequent occupation of the site
(Hovers 2004; Hovers et al. 2017). Combined electron spin
resonance (ESR) and thermal ionization mass spectromet-
ric (TIMS) #°Th/?*U analysis of six teeth provided ages of
5348 ka for subunit B1, 61+9 ka for B2, and 70+11 ka (Rink et
al. 200; a single date of 113+18 ka subunit B4 is considered
an unexplained outlier). Thus, the absolute dates largely
agree and indicate that almost all the MP hominins from
the site derive from subunits B2 and B1 (Hovers et al. 1995;
see Figure 1). The sole exception is Amud IV, a temporal
bone of a three-year-old child, described by Suzuki and
Takai as originating from subunit B4. The dates place the
Amud hominins among the last Neandertals known from
the Levant. The cave’s roof started collapsing during the
time of deposition of subunit B3 and continued during the
deposition of B2. Much of the large debris from this col-
lapse appears to have washed into the drainage when the
Late Pleistocene Rift Valley lakes started drying out and the
erosional base deepened (Inbar and Hovers 1999).
Watanabe’s (1970) analysis of the lithics from the site
concluded that they belonged to a transitional industry
between the MP and Upper Paleolithic (UP). Ohnuma’s
(1992) small-scale study later analyses (of a larger sample of
lithics: Alperson-Afil and Hovers 2005; Hovers 1998, 2004,
2007) concluded that the Amud assemblages fell within the
range of variability of later MP (100-55 ka) assemblages
from the Levant, with an extensive use of unipolar Leval-
lois flaking combined with the use of centripetal modes. In
sites such as Tabun, Dederiyeh, and Kebara, broadly similar
assemblages are associated with Neandertals, but variabil-
ity is high among assemblages and this relationship is not
exclusive (e.g., Abadi et al. 2020; Ekshtain and Tryon 2019;
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Figure 1. Excavations at Amud Cave.
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Figure 2. Amud 9 fossils in situ.

Hovers and Belfer-Cohen 2013). The more recent analyses
of the lithics do not support the hypothesis that the Amud
assemblages are transitional.

CONTEXT OF THE AMUD 9FOSSIL

The fossil remains from Amud Cave collected in 1991-1994
include Amud 9, a partial right distal leg and foot that pre-
serves portions of the distal tibia, talus, first metatarsal,
first proximal phalanx, a middle and distal phalanx of digit
II-IV, and a sizable number of tiny, unidentifiable bone
fragments that must have derived from the tibia, fibula,
or other elements (Figure 2). Amud 9 was recovered at the
end of the field season in 1993, when the bones were dis-
covered protruding from the excavated profile, embedded
in sediment underneath a large block (ca. 1.0m x 0.6m x
0.5m) of the cave’s roof fall. The season was extended by a
few days to allow safe removal of the hominin remains. The
bones and the bottom of the fallen rock were separated by
some 10cm of sediments containing Mousterian artifacts,
suggesting that some time elapsed after the bones were de-
posited in the sediment and before the rock collapsed on
top of them. Thus, neither death of the individual nor the
burial of the bones are a direct result of the rock fall. When
the block was removed no additional complete parts of a

skeleton were found beneath it. The sediment containing
the foot bones was encased with plaster and the fossil was
removed to the lab for delicate excavation.

The sediment surrounding Amud 9 contained many
bone fragments, and Fourier-transform infrared spectros-
copy of samples from the sediment beneath the rock refut-
ed the hypothesis that the skeleton might have been lost to
diagenesis (e.g., Weiner et al. 1993), since calcite (CaCO,), a
more soluble mineral than bone mineral, was preserved be-
low the block (Weiner, personal communication 1994; Hov-
ers et al. 1995). Despite the time elapsed between bone de-
position and rockfall (expressed by the amount of sediment
covering the bones), the collapse of the large block from the
roof may have completely pulverized all bone including
hominin remains in an area of 3-4m? (Hovers et al. 1995),
rendering the survival of the articulated foot fortuitous.

Excavation photographs of Amud 9 in situ (Figure 2)
show several skeletal elements that later crumbled into
small fragments and are now unsuitable for analysis. These
lost elements include the distal fibula including the lateral
malleolus, an additional metatarsal, that had a fairly long
diaphysis and a relatively square base in superior view,
and possibly the head of another metatarsal that lies about
lcm below the base of the first metatarsal. Enough of the
other bones have survived that a substantial amount of
comparisons and analysis are possible. The morphology
and affinities of this specimen are the focus of this paper.

MATERIALS AND METHODS

A set of standard measurements (see Tables 2, 5, 8, 9, and
10 below) were made on the bones of Amud 9 with dial
calipers by OMP in the Department of Anatomy, Sackler
School of Medicine at Tel Aviv University, in 2012. Com-
parative data were drawn from a large set of measurements
of fossil and recent tali and first metatarsals assembled by
AP (Table 1; Arsuaga et al. 2015; Pablos 2013a, 2013b, 2017;
Pablos et al. 2019a). Additional Neandertal tali from Shani-
dar 5 (Pomeroy et al. 2017) and El Sidrén (Rosas et el. 2017)
were added to the data set but lacked one or more mea-
surements that could be taken on Amud 9, and thus were
excluded from the summary statistics in Tables 2 and 4 (see
below). These tables include only specimens that preserved
all of the measurements used in the discriminant analyses
(see below). Comparative data for the hallucal proximal
phalanx and the intermediate and distal pedal phalanges
were drawn from the literature (McCown and Keith 1939;
Trinkaus 1975a, 1983; Trinkaus and Hilton 2006; Trinkaus
and Shang 2008; Trinkaus et al. 2014; Vandermeeresch 1981)
or measured directly on Amud I, Qafzeh 8, and Qafzeh 9 by
OMP during his study visit.

Since affinity to groups of fossil hominins is a key ques-
tion for Amud 9, discriminant analyses were performed on
measurements of the talus and then the first metatarsal of
fossil and recent humans in order to create a discriminant
space into which Amud 9 was subsequently interpolated.
Statistical analysis was conducted using JMP 6.0 (SAS In-
stitute, Cary, NC).

Additional points of interest are the estimation of body
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Talus

Metatarsal I

Sima de los Huesos®

AT-860 (L), AT-965 (L), AT-966
(R), AT-980 (L), AT-1716 (L),
AT-1822 (R), AT-1930 (R), AT-
1931 (R), AT-2495 (R), AT-2803
(L), AT-3132 (L), AT-4425 (R)

Neandertals

Kiik-Koba 1 (R)b, Krapina 235
(L)b, Krapina 236 (L)°, Krapina
237 (R)b, La Chapelle-aux-Saints
(L)¢, La Ferrassie 1 (R)¢, La
Ferrassie 2 (L)¢, La Quina H1
(R)s, Le Régourdou 1 (R), Spy 2
(L)s, Tabun C1 (R)e

Gabasa (Gal.Rev.439) (L), Kiik-
Koba 1 (R)b, Krapina 245 (R)®, La
Ferrassie 1 (L)<, La Ferrassie 2 (L)¢,
Shanidar 1 (L)}, Spy 25D (L),
Tabun C1 (R)e

Middle Paleolithic Modern
Humans

Qafzeh 3 (L)4, Qafzeh 8 (L)d,
Qafzeh 9 (R)4, Skhul IV (L)e,
Skhul V (L){, Skhul VI (L)s

Qafzeh 3 (R)4, Qafzeh 8 (R)4, Skhul
I (L), Skhul IV (L)x

Upper Paleolithic

Cro-Magnon 4337 (L)<, Cro-
Magnon 4338 (R)s, Gough'’s
Cave 1 (R)¢, Abri Pataud 1 (R)e

Arene Candide 3 (L)}, Arene
Candide 5 (R)},

Arene Candide 10 (R)},
Arene Candide 13 (L)',
Baousso da Torre 1 (L)™, Cro-
Magnon 4345-Bis (R)s, Gough'’s
Cave 1 (R)¢, Oberkassel 1 (L),
Oetrange 1°, Ohalo 2 (R)°, Abri
Pataud 1 (R)¢, Paviland 1 (R)»,
Predmosti III (R)9, Tagliente 1 (R)"

Recent Humans

111 individuals from the
Hamann-Todd Collection: 29
African American males¢, 29

African American femalesc, 26
Euro-American malesc, 27 Euro-
American females¢

194 individuals from the Hamann-
Todd and AMNH collections: 40
African American femalesc, 40
African American males¢, 54 Euro-
American femalesc, 60 Euro-
American males¢

aData from Pablos et al. (2013a).
bData collected by Pablos from casts.

Data collected by Pablos on the original specimens.

dData from Vandermeersch (1981).

eData from McCown and Keith (1939); Endo and Kimura (1970); and Trinkaus (1975a).

fData from McCown and Keith (1939); Trinkaus (1975a); and Carlos Lorenzo, personal communication to Pablos.

gData from McCown and Keith (1939); Trinkaus (1975a); Gambier (1981); and Carlos Lorenzo, personal communication to Pablos.
hData from Carlos Lorenzo, personal communication to Pablos.

iData from Trinkaus (1977, 1983).

iData from McCown and Keith (1939); and Trinkaus (1975a).

kData from McCown and Keith (1939).
IData from Paoli et al. (1980).

mData from Villotte et al. (2017).

nData from Trinkaus (2015).

°Data from Trinkaus, personal communication to Pablos.

rData from Trinkaus and Holliday (2000).
dData from Matiegka (1938).
Data from Corrain (1977).
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Figure 3. Right distal tibia of Amud 9: A) anterior; B) posterior; C) medial; D) inferior view (anterior is to the bottom).

mass and stature. Body mass was estimated from the for-
mula for the width of the articular surface (M-5) of the talus
published by McHenry (1992). Stature was estimated from
formulae based on talus length and length (M-1a) of the
first metatarsal (M-1) published by Pablos et al. (2013b). In
order to provide a statistically informed estimate of the sex
of Amud 9, we applied discriminant functions based on re-
cent humans (Alonso-Llamazares and Pablos 2019).

DESCRIPTIONS AND ANALYSIS

LOST ELEMENTS

Between excavation and analysis, several bones of Amud
9 had disintegrated and are no longer suitable for analy-
sis. Some measurements of the lost elements are possible,
scaled relative to the scale bar visible in the photograph.
Some of the elements appear to be slightly angled relative
to standard anatomical planes, which will also distort the
apparent measurements. Thus, the measurements based on
the field photograph should be seen as approximate. The
fibula measured 106mm from its distal end and the later-
al malleolus maximum antero-posterior (AP) diameter of
29.7mm. The distal portion of the fibular diaphysis appears
to be relatively narrow (11.4mm AP) just superior to the
lateral malleolus, which flares slightly anteriorly and mark-
edly posteriorly from the point of minimum thickness. The
maximum length of the metatarsal I in the photograph
is 56.6mm (versus 57.2mm on the actual bone), while the

length of the metatarsal II (or III?) is 71.6mm. The metatar-
sal II (or III) has a distal epiphysis breadth of 17.6mm, prox-
imal epiphyseal breadth of perhaps 18.6mm (sediment par-
tially covers one side), and a midshaft medio-lateral (ML)
breadth of 9.4mm. Many of these dimensions are close to
those of Tabun C1. McCown and Keith (1939) list (74.0mm)
and 72.0mm for the total length of Tabun C1’s right meta-
tarsal II and III, respectively. These observations suggest
that Amud 9 and Tabun C1 were roughly similar in size.

DISTAL TIBIA

The distal tibia of Amud 9 comprises a crushed fragment
that measures 68mm from superior to inferior (Figure 3).
The distal articular surface is largely preserved but bears a
series of small cracks that cross its surface, exposing cancel-
lous bone superiorly. The anterior face of the distal epiphy-
sis above the talar articular surface is preserved and bears
a shallow fossa, the preserved portion of which measures
10.4mm wide by 4.7mm high. The fossa likely originally
measured approximately 15mm in width and corresponds
to a squatting facet (Boulle 2001a, 2001b; Trinkaus 1975b).
The medial malleolus is largely preserved; it measures
13.7mm wide just distal to its junction with the distal ar-
ticular surface. The ML breadth of the distal epiphysis (the
projected distance from the most indented part of the rim of
the notch to the medial-most point on the medial malleolus,
measurement T9 of Pearson [1997]) measures 42.8mm; the
corresponding measurement on Tabun C1 is 43.1mm and



104 * PaleoAnthropology 2020

Figure 4. Right talus of Amud 9: A) superior; B) inferior; C) lat-
eral; D) medial; E) anterior; D) posterior view.

that of La Ferrassie 2 is 43.2mm (Pearson 1997). Male Nean-
dertals tend to have a wider distal epiphysis (52.2+2.9mm
for five males (Pearson 1997). Been et al. (2017) report a
slightly different measurement (maximum ML width of
the distal epiphysis) of the right tibia of EQ3, a probable
male, as 51.1mm. The same dimension is smaller, and simi-
lar in size to Amud 9, among the MP modern humans from
Skhul, Qafzeh, and Omo Kibish (43.5+2.1mm; n=4; Pearson
1997), despite the fact that some of these early modern hu-
mans were notably taller than Neandertals (Carretero et al.
2012). The AP diameter of the distal epiphysis of Amud 9
cannot be reliably taken due to abrasion of the posterior
side of the distal epiphysis.

Only small fragments that probably originally derived
from distal fibula remain; these tiny fragments are too
poorly preserved for analysis.

TALUS

The right talus of Amud 9 is essentially complete (Figure 4;
Table 2). It has a relatively short talar head and neck rela-
tive to the length of the trochlea, a small medial extension
of the trochlear surface combined with a slight anterior
extension of the articular surface for the medial malleolus
(Barnett 1954; Trinkaus 1975a), a laterally flaring articular
facet for the fibular malleolus, a fairly broad posterior por-
tion of the trochlea that makes the medial and lateral edges
of the trochlea seem almost parallel, and a projecting lat-
eral lip of the groove for the tendon of the flexor hallucis

longus. Many of these features recall those of Neandertals
as well as those of the hominins from Sima de los Huesos.

The distinctiveness of Neandertal tali relative to those
of modern humans is well known (Pablos et al. 2012, 2013a,
2019a; Rhoads and Trinkaus 1977; Trinkaus 1975a, 1983).
In general, Neandertals have a relatively short AP length
of the talar head and neck relative to the length of the talar
trochlea and a large, laterally projecting facet for the lateral
malleolus (Gambier 1982; Pablos et al. 2013a; Rhoads and
Trinkaus 1977; Trinkaus 1983). Rosas et al.’s (2017) geomet-
ric morphometric analysis of Neandertal tali from El Sidrén
corroborates previous observations of the Neandertal pat-
tern of morphology but adds interesting new details—the
shortness of the neck and head is not due to lengthening of
the trochlea in proportion to the combined length of both.
The expansion of the trochlea involves both of its articu-
lar facets, the medial trochear facet shows more anterior
curvature than modern humans, the medial and lateral
trochlear rims are more equal, and the calcaneal facet has a
notably large lateral extension. The analysis of the hominin
tali from the Middle Pleistocene site of Sima de los Huesos
demonstrates that, in comparison to most recent humans,
they share a proportionately short head plus neck and lat-
erally projecting articular facet for the lateral malleolus (a
trait that is even more exaggerated in Sima de los Huesos
than in Neandertals), and a relatively wide posterior por-
tion of the trochlea (Arsuaga et al. 2015; Pablos et al. 2013a,
2017). However, Neandertals tend to have a ML wide head
of the talus in comparison to modern humans, while tali
from Sima de los Huesos tend to have a head that is propor-
tionately narrow ML relative to modern humans and even
more so relative to Neandertals (Pablos et al. 2013a, 2017).

The sub-talar joints of Amud 9 feature a relatively
large, posterior calcaneal facet that is bounded an inferiorly
projecting edge on its lateral side. The sulcus tali is deep
and fairly wide, possibly indicating a strong talocalcaneal
ligament. The medial and anterior calcaneal facets on the
inferior surface of the neck and head are fused into a single
facet shaped like a comma with its tail tapering along the
antero-medial side of the inferior edge of the head. Amud
9’s junction between the anterior and medial facets forms
a gentle curve rather than a distinct angle. Fusion of these
facets is common in Neandertals, occurring in Shanidar 1,
Amud I, Shanidar 5, and in 89.7% of a pooled sample 29
Neandertal tali (Pablos et al. 2012; Pomeroy et al. 2017; Ro-
sas et al. 2017; including 2 of 4 observable El Sidron tali
as having completely fused facets), and 100% of 17 observ-
able tali from Sima de los Huesos (Pablos et al. 2012, 2013a).
Fusion of the facets is also common but less frequent in
samples of recent humans, who have frequencies ranging
between 55-75% (Pablos et al. 2012; Pomeroy et al. 2017;
Trinkaus 1975a).

Body mass was estimated from the breadth of the ta-
lar trochlea (M-5; McHenry 1992). In the case of Amud 9,
the value for M-5 is 26.8mm, which provides an estimate
of 59.9kg -7.7/+8.9kg (52.2-68.8kg [+1 standard deviation
range]) for the individual.

Based on the best-fit regression formula published by
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TABLE 2. MEASUREMENTS OF THE TALUS.

Martin Description Amud9 | Neandertals | MPMH UP Recent SH
number* (n=12) (n=6) (n=4) (n=111) (n=12)
M1 Talar Length 48.2 50.7+3.6 53.3+4.1 | 51.9+34 | 52.8+4.0 | 51.8+3.6
Mila Total length 53.9 - - - - -
M2 Total breadth 38.6 44.6+4.3 441+2.7 | 43.5+1.8 | 40.7+3.6 | 41.9+3.6
M3 Talar height 27.3 31.0+£3.3 32.3¢1.3 | 30.8+1.2 | 29.0+4.0 | 29.3+2.6
M4 Trochlear length 30.0 33.1+3.4 34.7¢1.8 | 33.2+2.0 | 33.0+2.7 | 32.7+2.2
M5 Width of the 26.8 28.8+2.2 28.4+3.0 | 29.5+1.8 | 29.4+2.6 | 29.5+1.8
trochlea
M5(1) Posterior width of 25.6 26.6+2.6 253+4.3 | 25.9+19 | 26.0+2.5 | 27.5+1.9
the trochlea
M5(2) Anterior width of 26.1 -~ -~ -~ -- --
the trochlea
M6 Height of the 13.3 = = = = =
trochlea
M8 Length of the head 13.8 19.4+1.9 19.2+2.5 | 22.1+1.4 | 23.1+29 | 20.2+14
and neck
M9 Length of the neck 30.1 34.7+3.7 33.6£3.5 | 34.2+3.0 | 32.5+3.0 | 30.5+2.3
M10 Width of the neck 20.8 22.9+2.1 22.6+2.4 | 22.4+1.3 | 22.8+2.0 | 22.3+1.7
Mi11 Height of the neck 5.1 = = = = =
M12 Length of the 27.4 31.4+3.1 32.8#3.0 | 33.1+1.8 | 31.0+2.8 | 31.7+1.9
posterior calcaneal
articular surface
M13 Width of the 21.8 22.3+1.8 229+1.7 | 21.6+2.4 | 21.3x2.1 | 21.4+1.4
posterior calcaneal
articular surface
M16 Angle of the neck 16° -- -- -- -- --
M17 Angle of torsion of 450 = = = = =
the head
M17a Angle of torsion 36° - - - - -

*Martin numbers refer to measurements defined by Martin and Saller (1957) and revised by Brauer (1988).
Abbreviations: MPMH, Middle Paleolithic modern humans (Skhul, Qafzeh, and Omo Kibish I); UP, European Upper Paleolithic;

SH, Sima de los Huesos. Samples are described in Table 1.

Pablos et al. (2013b), which was constructed based on the
pooled sample of recent females, the predicted stature for
Amud 9 based on the maximum length (M-1a) of its talus
is 163.4+ 4.7cm.

In order to determine which hominins Amud 9’s talus
most closely resembles, we performed a discriminant anal-
ysis on 11 talar measurements on five groups (sexes pooled
in each) —recent humans, Upper Paleolithic (UP) individu-
als, Middle Paleolithic modern humans (MPMH), Neander-
tals, and Sima de los Huesos (Table 3). Amud 9 was initially
excluded from the analysis, which defined a discriminant
space that separated the groups in the analysis. Amud 9
was then interpolated into this discriminant space (Figure
5). The discriminant analysis most clearly separates recent
humans from more ancient humans, including Neander-
tals, MP modern humans, and Sima de los Huesos. Table 4
presents the posterior classifications for individuals in the
analysis with between 50% to 100% of the individuals in
each sample classified correctly. The appreciable number

of mis-assignments among Neandertals, MP Modern Hu-
mans, and Sima de los Huesos reinforces the impression of
the general similarities among these three groups.

With regard to the variables responsible for separat-
ing groups, on the first canonical axis, measurement M2
(width, which includes both the trochlea and the facet for
the lateral malleolus, both of which tend to be large in the
ancient specimens) is most clearly associated with these
differences, while measurement M5-1 (breadth of the pos-
terior part of the trochlea) plays an important role in push-
ing specimens from Sima de los Huesos away from recent
and UP humans on canonical axis 2. Amud 9 is located in
the lower right quadrant of the plot of individual scores
on axes 1 and 2 (see Figure 5), falling closest to Sima de los
Huesos. The closest post hoc group assignment of Amud 9
is to Sima de los Huesos (p=0.76), followed by MP Modern
Humans (Skhul-Qafzeh; p=0.12) and Neandertals (p=0.11).
The assignment of Amud 9 to Sima de los Huesos is largely
driven by its large width of the posterior part of the troch-
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TABLE 3. DETAILS OF THE DISCRIMINANT ANALYSIS OF THE TALUS.

Axis 1 Axis 2 Axis 3
Eigenvalue: 1.3154 0.3076 0.1209
Percent variance: 72.97 17.06 6.71
Cumulative percent: 72.97 90.04 96.75

Eigenvector1 | Eigenvector2 | Eigenvector 3

M1 -0.1327 -0.3298 -0.3256
M2 0.4390 0.0241 0.0240
M3 0.0435 0.0485 -0.0144
M4 -0.0581 0.1655 -0.0894
M5 -0.1727 0.0065 0.1517
M5-1 0.1181 -0.2951 0.3645
M8 -0.3028 0.2797 0.1315
M9 0.0700 0.4082 0.1019
M10 -0.1397 -0.0335 0.0469
M12 -0.0504 -0.0509 -0.1935
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Figure 5. Discriminant analysis of the talus (raw data). A 67% density ellipse surrounds each group’s centroid. MPMH stands for
Middle Paleolithic modern humans.
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TABLE 4. POSTERIOR GROUP ASSIGNMENTS FROM THE CVA ON THE TALUS (raw data).*

Actual rows by assigned columns MPMH  Neandertals Recent SH UP
MPMH 3 (50%) 1(16.7%) 0 (0%) 2 (33.3%) 0 (0%)
Neandertals 2 (11.8%) 10 (58.8%) 0 (0%) 2(11.8%) | 3(17.6%)
Recent 3 (2.7%) 2 (1.8%) 83 (74.8%) 10 (9%) 13 (11.7%)
SH 0 (0%) 0 (0%) 0 (0%) 12 (100%) 0 (0%)
[8) 5 0 (0%) 0 (0%) 1 (20%) 0 (0%) 4 (80%)
Amud 9 20.83% 7.31% 0.37% 71.36% 0.14%

*The data in each cell show the number of tali assigned to the groups indicated in each column followed in parentheses by the percentage
of individuals in the row. The values for Amud 9 show posterior probabilities of its assignment to each group. Abbreviations:
MPMH, Middle Paleolithic Modern Humans; SH, Sima de los Huesos; UP, Upper Paleolithic.

lea (M5-1), which loads heavily on canonical axis 3 (see
Table 3). It must be noted that canonical axis 3 accounts for
only 6.71% of the between-group variance.

The assignment of Amud 9’s talus to Sima de los
Huesos was unexpected. We checked the effect of Sima
de los Huesos fossils in the discriminant analysis by re-
running the analysis without Sima de los Huesos (results
not shown). Discrimination between the other groups re-
mained similar, again emphasizing the role of M2 (width)
in separating ancient from recent humans. With Sima de
los Huesos removed, however, Amud 9’s interpolation into
discriminant space showed it had the highest probability of
being a Neandertal (p=0.60), followed closely by the likeli-
hood of being a MP modern human (p=0.40). The conclu-
sion from these analyses is that Amud 9 has a talus that
broadly resembles Neandertals and the earlier hominins
from Sima de los Huesos (Arsuaga et al. 2014), as well as
the MP modern human sample, which largely comprises
fossils from Skhul and Qafzeh. The wide posterior breadth
of the trochlea may simply be a manifestation of idiosyn-
cratic variation rather than a clear taxonomic signal.

To check the possibility (raised by a reviewer of this
paper) that the size—as measured by the geometric mean
of the variables used in the CVA —of the talus determined
the taxonomic attributions, we plotted the geometric means
of specimens used in the analysis versus their positions on
canonical axis 2 and axis 2 (Figure A1l in the Appendix). The
results showed that Amud 9’s talus is indeed small, but the
geometric means of tali are uncorrelated with positions on
either axis. There are large and small tali in all of the groups
with substantial sample sizes.

We re-ran the discriminant analysis using shape vari-
ables, in which each measurement was divided by the geo-
metric mean of the 11 variables for that individual (Darroch
and Mosimann 1985; Mosimann 1970). In common with
our previous experiences in performing the same analysis
on raw and shape data (Churchill et al. 1996; Pearson 1997),
the analysis of shape data produced results that are quite
similar to those from the raw data (Appendix, Figure A-2,
Tables A-1 and A-2). However, one difference that could
be important in the present context is that the analysis of
shape data predicted Amud 9 to be a MP Modern Human

(posterior probability=88.53%), followed more distantly by
an affinity to Neandertals (posterior probability=10.03%).
The close relationship between Amud 9 and Sima de los
Huesos (SH) disappears (posterior probability of member-
ship in SH=1.44%).

Despite the limitations involved in assigning sex to
fossil populations, and although there are no associated
pelvic remains, we tried to make an approximate assign-
ment to sex of Amud 9 based on talus dimensions using
the two sets of discriminant functions provided by Alonso-
Llamazares and Pablos (2019). First, we applied the best
univariate formula for sex estimation for the talus, which
uses talar length (M1), the dimension associated with the
greatest accuracy of prediction in the recent sample used to
construct the discriminant formulae. Second, we estimated
the sex with a stepwise formula using five variables—talar
length (M1), trochlear height (M6), trochlear length (M4)
and the length and breadth of the calcaneal posterior ar-
ticular surface (M12 and M13). Both discriminant analyses
identified Amud 9 as a female, with 90.2% accuracy for ta-
lar length and 93.8% accuracy for the stepwise regression.
Both estimates of the accuracy are made for the recent hu-
man sample used to create the discriminant analyses, so
additional caution is required in accepting these results for
Neandertals. Nevertheless, the discriminant analyses sup-
port the impression that Amud 9’s foot came from a fairly
small, and probably female, individual.

FIRST METATARSAL
Amud 9’s right metatarsal I is almost complete except for
some abrasion on the lateral and especially the medial as-
pect of the plantar quarter of the proximal articular surface
of the base (Figure 6) and additional taphonomic abrasion
that has destroyed the articular facet for metatarsal II on
the lateral side of the base. Measurements and comparative
data for Amud 9’s metatarsal I appear in Table 5. Dimen-
sions of lateral articular facet for the base of metatarsal II
cannot be recorded due to damage to the lateral side of the
proximal epiphysis.

Neandertal metatarsals, including the first, tend to
be relatively short and broad compared to those of recent
humans (Pablos et al. 2012; Pablos et al. 2017; Pearson and
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Figure 6. Right first metatarsal of Amud 9: A) lateral; B) medial; C) superior; D) inferior; E) distal view.

Martin number Description Amud9 Neandertals  MPMH UP Recent
(n=8) (n=4) (n=15) (n=194)
Mi1b Articular length 57.2 60.3+5.9 61.5+2.8 63.2+6.0 62.9+4.6
M1 Maximum 58.9 -- -- - -
length
M3 Medio-lateral 14.1 14.6+1.7 15.5+1.3 13.6+1.6 13.1+1.6
width at
midshaft
M4 Dorso-plantar 11.5 12.5+2.0 14.3+0.6 13.7+1.6 13.8+1.5
height at
midshaft
Me Proximal 18.7 21.4+3.1 21.1+1.7 20.4+3.1 20.3+2.0
medio-lateral
width
M7 Proximal dorso- 27.5 30.4+4.5 29.4+0.7 29.1+2.3 29.0+2.2
plantar height
Ms8 Distal medio- 21.6 23.5+2.6 23.1+1.1 22.3+1.5 21.7+2.0
lateral width
M9 Distal dorso- 20.3 21.4+2.7 20.1+1.0 21.8+1.4 19.9+1.9
plantar height

Abbreviations: MPMH, Middle Paleolithic Modern Humans, UP, Upper Paleolithic, SH, Sima de los Huesos.
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Figure 7. Discriminant analysis of the metatarsal (raw data). A 67% density ellipse surrounds each group’s centroid. MPMH stands

for Middle Paleolithic modern humans.

Busby 2006), a pattern that mirrors the trend in most of their
other long bones and likely reflects ecogeographic varia-
tion as well as vigorous use in life (Pearson 2000a, 2000b).

An estimate of stature based on the regression formulae
using the maximum length of the first metatarsal (58.9mm
for Amud 9) was made using Pablos et al.’s (2013b) for-
mula for their pooled sample of recent Euro-American
and African-American females. This yields an estimate of
160.6+2.8cm for Amud 9. Pablos et al. (2013b) also pub-
lished a formula for stature that includes M1a from the ta-
lus and M1 of the first metatarsal. Using both dimensions,
the formula based on the pooled group of recent females
yields an estimate of 159.7+2.6cm for Amud 9’s stature.

In order to assess the overall affinities of Amud 9’s
metatarsal I to fossil and recent humans, we ran a discrimi-
nant analysis based on seven measurements that could
be taken on the individuals listed in Table 1. Amud 9 was
initially excluded, then interpolated into the discriminant
space that separated recent humans, UP Europeans, MP
Modern Humans, and Neandertals. No first metatarsals
from Sima de los Huesos could be included since measure-
ments of them have not yet been published. In the result-
ing analysis (Figure 7; Table 6), Amud 9 clearly falls with
Neandertals on the first canonical axis, which accounts for
70.3% of between-group variance (see Figure 7). Positions
on the right of Axis 1 (among the Neandertals) are largely
driven by large values for M3 (width at midshaft) and to a
lesser extent by M7 (dorso-plantar diameter of the proxi-

mal epiphysis) and M8 (width of the distal epiphysis), all of
which tend to be relatively large in Neandertals and Amud
9. The analysis does a reasonably good job of classifying
first metatarsals (Table 7), with correct classifications rang-
ing from 60.9% for UP individuals to 87.5% for Neander-
tals. Amud 9 was classified as a Neandertal (posterior prob-
ability=81.76%) with the next highest likelihood of being a
MP Modern Human (posterior probability=15.01%).

We repeated the discriminant analysis on the first meta-
tarsal using shape data (Appendix Figure A-3, Tables A-3
and A-4) and found a very similar pattern. Amud 9 again
is classified as a Neandertal (posterior probability=89.57%),
followed more distantly by a MP Modern Human (poste-
rior probability=8.35%).

PROXIMAL PEDAL PHALANXI

The right proximal pedal phalanx of Amud 9 is complete
with the exception of the distal portion of the medial con-
dyle, which was lost postmortem (Figure 8). A small mass
of adhering matrix obscures the distal part of the plantar
surface just proximal to the medial epicondyle. The proxi-
mal and preserved portion of the distal articular surfaces
appear healthy. Measurements and comparative data ap-
pear in Table 8.

Neandertal first proximal pedal phalanges tend to be
absolutely short and relatively broad, but with overlap of
the variation present in early modern humans as well as
living people (Pablos et al. 2019a; Trinkaus 1975a, 1983).
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TABLE 6. DETAILS OF THE DISCRIMINANT ANALYSIS OF THE METATARSAL (raw data).

Axis 1 Axis 2 Axis 3
Eigenvalue: 0.4478 0.1322 0.0566
Percent variance: 70.3 20.8 8.9
Cumulative percent: 70.3 91.1 100.0

Eigenvector1 | Eigenvector2 | Eigenvector 3

M1 -0.1490 0.0943 0.0310
M3 0.8311 -0.0999 -0.6924
M4 -0.812 -0.0257 -0.5495
M6 -0.3640 -0.0997 0.3473
M7 0.4031 -0.2944 0.4154
M8 0.0864 -0.3251 -0.0133
M9 0.1836 0.8374 -0.0481

Comparison with Skhul and Qafzeh reveals that Nean-
dertal specimens tend to have similar breadths but shorter
absolute lengths. It is interesting in this regard that Amud
9’s first proximal pedal phalanx is relatively long relative
to the width of its base (Figure 9). This departs from the
usual Neandertal morphology and resembles the condition
in modern humans. This longer shaft may, however, sim-
ply reflect the primitive morphology, perhaps inherited as
a polymorphic state by Levantine Neandertals from their
Middle Pleistocene ancestors. If so, it may not necessarily
represent a trait that could only have been inherited from
admixture with anatomically modern humans.

INTERMEDIATE PEDAL PHALANX

The intermediate pedal phalanx of Amud 9 is complete and
well preserved (Figure 10; Table 9). A small encrustation
of adhering matrix and crushed bone, measuring 5.2mm
long proximo-distally by 5.6mm wide, covers much of the
plantar surface of the diaphysis, and prevents an accurate
measurement of the dorsal-plantar height at midshaft. The
phalanx is short and relatively broad throughout its length.

It generally resembles other Neandertal intermediate pedal
phalanges from digit II-IV. It is very close in size to Tabun
Cl’s intermediate pedal phalanx II (see Table 9), and also
may be from the second digit. However, among the few
Neandertals that preserve several intermediate pedal pha-
langes (e.g., La Ferrassie 1, La Ferrassie 2, Kiik-Koba 1, and
Shanidar 4), there is often only a small difference in size
between digits II and III and sometimes IV as well (data
in Trinkaus 1975a). Furthermore, as Trinkaus has observed
(1975a, 1983), the diaphyses of pedal phalanges of digits
IV and V of Neandertals tend to show much less decrease
in breadth relative to digits II and III than do the toes of
many modern humans. This robusticity of the lateral proxi-
mal pedal phalanges forms a central piece of evidence that
supports the hypothesis that Neandertals and MP modern
humans may not have worn footwear (Trinkaus and Hilton
2006; Trinkaus and Shang 2008). Relatively high robusticity
of the lateral pedal rays also characterizes the foot bones
from Sima de los Huesos (Arsuaga et al. 2015). As a result,
the assignment to a specific ray of Amud’s intermediate
pedal phalanx remains difficult.

TABLE 7. POSTERIOR GROUP ASSIGNMENTS FROM THE CVA
ON THE FIRST METATARSAL (raw data).*

Actual rows by assigned columns MPMH  Neandertals Recent UP
MPMH 3 (75%) 1 (25%) 0 (0%) 0 (0%)
Neandertals 1 (12.5%) 7 (87.5%) 0 (0%) 0 (0%)
Recent 17 (8.8%) 4 (2.1%) 140 (72.2%) | 33 (17.0%)
(8] 1 (6.7%) 3 (13.0%) 5 (21.7%) 14 (60.9%)
Amud 9 15.01% 81.76% 0.27% 2.96%

*The data in each cell show the number of tali assigned to the groups indicated in each column followed in parentheses
by the percentage of individuals in the row. The values for Amud 9 show posterior probabilities of its assignment to
each group. Abbreviations: MPMH, Middle Paleolithic Modern Humans; SH; UP, Upper Paleolithic.
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Figure 8. Right proximal pedal phalanx I of Amud 9: A) superior; B) medial; C) inferior; D) distal (red indicates area hidden by sup-

ports in the original photograph); E) proximal view.

DISTAL PEDAL PHALANX

The distal pedal phalanx of Amud 9 is also an absolutely
short and relatively broad bone. It has a wide apical tuft
and a relatively broad base (see Figure 10; Table 10). It is
fairly symmetrical around its long axis and shows very
little sign of medial deflection of its long axis relative to the
base. These features make it much more likely that the dis-
tal phalanx belongs to digits II or III rather than IV or V
(Pablos et al. 2019b). The proximal, medial side of plantar
surface is partially covered by an adhering mass of pulver-
ized bone and matrix measuring 6.3mm long proximo-dis-
tally by 5.2mm ML. The fossil resembles the distal pedal
phalanges II-IV, and most closely those of digits II-III, of
Neandertals (see Table 10). Its closest match is the right dis-
tal pedal phalanx II of Tabun C1 (see Table 10).

DISCUSSION
We interpret Amud 9 as a Neandertal and clearly distinct
from UP and recent modern human foot bones. However,
other interpretations are possibly supported by the sub-
stantial overlap in talar morphology between Skhul-Qafzeh
hominins and Neandertals. A possible source of the simi-
larity in talar shapes between Neandertals and Skhul-Qa-
fzeh could be admixture’ between MP modern humans and
Neandertals that predates the 50-70 ka exodus from Africa.
A trace (£2%) of such admixture may be present in Altai
Neandertals (Kuhlwilm et al. 2016). At present, however,
claims that archaic morphology in the Skhul and Qafzeh
hominins must have resulted from admixture with Nean-

dertals remain speculative and are inconsistent with the ev-
idence from dental morphology that refutes the hypothesis
of a substantial Neandertal admixture in the Skhul-Qafzeh
sample (Bailey et al. 2017).

A problem that complicates interpretation of the mor-
phological patterns in the Near Eastern Neandertals is the
fact that they display a substantial amount of morphologi-
cal variability. Admixture from early modern humans cer-
tainly might account for this variability', but so might a
larger, less bottlenecked population among the Near East-
ern Neandertals than among their European kin, especially
those from MIS 3 (Dalén et al. 2012). Long ago, Howell
(1957) argued that population bottlenecks could be a viable
explanation for some of the observed differences among
Neandertals, including those from the Last Interglacial site
of Krapina and later, Western European “classic” Neander-
tals.

Examples of the high degree of morphological varia-
tion in Near Eastern Neandertals include Dederiyeh 1 and
2, two juveniles, both around 2 years of age relative to stan-
dards of growth and development for modern children,
who differ strongly in terms of their physique. Dederiyeh 1
is massively built (Kondo and Dodo 2002) while Dederiyeh
2 has more slender long bones (Kondo and Ishida 2002).
McCown and Keith’s (1939) description of Tabun C1 indi-
cates that she was fairly small and had slender long bones
combined with almost a full suite of other Neandertal
traits. Tillier (2005) reviewed the stratigraphic problems in
associating the Tabun C1 burial with Level B (which argu-



112

aleoAnthropology 2020

Martin number Description Amud 9 | Neandertalsb MPMH:« SHd
(n=8)
M1 Maximum length (30.7)2 - 36.2+1.3 (n=3) | 34.1+1.4 (n=7)
Mla Articular length 26.9 25.742.0 (n=5) | 32.2+0.7 (n=3) --
M3a Dorso-plantar height 15.5 17.1£1.8 (n=6) 17.0 (n=1) --
of the base
Dorso-plantar height 13.2 14.4+1.0 (n=5) = =
of the proximal
articular surface
M2a Medio-lateral width of 18.4 19.8+2.2 (n=6) 20.8 (n=1) --
the base
Medio-lateral width of 15.2 18.0+1.7 (n=b) -- --
the proximal articular
surface
M3 Midshaft dorso- 9.5 9.7£1.2 (n=4) 9.610.1 (n=2) --
plantar height
M2 Midshaft medio-lateral 11.0 13.1+0.8 (n=4) | 13.2+0.5 (n=2) 14.0+1.6
width
M3b Dorso-plantar height 9.2 9.4+0.6 (n=4) 10.0£1.6 (n=3) --
of the distal articular
surface
M2b Medio-lateral width of --a 17.1£0.9 (n=4) | 16.6+0.4 (n=3) --
the distal articular
surface
-- Radius of curvaturee 127.4
Included anglee 6.36°

Abbreviations: MPMH, Middle Paleolithic Modern Humans, UP, Upper Paleolithic, SH, Sima de los Huesos.

aDamage to medial condyle.

bNeandertal sample: Tabun C1 (R) (McCown and Keith 1939); Shanidar 1 (L), 3 (R?), 4 (R), and 8 (R) (Trinkaus 1983); La Ferrassie 2 (R)

(Vandermeersch 1981).

‘MPMH sample: Qafzeh 6 (R), 8 (R), and 9 (R) (Vandermeersch 1981); Skhul IV (R) (McCown and Keith 1939).
dData from Pablos et al. (2017) and the supplementary information in Arsuaga et al. (2015).

eFollowing Susman et al. (1984).

ably would make the burial contemporaneous with the Ne-
andertals from Kebara) or Level C (which would arguably
make it roughly contemporaneous with Skhul and Qafzeh).
She noted that in addition to a low body mass for stature,
the Tabun C1 skeleton retains primitive features such as a
receding mandibular symphysis, projecting supraorbital
torus, and low cranial capacity, which might combine to
suggest that this individual belonged to a morphological-
ly more primitive grade of Neandertals that she thought
would have preceded those from Kebara and Amud. Endo
and Kimura (1970) noted that Amud I was relatively tall
and slender in comparison to Neandertal males from Eu-
rope. Amud I also has a relatively unbowed radial shaft
(Endo and Kimura 1970), as do Shanidar 1 and 6 (Trinkaus
1983). Kebara 2 has a distinctive pelvis relative to modern
humans (Rak 1990, 1991; Rak and Arensburg 1987). Nean-

dertals inherited many aspects of this pelvic morphology
from a Middle Pleistocene ancestor (Arsuaga et al. 1999,
2015). Kebara 2 has almost the full suite of Neandertal fea-
tures in its upper limb (Vandermeersch 1991). Arensburg
(1991) argued that many features of the vertebral column
show overlap with modern humans, but Gémez-Olivencia
et al.’s (2009, 2018) re-evaluation of the vertebrae and ribs
showed clear differences with recent humans and likely re-
flected a wide, capacious thorax that was associated with
a wide body plan and likely was inherited from Middle
Pleistocene Homo or perhaps even Homo erectus (Arsuaga
et al. 1999; Simpson et al. 2008). Likewise, Been et al. (2010,
2017a) demonstrated that Kebara 2’s lumbar vertebrae
have transverse processes that differ in orientation from the
usual morphology in recent humans. The lower limb bones
of the probable young male Neandertal from ‘Ein Qashish
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Figure 9. Articular length versus medio-lateral width of the base of proximal pedal phalanx I of Amud 9 and comparative samples.

MPMH stands for Middle Paleolithic modern humans.

(EQHS3) are strongly built but have a relatively small femo-
ral distal epiphysis, although its narrow epiphyseal width
may be pathological (Been et al. 2017b). The individuals
from Shanidar display variation in size and massiveness
and sometimes lack features considered characteristic of
Western European “classic” Neandertals (Trinkaus, 1983,
1984, 1995). The hominin remains from Amud, including
Amud 9, fit within this broad pattern. This pattern also
characterizes the Middle Pleistocene sample of Sima de los
Huesos (Arsuaga et al. 2015; Bonmati et al. 2010; Pablos et

Figure 10. Intermediate and distal pedal phalanges of digit II-
IV of Amud 9: A) superior view of distal (left) and intermediate
(right) phalanges; B) inferior views of distal (left) and intermedi-
ate (right) phalanges.

al. 2013a, 2014) as well as the Early Pleistocene sample of
Homo antecessor from Atapuerca (Pablos et al. 2012) and the
earlier Homo sp. from the TE9 level from the Sima del Ele-
fante in Atapuerca (Lorenzo et al. 2015).

The MP Paleolithic subunits B1 — B2 at Amud, which
contained most of the hominins including Amud 9, are dat-
ed near the very end of the MP material culture sequence in
the southern Levant (see above). This set of dates overlaps
the re-appearance of modern humans in the region, dated
at Manot Cave to at least 54.7+5.5 ka (arithmetic mean +
2 SD) or to 51.8+4.5 ka (weighted mean + 2 SD) based on
U-Th age of the calcite crust covering the Manot calvarium
(Hershkovitz et al. 2015). Intriguingly, the date for the (con-
text-devoid) Manot calvarium falls before the start of the
UP at Manot (Alex et al. 2017) and other sites in the region
(Bosch et al. 2015; Douka et al. 2013; Rebollo et al. 2011) that
have been dated with state-of the-art methods. The latest
MP at Amud also overlaps temporally with the estimated
date of an interbreeding event between modern humans
and Neandertals at 50-60 ka (Fu et al. 2014; Sankararaman
et al. 2012) that left a clear legacy of approximately 2% Ne-
andertal ancestry in the genomes of populations outside
of Africa. The latest MP at Shovakh Cave, located only ap-
proximately 500m up the canyon from Amud Cave, dates
to 45.5+3.7 ka by OSL (Friesem et al. 2019), and thus occurs
at the tail end of the predicted time for the major pulse of
Neandertal admixture into extant Eurasian genomes.

Given this background, it is notable that Amud I, the
most complete hominin from the site, has a tall stature and
straight rather than bowed radius. These traits may be evi-
dence of admixture with modern humans or, alternatively,
simply reflect a larger amount of skeletal (and perhaps
genetic) variation in the Near East relative to Upper Pleis-
tocene European Neandertals. The earlier hominins from
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TABLE 9. MEASUREMENTS OF THE INTERMEDIATE PEDAL PHALANX (IPP) II-IV.

Amud9 Tabun Amud Neandertalse

Ccrr I

Skhul
Ivr

Skhul Neandertalse Skhul
Ive v

Neandertalsd

MPPII | MPP II
(R)

MPP II

II (L) MPP 111 III (L) MPP IV IV (L)

Maximum 11.6 - 17.0 -

length

Articular 10.5 10.2 14.6 12.3+1.5

length

16 12.0+1.3 15.5 11.4+1.9 14.2

Width of 9.9
the base
(medio-
lateral)

9.7 12.5 10.6+1.3

12 10.8+1.6 11 10.8+1.6 9.5

Height of
the base
(dorso-
plantar)

10.52 9.2£1.0

9.6 8.8+0.6 9.5 9.2+#1.3 6

Width of
distal
articular
surface

14.5 9.3 11.5 9.7£1.0

9.8 9.1+£2.6 9.3 8.7+2.4 9.3

Midshaft
medio-
lateral
breadth

6.8 6.6 8.6 7.7+1.3

8.6 7.8+1.3 8.0 7.4+1.8 8

Midshaft --
dorso-
plantar
height

4.2 53 4.6+0.5

72 4.8+0.5 6.0 4.7+0.6 6

2Includes a slight exostosis on dorsal surface that adds approximately Imm.

bData from Trinkaus (1975a).

Data from Trinkaus (1975a); sample comprises Amud I (R), La Ferrassie 1 (R), La Ferrassie 2 (R), Kiik-Koba 1 (R), Krapina a (254.5) (R), Tabun

C1 (R), Shanidar 4 (L).

dData from Trinkaus (1975a); sample includes La Ferrassie 1 (R), La Ferrassie 2 (R), Kiik-Koba 1 (R), Krapina c (254.3) (L), Shanidar 4 (R).
eData from Trinkaus (1975a); sample comprises La Ferrassie 1 (L), La Ferrassie 2 (R), Kiik-Koba 1 (R), Krapina f (254.6) (R), Shanidar 4 (R).

Sima de los Huesos are both taller, on average, than Upper
Pleistocene European Neandertals (Carretero et al. 2012)
and show a substantial range of radial bowing (Arsuaga
et al. 2015). Thus, the morphology of Amud I may also be
consistent with no admixture with modern humans or, at
most, only a small amount. If Amud I is not intermediate in
morphology between earlier Neandertals in the Near East
and modern humans, this might imply a relatively sud-
den appearance of a substantial morphological difference
between Neandertals and the later modern humans in the
eastern Mediterranean. Fossils of the postcranial remains
of the earliest modern humans that post-date Neandertals
in the Levant are needed to test this hypothesis.

Another caveat must be added. There is a notable
amount of morphological similarity in some aspects of the
pedal remains of Neandertals and the MP modern humans
from Skhul and Qafzeh, as is reflected in the results of the
discriminant analyses of Amud 9’s talus and first metatar-

sal. It is possible that this similarity reflects admixture, a
hypothesis that finds at least some support from ancient
DNA (Kuhlwilm et al. 2016; Lorente-Galdos et al. 2019;
Posth et al. 2017). Furthermore, the extent to which func-
tional demands at the ankle, including from postural habits
like squatting, may affect the morphology of the talus and
thus influence morphological similarities remains largely
unknown. However, a recent structured analysis by Sor-
rentino et al. (2020a), designed to tease apart the influences
of terrain, footwear, and mode of subsistence, found that
the tali of recent, highly mobile hunter-gatherers who went
barefoot or wore minimal footwear had a relatively short
and thick talar neck, a medially deflected head and neck,
and a more laterally projecting articular facet for the fibu-
lar malleolus. These features generally accord with some
of the differences between MP and modern hominins and
suggest that similarities in unshod locomotion may drive
some of the similarities in talar shape between MP mod-
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TABLE 10. MEASUREMENTS OF THE DISTAL PEDAL PHALANX II-IV.

Amud | Tabun | Neandertals® | Skhul | Neandertalsc | Skhul | Neandertalse
9 C1 Ivp Ivr

Ray ? II (R) II (n=6) II (R) I (n=2) 111 (R) IV (n=2)
Maximum | 14.2 - - - - -- -
length
Articular 12.0 11.7 11.3+0.5 11.0 12.0 10.5 10.5
length
Width of 9.8 9.6 11.1£1.6 13.0 11.1 10.0 8.8
the base
Dorso- 7.3 7.3 8.3+1.5 6.0 7.7 7.0 8.2
plantar
height of
the base
Midshaft -- 5.4 6.2+1.0 -- 6.2 6.0 6.0
height
(dorso-
plantar)
Midshaft 6.0 -- 6.7+1.0 -- 6.4 5.5 6.8
breadth
Width of 8.2 -- 10.0+1.6 -- 9.6 7.0 9.6
the apical
tuft

Length of apical tuft for Amud 9: 6.4mm.

aData from Trinkaus (1975a, 1983); sample comprises Kiik-Koba 1 (cast, R), Krapina a (254.2) (R), Tabun C1 (R), Shanidar 4 (side
indeterminate), La Ferrassie 1 (ray II or I, side indeterminate), and Amud I (66) (ray II or III, side indeterminate).

bData from Trinkaus (1975a).

<Data from Trinkaus (1975a, 1983); sample comprises Shanidar 4 (probably ray III, R), and Kiik-Koba 1 (cast, R).

ern humans and Neandertals. Some of these aspects of
talar shape, especially the orientations of curved articular
surfaces are captured best by geometric morphometric ap-
proaches (DeSilva et al. 2018; Rosas et al. 2017; Sorrentino
et al. 2020a, 2020b)

Since our submission of this paper, Borgel et al. (in
press) have published an analysis of a partial left foot from
the Aurignacian-bearing deposits of Manot Cave in Isra-
el. The foot includes a talus (MC-14) and first metatarsal
(MC-18) that can be compared to Amud 9. The Manot foot
belonged to a small individual with a talar length (M1) of
44.8mm (vs. 48.2mm in Amud 9) and a length (M1) of the
first metatarsal of 65.1lmm (vs. 57.2mm in Amud 9) (Bor-
gel et al. 2019). Interestingly, the Manot talus has a short
neck, which might align the specimen with Neandertals,
but this morphology turns out to be a shared trait of nearly
all Homo fossils, including non-recent modern humans and
especially by MPMH (Pablos et al. 2012, 2013b; Pearson
et al. 2008). MC-14 also has an only moderately projecting
facet for the lateral malleolus, which would be unusual
for a Neandertal. The Manot first metatarsal has a narrow
midshaft width (12.4mm vs. 14.1mm in Amud 9) in pro-

portion to its length, which would push it towards modern
humans. We ran discriminant analyses on a reduced set of
measurements shared by our data set and the Manot talus
and first metatarsal; the first metatarsal emerged as clearly
modern while the talus sat in the zone of overlap between
UP, MPMH, and Neandertal tali (results not shown). Bor-
gel et al. (in press) concluded that, on the whole, the Manot
foot was a modern human; we concur.

The archaeological record of the late MP at Amud Cave
provides no impression of a population in crisis (see also
Ekshtain et al. 2019 for a similar conclusion based on ar-
chaeological analysis of the ‘Ein Qashish site). It is more
likely that one must look to extrinsic factors to understand
the demise of the MP cultural phenomenon and the end of
the Neandertals in the eastern Mediterranean. One recent
suggestion is that Late MP was a period of increased in-
teractions within the Near East and beyond, precipitating
a series of innovations including emerging UP technolo-
gies (Goring-Morris and Belfer-Cohen 2020; Greenbaum et
al. 2019a). An intriguing hypothesis by Greenbaum et al.
(2019b) proposes that diseases introduced by both popula-
tions to each other when they met may have been the driv-
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ing factor in the dynamics of the contact zone and that the
flow of alleles conveying resistance or immunity to these
diseases gradually eliminated the boundary between the
species. Greenbaum et al. (2019b) speculate that the pack-
age of pathogens introduced by modern humans may have
had a more severe effect on Neandertals than the set of
pathogens that modern humans acquired from Neander-
tals or the new, Eurasian environment had on modern hu-
mans. Whatever the case, the biological consequences for
Levantine Neandertals appear to have been ultimately cat-
astrophic, leading to the disappearance of their phenotype
and dominance in most of the genome of the survivors of
genes inherited from African modern humans.

CONCLUSIONS

Amud 9, a partial right foot of a hominin from the late MP
of Amud Cave, Israel, was recovered in 1993 and briefly
discussed and pictured by Hovers et al. (1995). The foot
consists of a crushed distal tibia, an almost complete talus,
a first metatarsal, proximal pedal phalanx I, one pedal in-
termediate phalanx (most likely of ray II, but possibly of
III or IV), and a distal pedal phalanx of ray II-IV (but most
likely II or III). Initially the foot also preserved the distal
fibula and another metatarsal (probably II), but these disin-
tegrated into small fragments and can no longer be evalu-
ated. Based on the field photographs, the lost elements ap-
pear to have been strikingly similar in size to homologous
elements of Tabun C1, and it is most probable that Amud 9
was also a female Neandertal.

The tibia is crushed superiorly, the talar articular sur-
face and medial malleolus are preserved. Much more can
be said of the talus, which is most like tali of Neandertals,
Middle Pleistocene modern humans, and Sima de los Hue-
sos. The similarity to Sima de los Huesos in the CVA on
raw data is largely due to the relatively wide posterior
portion of the trochlea. This special point of similarity to
Sima de los Huesos disappears in the CVA on shape data,
which finds Neandertals and Middle Paleolithic moderns
to be the most similar to Amud 9. The talus of Amud 9 has
a short head and neck relative to the length of the trochlea
and a markedly projecting facet for the lateral (fibular) mal-
leolus. These features also resemble Neandertals as well as
the tali of the early modern humans from Qafzeh and Skhul
(Rhoads and Trinkaus 1977) but differ from the morphol-
ogy common in more recent humans.

The first metatarsal is also fairly well preserved. It falls
with Neandertals in discriminant space, although metatar-
sals from Skhul and Qafzeh also resemble it, and it differs
from more recent humans. Its relatively high proximal end,
proximo-distally short length, and comparatively wide di-
aphysis and head drive these patterns of resemblance. The
proximal pedal phalanx I is relatively long compared to
most Neandertals. The intermediate pedal phalanx as well
as the distal pedal phalanx are short and relatively broad,
like those of Neandertals.

Amud 9’s stature was estimated to be 160.6+2.8 cm
(from metatarsal I), 163.4+4.67 cm (from the talus), or
159.742.6 (from both). Amud 9’s body mass was estimated

to have been 59.9kg -7.7/+8.9kg. This indicates a slightly
slimmer physique than those of the means for Eskimo and
Aleut females assembled by Ruff (1994), and parallels the
relatively slim physique that Endo and Kimura (1970) re-
constructed for Amud 1.

On the whole, Amud 9 fits among the morphologically
diverse group of Near Eastern Neandertals. Although a rel-
atively substantial admixture with earlier modern humans
in the Near East cannot be ruled out given the presence of
overlapping features in their feet as well as other portions
of the skeleton (Arensburg and Belfer-Cohen 1998), the
morphology of the distal leg and foot bones provides little
if any indication of admixture with modern humans that
led to the genetic swamping—and replacement—of Ne-
andertals in the Levant within a few thousand years after
Amud 9 lived.
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ENDNOTES
One of us (Rak) considers there to be no evidence in the fossils of admix-
ture between Neandertals and modern humans.
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Figure A-1. Plots of canonical axis 1 and 2 from the CVA on raw data for the talus versus the geometric means of individuals in
the analysis. In both cases, the geometric means of the tali are not significantly related to scores on the axis. For axis 1, R*=0.0005,
p=0.7836, n=145. For axis 2, R*=0.0059, p=0.3593, n=145. These results refute the hypothesis that taxonomic attribution is a function
of size in this data set. Symbols: large red dot, Amud 9; small black dot, recent human; dark blue triangle, Neandertal; teal square,
Sima de los Huesos; green plus, Upper Paleolithic; orange Y, Middle Paleolithic modern human.
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Figure A-2. Discriminant analysis of the talus (shape data). A 67% density ellipse surrounds each group’s centroid. Abbreviations:
MPMH, Middle Paleolithic modern humans; SH, Sima de los Huesos; UP, Upper Paleolithic.
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TABLE A-1. DETAILS OF THE DESCRIMINANT ANALYSIS OF THE TALUS
(shape data — adjusted by the geometric mean of the variables for each individual).

Axis 1 Axis 2 Axis 3
Eigenvalue: 1.5570 0.3130 0.1547
Percent variance: 74.35 14.95 7.39
Cumulative percent: 74.35 89.30 96.69

Eigenvector1 | Eigenvector2 | Eigenvector 3

M1 10.46 2.32 28.02
M2 31.45 -8.13 19.65
M3 32.45 -14.88 38.79
M4 20.86 -14.52 31.08
M5 22.43 -12.89 31.47
M5-1 35.55 -3.71 32.69
M8 26.64 -24.33 41.23
M9 26.50 -22.85 25.70
M10 31.57 -14.27 43.97
M12 25.62 -10.56 35.45

TABLE A-2. POSTERIOR GROUP ASSIGNMENTS FROM THE CVA ON THE TALUS
(shape data — adjusted by the geometric mean of the variables for each individual).

Actual rows by assigned columns MPMH  Neandertals Recent SH uP
MPMH 4 (66.7%) 1 (16.7%) 0 (0%) 1 (16.7%) 0 (0%)
Neandertals 1 (5.9%) 12 (70.6%) 0 (0%) 2(11.8%) | 2(11.8%)
Recent 3 (2.7%) 1 (0.9%) 84 (75.7%) | 10(9.0%) | 13 (11.7%)
SH 0 (0%) 0 (0%) 0 (0%) 12 (100%) 0 (0%)
|85 0 (0%) 0 (0%) 2 (40%) 0 (0%) 3 (60%)
Amud 9 88.53% 10.03% 0% 1.44% 0%

The data in each cell show the number of tali assigned to the groups indicated in each column followed in parentheses by the
percentage of individuals in the row. The values for Amud 9 show posterior probabilities of its assignment to each group.
Abbreviations: MPMH, Middle Paleolithic Modern Humans; SH, Sima de los Huesos; UP, Upper Paleolithic.
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Figure A-3. Discriminant analysis of the first metatarsal (shape data). A 67% density ellipse surrounds each group’s centroid. Ab-
breviations: MPMH, Middle Paleolithic modern humans; SH, Sima de los Huesos; UP, Upper Paleolithic.
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TABLE A-3. DETAILS OF THE DISCRIMINANT ANALYSIS OF THE METATARSAL
(shape data — adjusted by the geometric mean of the variables for each individual).

Axis 1 Axis 2 Axis 3
Eigenvalue: 0.6760 0.1231 0.0489
Percent variance: 79.72 14.52 5.76
Cumulative percent: 79.72 94.24 100.0

Eigenvector 1

Eigenvector 2

Eigenvector 3

M1 -26.75 -2.82 4.58
M3 -162.40 -4.98 35.23
M4 -126.13 -7.40 36.20
M6 -85.83 -1.38 7.43
M7 -73.94 5.63 2.18
M8 -89.18 4.03 15.42
M9 -98.01 -22.63 14.04

TABLE A-4. POSTERIOR GROUP ASSIGNMENTS
FROM THE CVA ON THE FIRST METATARSAL
(shape data — adjusted by the geometric mean of the variables for each individual).

Actual rows by assigned columns MPMH | Neandertals Recent UP
MPMH 4 (100%) 0 (0%) 0 (0%) 0 (0%)
Neandertals 1 (10%) 9 (90%) 0 (0%) 0 (0%)
Recent 11 (5.7%) 2 (1.0%) 146 (75.3%) | 35 (18.0%)
UP 0 (0%) 4 (17.4%) 7 (30.4%) 12 (52.2%)
Amud 9 8.35% 89.57% 0.05% 2.04%

The data in each cell show the number of tali assigned to the groups indicated in each column followed in parentheses
by the percentage of individuals in the row. The values for Amud 9 show posterior probabilities of its assignment to
each group. Abbreviations: MPMH, Middle Paleolithic Modern Humans; SH; UP, Upper Paleolithic.




