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ABSTRACT

Objectives: This study provides the description and comparative morphometric analysis of a non-hallucial distal pedal pha-
lanx (PP 654270) excavated from near the base of the LBSR Stratigraphic Aggregate in the Pinnacle Point PP5-6N rock-shelter.
It derives from a thin combustion feature (probably an in situ hearth) at the contact of two major stratigraphic aggregates, the
transition of which has a modeled age range of 91.9-86.0ka, which places this fossil in MIS 5b.

Material and Method: This phalanx (PP 654270) is assessed as representing a distal phalanx probably from the right side of Ray
IT or III. This bone adds to the very meager sample of pedal phalanges from the late Pleistocene of southern Africa. We compared
the metric variables of this phalanx to several fossil and recent Homo samples.

Results: The bone has a comparatively thin cortex and a diffuse trabecular network in the proximal and especially the distal
ends. The phalanx is long, narrow, and relatively gracile in comparison to Neandertal homologues.

Discussion: The phalanx PP 654270 displays similarities with penecontemporaneous Eurasian Middle Paleolithic and recent
modern humans, although it tends to be comparatively long for Ray IT and IIT homologues in these samples.

1 | Introduction behavior and morphology. In large measure, they have been

emphasized because of the archeological debris they preserve
Southern African Middle Stone Age (MSA) sites that date (e.g., Conard 2008; Deacon 2001; Klein 2001; Lombard 2021;
to Marine Isotope Stages (MIS) 6-3 have featured promi- Marean 2015; Marean et al. 2007; Mitchell 2024; Sealy 2016;
nently in discussions about the emergence of modern human Wadley 2015; Wurz 2008). A total of 15 sites within this
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temporal span preserve human remains, but with few excep-
tions these mostly take the form of isolated teeth and small
cranial and/or postcranial fragments (Table 1) (Grine 2016;
Grine, Marean, et al. 2017; Grine et al. 2020). Eleven of these
sites are situated along the coastal margin of South Africa, with
Border Cave, Witkrans, Plovers Lake and Hofmeyr located in-
land. Klasies River Main Site is by far the richest, with nearly
50 human fossils spread across three stratigraphic members
that span some 40,000years (Grine et al. 2020; Grine, Wurz,
and Marean 2017). Die Kelders Cave 1 is the second richest
site, having yielded 28 specimens (Grine 2000; Grine, Marean,
et al. 2017). In view of the relative paucity of human remains
from the MSA of Southern and, Indeed, sub-Saharan Africa
(Grine 2016), every discovery is worthy of documentation. We
here report on an additional human specimen—a pedal distal
phalanx—from the MSA deposits of Pinnacle Point (PP) 5-6
North (PP5-6N).

1.1 | Background to PP

PP is a rocky headland on the Indian Ocean coast near the
town of Mossel Bay preserving an abundance of caves and
rock-shelters (Figure 1A). Since 1999, PP has been under
study by a transdisciplinary scientific team (the South
African Coast Paleoclimate, Paleoenvironment, Paleoecology,
Paleoanthropology Project, or SACP4), and it was declared
a UNESCO World Heritage Site in 2024 in recognition of
the important archeological records it preserves. The caves
and rock-shelters are sea-cut features in Table Mountain
Sandstone Formation quartzite (Karkanas et al. 2015, 2020)
(Figure 1B,C) that are generally overlain by calcrete that

provided alkaline buffering from what normally would have
been acidic conditions (Bar-Matthews et al. 2010), thus pro-
viding for well-preserved faunal remains in most instances.
The caves and rock-shelters were initially cut by sea levels
at some ~1.1Ma (Pickering et al. 2013) (Figure 1D), and the
peak Marine Isotope Stage (MIS) 11 high sea stand at ~400ka,
which was at about +13 m above mean sea level (AMSL) in this
area (Roberts et al. 2012). Sea stands of MIS 11 and MIS 5e,
which were at about +5-6-m AMSL in this area, would have
washed out most of the >130ka sediments from the caves,
although some of these are sporadically preserved (Karkanas
et al. 2020; Marean et al. 2007).

The hominin phalanx was excavated from the PP5-6 north
(PP5-6N) rock-shelter. PP5-6 south (PP5-6S) is a cave to the
southwest of PP5-6N, and at one time they were connected by
sediments which are now mostly eroded away. Among the nu-
merous sites at PP, PP5-6 and PP13B have received the most
intense excavation and study. Together, they provide an arche-
ological sequence from ~162 to 50ka, and include the only ar-
cheological sediments confidently dated to MIS6 on the South
African coast (Jacobs 2010; Jacobs et al. 2025; Marean et al. 2010;
Smith et al. 2018). PP13B dates from about 162-90ka, at which
time it was sealed by a dune (Jacobs 2010; Marean et al. 2010).
PP5-6is dated using 169 optically stimulated luminescence ages,
along with the Toba cryptotephra (Smith et al. 2018), input into a
Bayesian age model (Jacobs et al. 2025). In this paper, all PP5-6
age estimates derive from the new Bayesian model (using 95.4%
probabilities) and the Toba isochron. Human occupation dates
from ~110 to 50ka, at which time sediments in the rock shelter of
PP5-6N appear to have nearly filled the site to the ceiling, mak-
ing it unattractive for occupation.

TABLE1 | Southern African hominin-bearing sites dating from MIS 6 through MIS 3.

Within MIS Site Age (ka) Human remains

6-3 Border Cave 170-56 Jaw, humerus, ulna, two metatarsals?

6-5c Pinnacle Point 162-50 Parietal; tooth; pedal distal phalanx

Se Blind River 124-112 Femur

Se-4 Klasies River 115-58 Many teeth, cranial and postcranial fragments; two manual distal phalanges
5e-5a Sea Harvest 110-71 Manual distal phalanx; tooth

5¢-3 Ysterfontein 1 103-50 Three teeth

5¢-3 Equus Cave 103-30 Eight teeth

5c-5a Blombos 102-70 Nine teeth

5¢-3 Witkrans 100-50 Three teeth

5a-4 Plovers Lake 89-62 Postcranial fragments

4 Die Kelders 74-59 Twenty-four teeth; mandibular fragment; three manual distal phalanges
4 Klipdrift Shelter 72-52 Isolated tooth

3 Sibudu 77-38 Manual distal phalanx; “toe bone?”; distal fibula; sternum; teeth

3 Diepkloof Shelter 61-48 Two pedal phalanges (intermediate & distal 5th ray); tooth

3 Hofmeyr 36

Cranium and mandibular fragment

Note: The age ranges provided for a site are the maximum and minimum estimates for the site and do not include the confidence intervals for individual sample
averages. References relating to the hominin fossils from these sites can be found in Grine (2016), with additional citations for Sibudu (Will et al. 2019), Klasies River

Main Site (Grine et al. 2020) and Die Kelders Cave 1 (Grine, Wurz, and Marean 2017).
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FIGURE1 | The location and the major sites and features at Pinnacle Point. (A) Location of Pinnacle Point in South Africa. (B) Aerial view of

the cliffs and the locations of the major caves and rock-shelters. (C) View of Pinnacle Point from the sea. (D) Pinnacle Point caves and rock-shelters

viewed from the Northeast. Image by Erich Fisher.

Today the sea is within tens of meters of the sites, but through
most of the occupation, sea levels were lower, and the coast
was at most some 20km further away (Fisher et al. 2010), al-
though there is almost continuous exploitation and discard
of mollusk remains in the sites. PP13B documents the earli-
est systematic use of mollusks, and very early worked ochre
back to ~162ka (Jacobs 2010; Marean et al. 2007). By ~110Kka,
a true coastal adaptation is documented where shell middens
are present and cultural artifacts such as seashells document
a life embedded in the sea and its resources (Jerardino and
Marean 2010; Marean 2010, 2011). The sequence at PP13B
shows its most intense occupations when the coast is closer
than 5km to the site, with occupation intensity dropping off
when the coast is further away. Hunting of large mammals
is well documented throughout the sequence (Rector and
Reed 2010; Thompson 2010).

Stone tools are dominated by a conventional MSA technology
made primarily on quartzite throughout the sequence at PP13B
(Thompson et al. 2010; Wilkins et al. 2017). The earliest evi-
dence for stone tool heat treatment is present on silcrete dating
back to about 162ka (Brown et al. 2009; Jacobs 2010), and while
present in small amounts throughout the sequences, it shows a
sharp increase in abundance ~74ka in PP5-6N. Very early mi-
crolithic technology appears at PP5-6N at ~74.0-72.7ka (Brown
et al. 2012; Jacobs et al. 2025), after deposition of the Toba cryp-
totephra (Smith et al. 2018). Subsequently, small bladelet tech-
nology is evidenced on a variety of raw materials alongside the
more conventional quartzite-dominated MSA.

1.2 | Context of the PP Hominin Specimens

The phalanx was excavated and individually plotted (Plotted
Find #654270) on March 2, 2017. Total station measurements
of —3,786,847.52 (southing), —83,727.18 (westing), 15.50 AMSL
were recorded (Hartebeesthoek94 Datum). One of us (K.E.)
recognized it as unusual and probably primate while catalog-
ing the excavated finds in January 2020; it was subsequently
confirmed as hominin in 2024 by F.E.G. and N.C. It derives
from Stratigraphic Unit LS17TINV within Stratigraphic Sub-
Aggregate Tove Red within Stratigraphic Aggregate Light
Brown Sand and Roofspall (LBSR) at the very base contacting
the underlying Yellow Brown Sand and Roofspall (YBSR). The
transition from the YBSR to the LBSR is modeled at 91.9-86.0ka,
which represents an excellent age range for this specimen given
its location at the contact of the YBSR and LBSR. Descriptions
of the stratigraphy and nomenclature can be found in Karkanas
et al. (2015) and Jacobs et al. (2025).

Stratigraphic Unit LS17TINV is a thin combustion feature
(probably an in situ hearth). The toe bone is dark brown (DB)/
black in color, which is consistent with its context. There are 231
other plotted finds from this unit, including lithics, mollusks,
mammalian fauna, fire cracked rock, and small bits of charcoal.

Two other hominin fragments, comprising a parietal fragment
and an isolated permanent molar, were found at PP13B (Marean
et al. 2004). Both were found out of context in loose sediment
that resulted from shallow digging by members of the general
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public. The disturbance had occurred shortly before the first ex-
cavations in 2000, and it was interpreted as resulting from shal-
low shoveling to level sediment for a tent. That shoveling cut
into an MSA layer described as the Brown Sand MSA Facies in
the report on the test excavations (Marean et al. 2004). Further
excavations refined the understanding of the Brown Sand MSA
Facies, where it was renamed the Dark Brown Sand. The two
hominin specimens were regarded as probably coming from DB
Sand 2, which is dated between 102 and 91 ka (Jacobs et al. 2011;
Marean et al. 2010).

Although it is impossible to identify exactly the sediments from
which the two hominin specimens derive, it can be stated with
reasonable confidence that they do not derive from layers sig-
nificantly older than DB Sand 2, because these layers were not
exposed to the surface. In addition, the fossils must predate
90ka, because the cave was sealed by a dune at ~90ka (Jacobs
et al. 2011; Marean et al. 2007), as revealed from studies of in-
tercalated and dated speleothem and sand from PP13B and other
associated caves (Bar-Matthews et al. 2010). Indeed, the back
slope of the dune that would have covered the entire portion of
the western PP cliff face is preserved on the cave wall at PP13B.

2 | Materials and Methods
2.1 | Nano-CT Scanning

The phalanx was examined by nano-computed tomography
(General Electric Nanotom S) at Stellenbosch University at an
accelerating voltage of 60kV and at a voxel size of 0.01413mm
in the x, y and z axes. X-ray projection images were acquired in
2200 steps during a full rotation of the sample. At each step po-
sition, the first image was disregarded, and the subsequent two
images averaged to produce higher quality images than stan-
dard. A detector shift was activated to minimize ring artifacts.
The images utilized here were rendered in Volume Graphics
VGStudio Max 3.0.

2.2 | Variables Measured

Ten linear measurements of the bone were recorded with cali-
pers and confirmed using surfaces rendered from the nano-CT
scans in Avizo v9.2.0. The osteometric variables employed here
are the standard linear measurements that have been applied
in other studies of pedal phalanges (Figure 2). These variables
are largely congruent with those defined by the Martin system
(Brduer 1988); but see Trinkaus and Patel (2016) and Pablos,
Gomez-Olivencia, Maureille, et al. (2019). The metrical variables
were selected to describe the general morphology and articular
size of the PP 654270 phalanx. As a measure of robusticity we
used the robusticity index, which is defined as the average of the
two diaphyseal diameters (M2 and M3) divided by the articular
length (M1).

2.3 | Comparative Samples

Three samples of Late Pleistocene Homo phalanges
(Neandertals, Middle Paleolithic modern humans (MPMH) and

M2a

FIGURE 2 | Measurements recorded for the distal pedal phalanx
from Pinnacle Point. Views: left=dorsal, right=medial. Abbreviations:
M1, maximum length; Mla, articular length; M2, mid-diaphyseal
breadth; M2a, proximal breadth; M2b, distal breadth; M3, mid-
diaphyseal height; M3a, proximal height; M3b, distal height; T7, proxi-
mal articular height; T8, proximal articular breadth.

Upper Paleolithic (UP) humans) as well as three samples of re-
cent/Holocene human phalanges were employed in the metrical
and morphological comparisons of PP 654270.

Unfortunately, it is not always possible to determine precisely
the ray from which a non-hallucial distal pedal phalanx de-
rives unless the foot bones are in direct association (Carretero
et al. 2015; Pablos, Gémez-Olivencia, Maureille, et al. 2019;
Trinkaus 2016). This is especially true in the fossil and ar-
cheological record, where isolated elements may be tapho-
nomically degraded. It is, however, commonly possible to
discern distal phalanges from Rays II and III versus those that
belonged to Rays IV and V. As noted below (see Section 3.1),
we regard PP 654270 as most likely having derived from the
second or third ray owing to the very slight medial deviation
of the distal tuberosity. Although we cannot rule out the pos-
sibility that it belonged to a fourth or even the fifth digit, we
have focused our comparisons with those elements that have
been identified as belonging to Rays II and III. We provide
supplemental comparisons with distal phalanges that have
been identified as deriving from Ray IV and Ray V from these
samples. There are a number of fossil distal phalanges from
penecontemporaneous Middle Paleolithic and UP sites in
Eurasia for which the lateral ray cannot be determined beyond
a designation from II to V. These are listed in Table S1. They
were excluded from the present analyses owing to the fact that
such uncertainty in lateral ray identification will introduce
unnecessary levels of uncertainty in statistical evaluations.
In addition, and for the same reason, the Homo naledi sam-
ple of six distal pedal phalanges (Harcourt-Smith et al. 2015)
was excluded from comparison. Although this South African
hominin sample is geographically proximate, it is likely to be
considerably older than PP and the other comparative samples
with estimates of between 335 and either ~241 or 236ka, cor-
responding to MIS 9-7 (Dirks et al. 2017; Robbins et al. 2021).
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Moreover, its phylogenetic relationships with Homo sapiens
versus either H. erectus or even H. habilis are currently un-
resolved (Dembo et al. 2016), and the fossil sample from the
Rising Star cave system comprises very small individuals,
with estimated average stature of 139-148 cm (4.5-4.8 ft) and
body mass of 33.1-43.4kg (73-96 1bs) (Garvin et al. 2017). Also
excluded from consideration here are the unassigned distal
pedal phalanges from the geographically distant East Asian
(Jinniushan 1; Pearson 2000) and Indonesian (LB 1/43 and LB
1/57 attributed to H. floresiensis; Jungers et al. 2009) fossils.

With regard to the fossil samples, all ray-assigned Neandertal
and Late Pleistocene H. sapiens distal pedal phalanges
were included in the analyses. Although we recognize that
Neandertals are characterized by possessing comparatively
robust and broad distal pedal phalanges with expansive apical
tuberosities in relation to H. sapiens (Pablos, Goémez-Olivencia,
and Arsuaga 2019; Pablos, Goémez-Olivencia, Maureille,
et al. 2019; Pearson et al. 2020), we have included them to
ensure that our comparisons are as comprehensive as possi-
ble. The Late Pleistocene sample comprised MPMH primar-
ily from the MIS 5 fossils from Skhil and Qafzeh (McCown
and Keith 1939; Vandermeersch 1981). Although there are
several distal manual phalanges known from penecontem-
poraneous South African MSA sites (Klasies River Main Site,
Sea Harvest, Die Kelders and Sibudu), the only distal pedal
phalanx available for comparison is the MIS 3 specimen from
Diepkloof Rock Shelter (Table 1). This bone (DRS-2) has been
identified as a fifth toe (Verna et al. 2013). It is included here
as part of the MPMH sample.

Our UP sample is composed of modern humans from Western
Eurasia. When the antimeres of the distal phalanges are pre-
served by the fossil individuals (e.g., Kiik-Koba 1, Mir6n 1 and
Qafzeh sample), we averaged the available bilateral measure-
ments to provide a mean value for each individual in order to
better represent the variability among individuals rather than
elements.

In addition to the Pleistocene fossil samples, we have included
data from three recent/late Holocene comparative samples.
These are the Hamann-Todd Osteological Collection from 20th
century North America (Cleveland Museum of Natural History;
n=167), the San Pablo Medieval collection (Universidad de
Burgos; n=16) and the Woodland Native American collec-
tion from the Libben site, Ohio (Kent State University; n=20)
(Trinkaus 1975; pers. comm.). The Libben sample serves to take
into consideration the fact that the footwear use in recent popu-
lations might influence pedal morphology (Trinkaus 2005). All
three recent modern human samples are pooled sex samples.

Although all four lateral pedal rays are included in these sam-
ples, we have focused mainly on those distal phalanges identi-
fied as belonging to the second or third toe.

2.4 | Statistical Analysis

A comparative univariate analysis of all variables was conducted
for the PP 654270 phalanx. In order to compare the individ-
ual values from this fossil with the averages from the different

samples, the Z-scores were calculated when the comparative
sample size was >4, and a value of 1.96 was considered signifi-
cant (p <0.05; Sokal and Rohlf 2003). For statistical analysis, we
used STATISTICA 8.0 (Statsoft. Inc 2007).

3 | Results
3.1 | Description of the PP Pedal Phalanx

The specimen, cataloged as PP 654270, comprises a complete,
well-preserved distal pedal phalanx (Figure 3). It is clearly not a
hallucial phalanx. Its size and the relatively symmetrical waist-
ing of its elongated shaft make it unlikely to derive from Ray V,
although this possibility cannot be discounted completely. The
proximal epiphysis is completely fused (Figure 4a,b), which is
consistent with its derivation from an adult individual, as this
occurs at >18years in Rays II-V of recent females and males
(Cardoso and Severino 2010). There is a slight degree of erosion
to the medial side of the dorsal rim of the proximal epiphysis
(Figure 4d). The bone is compressed in its dorsoplantar (DP) di-
mension (Figure 4c) and the proximal articular facet is slightly
bi-concave. The distal tuberosity is slightly expanded relative
to the width of the diaphysis, and it exhibits a very slight cant,
which we interpret as being medially directed. The long axis of
the element is virtually perpendicular to the transverse axis of
the proximal facet. Viewed from its medial (or lateral) aspect, the
plantar surface has a gently convex dorsal inflection from the
proximal surface to the tip of the bone. The plantar surface has
a moderately deep excavation surmounted distally by a flange-
like enthesis for the insertion of the tendon of flexor digitorum
longus. The nano-CT scans (Figure 4) reveal a moderately thick
cortex in the region of the diaphyseal midshaft and across the
proximal articular surface. The cortex thins somewhat over
the distal end of the bone. The distal end and especially the
proximal metaphysis possess moderately dense trabecular net-
works. Although the bone has a DB/black color and derives from
what is interpreted as a combustion feature (stratigraphic unit
LS17T1NV), there is no evidence either externally or internally
of any shrinkage. We therefore regard the measurements of the
specimen to accurately reflect its in vivo size. The bone lacks
any evidence of either human- or carnivore-induced surface
modification.

The bone's size and morphology correspond to a right distal lat-
eral pedal phalanx. We regard PP 654270 as most likely having
derived from the second or third ray owing to the very slight
medial deviation of the distal tuberosity, although we cannot
rule out the possibility that it belonged to a fourth or even the
fifth digit.

With regard to the distal phalanges of the second to fifth toes, it
is, as noted above, oftentimes difficult to assign either the side or
especially the ray number unless they are found in articulation
with the proximal and middle phalanges, or the distal phalanx
is part of a complete or nearly complete series (Pablos, Gomez-
Olivencia, Maureille, et al. 2019; Trinkaus 1983). Thus, the ray
from which PP 654270 derived should be regarded as tentative.
Moreover, isolated distal phalanges from the second and third
rays are nearly indistinguishable (Pablos and Arsuaga 2024;
Pablos, Gémez-Olivencia, and Arsuaga 2019; Trinkaus 2016).
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FIGURE 3 | Volumetric renderings of the Pinnacle Point (PP 654270) distal pedal phalanx. Top row left to right: dorsal, plantar, lateral views;
bottom row left to right: proximal, distal, medial views. Scale in mm.

FIGURE4 | Nano-CTslices through Pinnacle Point (PP 654270) distal pedal phalanx to show trabecular structure and distribution. (a) Horizontal
section, (b) longitudinal section, (c) transverse section through diaphyseal midshaft, (d) transverse section through the mesial metaphysis.
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Differentiating between Rays IV and V is based on size when
they derive from a single foot (Carretero et al. 2015; Pablos,
Goémez-Olivencia, and Arsuaga 2019; Pablos, Gémez-Olivencia,
Maureille, et al. 2019; Trinkaus et al. 2014). Because PP 654270
is an isolated element, we have included all four lateral toes in
our comparative samples of fossil and recent distal phalanges in
order to ensure more complete analyses.

The values of the 10 osteometric variables recorded for PP
654270 and the descriptive statistical parameters of all the com-
parative samples for Rays IT and IIT are recorded in Table 2. For
a comparison with digits IV and V, see Table S2.

3.2 | Morphometric Comparisons

As noted above, a persistent difficulty in the study of isolated
pedal lateral (second through fifth) phalanges is the attribution
to the correct ray for comparisons. Identification of the fifth
digit is often possible given the abbreviation of this toe in hu-
mans (Pablos and Arsuaga 2024; Pablos, Gomez-Olivencia, and
Arsuaga 2019), but other three (second to fourth) cannot be reli-
ably assigned to a digit unless multiple phalanges are preserved
(e.g., Carretero et al. 2015; Pablos, Gdmez-Olivencia, Maureille,
et al. 2019; Trinkaus 1983). In such instances, ray attribution is
mainly based on the decreasing lengths of the phalanges from
IT to IV. We reiterate that the assignment of PP 654270 to the
second or third digit is therefore tentative. The small sample of
reasonably securely identified distal phalanges from the Late
Pleistocene precludes an in-depth analysis. Nevertheless, some
interesting conclusions can be drawn from this study.

For nearly all variables, the PP phalanx values fall comfortably
within the ranges of variation in Rays II and IIT of Neandertals
as well as the various fossil and recent modern human samples.
At the same time, however, PP 654270 differs from the compar-
ative sample averages in some dimensions (Table 2). In general,
PP 654270 is longer than the averages of toes IT and III of all the
samples except Neandertals. Unfortunately, small sample sizes
preclude statistical assessment in many instances, but PP 654270
is significantly larger than Ray II of the MPMH for the maxi-
mum length (M1) and Rays II and III of the Libben Amerindian
samples for articular length (M1a) (Figure 5A). The PP phalanx
is narrower than that of Neandertals for toes II and III in all
four breadth measurements (i.e., M2, M2a, M2b, and T8), but
it differs significantly only in the width of the distal tubercle
(measurement M2b) of Ray II (Figure 5B). In this dimension, PP
654270 is within the range of variation of the second and third
phalanges of MPMH and UP samples. Unfortunately, the small
sizes of these comparative fossil samples preclude any in-depth
analyses.

The proximal articular breadth (measurement T8) of PP 654270
falls outside of the range of variation of all MPMH phalanges for
Rays II and III. Here too, however, the small sample size of this
comparative population precludes any exhaustive conclusion.
The DP heights (measurements M3, M3a, M3b, and T7) of the
PP phalanx do not differ significantly from the means of any of
the comparative samples (Figure 5C). Nevertheless, PP 654270
falls below the range of variation of Rays II and III phalanges
for some of the height dimensions of the Neandertal and MPMH

samples. This seems to indicate that the PP phalanx may be
comparatively shallow in its DP height in comparison to other
modern human phalanges. Larger samples of phalanges are
needed to confirm or refute this premise.

Neandertals and their ancestors possess higher levels of ro-
busticity in their postcranial bones than do H. sapiens spec-
imens (Arsuaga et al. 2015; Lorenzo et al. 2015; Pablos and
Arsuaga 2024; Pablos et al. 2012; Trinkaus 1983; Trinkaus
et al. 2017). With regard to the robusticity index, the second
toes of both the Neandertal and Libben Native American sam-
ples differ significantly from the PP 654270 value, and the PP
654270 value also falls below the observed ranges of variation
for the other fossil human samples. This suggests that the South
African MSA humans may have possessed relatively gracile dis-
tal pedal phalanges in comparison to other H. sapiens popula-
tions in Eurasia.

The high value of the distal end index (M3b x 100/M2b) for PP
654270 indicates that it possesses a relatively narrower distal
end than Neandertals. This is not unexpected given the ten-
dency for Neandertal distal pedal phalanges to be characterized
by broad apical tufts. This index in the comparative samples
does not differ significantly among any of the samples, except
for the Neandertals for Ray II. However, the bivariate analysis
of distal breadth and distal height indicates that the PP phalanx
is relatively narrower than the sample of Neandertals for Rays
IT and III (Figure 5D). This reiterates the fact that PP 654270 is
significantly narrower distally than in Neandertals.

Examination of the metrical variables for the distal phalanges
of the fourth and fifth toes in our fossil and recent compara-
tive samples (Table S1) reveals that the PP 654270 values differ
significantly from the means and/or are outside the ranges of
variation for most of the variables. These results reinforce our
consideration that the PP phalanx is unlikely to be a fourth or
fifth toe. In addition, the Diepkloof (DRS-2) distal phalanx,
which articulates perfectly with an intermediate phalanx, and is
attributable to the fifth ray (Verna et al. 2013) differs noticeably
from the larger (length, breadth and height) and more robust PP
element.

4 | Discussion and Conclusions

Distal pedal phalanges are comparatively rare in the palaeon-
tological record for Homo, with the majority of specimens at-
tributable to Neandertals and fossil H. sapiens. The problem
of small fossil inventories of these elements is compounded by
the problem of correctly attributing non-hallucial elements to
the correct ray. Although several distal manual phalanges are
known from the MSA of South Africa (Klasies River Main Site,
Sea Harvest, Die Kelders, and Sibudu), the only distal pedal pha-
lanx published to date is the fifth toe (DRS-2) from Diepkloof
Rock Shelter (Verna et al. 2013). This fossil, which dates to MIS
3, is younger than the PP 654270 distal phalanx from PP, which
we attribute to Ray II or III. Although six lateral distal pedal
phalanges are known for H. naledi (Harcourt-Smith et al. 2015),
they are unfortunately not identified as to ray, and this very
small-bodied species, whose phylogenetic affinities with H. sa-
piens are uncertain, is geochronologically much older than PP.

7 of 13

85U8017 SUOLLLIOD BA 1810 3(edl|dde ayy Aq peuseno ae ssjoie YO ‘8sn JO 3| 1oy AriqiT8uljuO A3|IA UO (SUONIPUOD-PUR-SLLIBYALICD" A3 1M AeIq 1 U1 [UO//SANY) SUORIPUOD PUe SWB | 8L 885 *[G202/60/LT] U0 AriqiTaulluO A8]IM ‘8 asuein|dwod pepseAlun Ag 98002 ede/Z00T 0T/10p/L0o" A8 | 1M Ake.q1|BulUO//:SANY Wo.j pepeo|umod ‘€ ‘SZ0Z ‘T69.2692



26927691, 2025, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajpa. 70086 by Universidad Complutense De, Wiley Online Library on [17/09/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

wn
o
(=)
N
w
3
QU
N
=
=
<
g
i)
a3
=
3
£
3
(senupuo)) s
2
S
(91=u) (ST=u) (91=u) r1=u) (yor=1u) (L91=1) (e=u) (c=u) (e=u) (9=u) m
[8'5-8¢] [29-5¥] [0'L-0¢] [t'9-0°5] [t'9-z€] [L9-9¢] [L9-L6] [279-5¢] [+'9-0°6] [12-9%] Yoy
90F6F SOFES S0F6S 70F8S 90F6Y 9°0F0°S — — €9 6'S 6'S 60F€¢9 v Te[none [ewirxord—zJ,
(91=1) (S1=u) (6ST=1u) (zor=u) (t=u) (r=u)
[LL-6C] [9°5-0¥] [c9-0€] [979-6'C] (1=u) (1=u) [8:9-¢°6] [€79-8¥]
TIFSY LOFLY — — LOFSY LOFSY 8Y 'Y — — 19 LOF9S 0 Y8y [eISIP—qEIN
(91=1) (sT=1) (o1=u) (r1=u) (S91=1u) (LoT=u) (e=u) (e=u) (€=u) (9=u)
[2'8-9°S] [1'8-9¢] [sL-T¢s] [0°8-¢°S] [e8-L¥] [8°8-6"1] (1=u) (1=u) [8°2-89] [0°£-079] [9°6-9L] [v6-¢L]
90FL9 L0F69 9°0F9°9 LOF69 8'0FS9 8°0F89 €L S'L TL S9 88 60FY'8 €L JySrey rewrxord—es N
(o1=1u) (ST=u) (91=u) yr=u) (S91=1) (991=1) (t=u) (€=u) (t=u) (t=u) (9=u)
[679-T€] [L's-07] [S'9-5¥] [L9-6¢] [679-6'C] [s79-6'7] [0°9-T°¥] (1=u) [9:9-T°5] [#79-¢°5] [cL-86] [0°L-t°S] 1Sy
OTFS¥ 90F6Y 90FES 80FSS LOF9Y LOF8 Y TS TS 6'S 8'S S9 9°0FC9 Y [easAyderp-pru—e N
(91=1u) (ST=u) (91=u) r1=u) (S91=1u) (L91=1u) (e=u) (t=u) (t=u) (s=u)
[so1-L¥] [8°8-L6] [e'6-5°6] [98-1"9] [t 11-8°6] [601-2°€] (1=u) (1=u) [9'01-0L] [Tot-2L] [to1-t"8] ['11-9'6]
PIFEL OTFSL TIF0L 80FSL TIFS9 CIFYL L L'L T8 98 ¥'6 6'0F 0L «6°L yIpeaiq [eIsIp—qzIA
(91=1) (ST=u) (91=u) y1=u) (s91=1u) (L91=1u) (e=u) (r=u) (9=u)
[s'11-58] [F'11-1'8] [0'21-9'8] [LT1-L8] [L6-57] [8:21-59] (1=u) (1=u) (e=uw[o11 [oeT-z6] [ozr-18] [0'€T-9°6] yIpeaiq
6'0F86 8°0F86 80F6'6 LOFS 0T 0TFT6 T'IF66 9'6 66 -86] #°01 ST 6'TFS 0T PIFETI 60T [ewrxoxd—ez N
(91=u) (sT=u) (91=u) (rT=u) (s91=1u) (991=1u) (t=u) (t=u) (e=u) (t=u) (t=u) (s=u)
[L'9-v€] [9°9-¢¢] [0°8-50] [vL-86] [#'2-0€] [LL-T€] [0L-6'7] [8:9-¥7¢] ['2-5°5] [8:2-576] [6'9-09] [e8-¢9] yipeaiq
80F8 Y 60F6t 6'0F 19 9°0F9'9 LOFLY 6'0FT'S 09 19 €9 99 S9 8'0F69 S'S [eesAyderp-pru—g N
(91=1u) (S1=u) (91=1u) r=u) F91r="1) (Lor=u) (t=u) (t=u) (r=u)
[es1-T°8] [Te1-18] [s'01-1°9] [v*01-6"9] [vrs1-€9] [t°s1-579] (1=u) (1=u) [e'T1-9°01] [P 1r-111] [ozi-z11]
LTF90T STFS 0L TIFCS TIFL8 LTIF86 9TF86 9'6 S'6 — 601 Tl 90F6TL +L'TT ISud] 1e[noRIe—eIIN
(o1=1) (ST1=u) (s91=1) (Lo1=1u) (t=u) (e=u) (e=u) W=u) (z=u) (9=u)
[091-T'6] [s¥1-S6] [+791-8"9] [oL1-v£] [s'11-0°11]  [0°TI-5'8] [ozt-so1]  [TzI-8°01] [zet-L2T] [ev1-6"0T]
SIFLIL 9TFLIL — — 8 TF80I LTF801T 11 00T 11 9°0F I el PIFOEL M | Sus] WnwIxew—IN
111 11 111 11 111 11 111 11 111 11 111 11 GIII-TI ?0],
qedS-HIN qrI-HIN HLH-HN an HINdIN s[erIapueaN 0LT¥S9
jurod
apeuulg “@
B
“TII pue T 203 10j sajdures aAneredwod Y3 pue xuereyd 300 [BISIP 0LZHS9 IUI0d [orUUI] JO SIOIPUI PuE (WU UI) SUoISusWIp mey | ¢ ATIV.L 0



*(LL6T uTeLI0) 41591 pue S I1) T AuarSe], oredry pue (STOT T8 19 0I23a1IeD IYSLI ‘[T] 29 1J9] PUB IYSLI [T) T UQITIA ‘(0861 "B 10 T[0ed
41391 pue JYSLI ‘IT) 0T APIPUED dUAIY (TS6T IUIPIRJ IPTRQUIOT PUB TUIPIR 139 “I1T) T OoURTY :sapnjout idwes 4 “(SL6T SNeYULLL ‘6£6T YO PUB UMODIN YSLL ‘IIT PU IT) ¥ [NYNS PUE ‘(186 YOSIdAULIIPUEBA 9] pue 1YSL ‘I
pue I1) 6 Y9zyed) pue (139 pue 1YSH ‘TIT pue I1) 8 YazJed) (I86T YISIAWLIIPULA 139 ‘IT) 9 YazJed) :sopnpout o[dwes HINAIA "(SL6T SNeNULLL IYSL1 IT) TD Unqe[, pue (L10T T8 19 SNeYUILL, ‘TIT) {LLT6dS SeWo[ed Se] ap BWIS ‘(L10T T8 19
Koxawiod I1) S Teprueys ‘(€861 SNeNULLL, ‘I[I PUE []) ¥ Teprueys ‘(610 ‘€ 39 ‘S[[I2INBIA ‘BIOUSAI[Q-ZOWON) ‘SO[qRd 339] ‘II) €OV T NopanoJay ‘(JeurSrio woiy *sqo *s1ad 3] ‘I11) T AISSLLI] BT ‘(Ised woiy 'sqo ‘s1ad 3391 pue JySry ‘111
pue 1) T BQON-NIIY ‘(SL6T SNeYULLL 339 “II) T pnwy :sapnpout a[dures [ejropueaN ‘sajduwres xas pajood a1e (qedS-HIA Pue qUI-HIA ‘H.LH-HIA) SUBWNY WISPOJA *(SULID) 3JN[OSqE UL 96°T < 9109S-7) SI[AWILS ) JO SUWIOS YIIM SIUISFJIP
JUBDIJTUSIS 9JBIIPUI JSLISISE PUB SI2)13] P[og "UMOYS 1€ (u) az1s ajdwres pue [ | a8uer ‘qS T F UL ‘¢S d[qeL ul papraoid are sajdures saneredwod ay) Jo 203 Y3jij pue Y3Inoy yiim uostieduwrod pue siojowered [ed1IS1IRIS [9JON

(91=1u) (ST=u) (91=1) i=u) (r91=1u) (991=u) (t=u) (e=u) (t=u) y=u) (TN
[6c8-s¢e] [TzL-89¢] [+86-50S]  [8'26-0"%S] [6708-9°LT] [1'¢8-8'87] (1=u) (1=u) [c1L-TTs] [0°29-9°L¥] [s'z9-T¢s] [£-85-8°8Y] /[T/(EN +TIN)] X 001)
6'CIFOSY YOI FS'LY 6CIFETIL  TTIFSOL 86FCT8Y 86FSTS YLy 1'sS L'T9 $'98 8°LS VYFS S «T° 9 xapul £31013snqoy

(9r=u) (sT=u) (6ST=1) (zo1=1u) (t=u) r=u)

[0 sL-vtb] [€zL-0'Ly] [Tect-08y]  [L96-€07] (1=u) (1=u) (1=u) [z'29-1¢9] [2'19-5"05]
T6F179 SLFO0E9 — — 6TIFTIL €0IF6'S9 619 L'¥9 — Lt9 159 S'SF0'9S 9°L9 XopuI qZIN/00T X QSN

(9r=u) (s1=u) (9r1=u) (rr=u) (s91=1) (991=1u) (t=u) (e=u) (e=u) (t=u) (s=u)

[trot1-589]  [8'82T-¥'69] [e'80T-€0L]  [+'S6-8°09] [ozet-r0oL]  [9ep1-5'ss]  [Ls8-L's8] (1=u) [Teo1-s'¥8]  [€96-T'28]  [6'v01-L'96]  [€'¥0T-6'SL]
LTIIFOV6 9T FT'T0T YITF9LS SOTFH'ES LEIF1'66 SYIFIT6 LS8 796 St6 S°16 8001 TITFOV6 ¥'96 X3pul ZIN/00T X N

(9r=u) (s1=u) (9r=u) (r1=u) (Y91=1) (Lo1=1u) (e=u) (t=u) (e=u) (9=u)

[T6-09] [88-6°¢] [s'6-89] [v6-8L] [88-076] [8:6-9°¢] [86-8°8] [01-6'8] [601-9°L] [ 1-58] yipeaiq

80FEL 80F9L 60FSL S0FS'S SOFTL 80F9L — — 7’6 86 €6 TTFL6 '8 Te[nonae ewxord—sJ,

111 II 111 I 111 II 111 11 111 11 111 11 LIII-TI JoL,
qeds-HIN qrI-HIN HLH-HIN dn HINdIN S[elIapuLaN 0L2hS9
jurod
Ioeuurd
(panunuo)) THTIAVL

26927691, 2025, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajpa. 70086 by Universidad Complutense De, Wiley Online Library on [17/09/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

90f13



1
A B Mla - articular length v B = M2b - Distal breadth
©
12t & A
.4 Amw i} 1 ".‘
A 1 v
A ® )i
“‘ 1 m 10 ®
..IV N
A4 [ ]
L4
10 Y v
H e L H " e ¥ u
g 18/ | | m A m m
M Y 8 ,‘? 1
v » ,éb s S om
@g ] A e v
.' v I
8t [}
] 34
6 L J
v v
° : o
L J
6 °
T
A ANeandertals-IT
C M3 - Height of diaphysis D ANeandertals-IIT
! oUP-II
1 UP-1II
T | .
v e
u
A
6] A .3’ 'Y m -
|
B ki)
£ 1 P
& ¥ e
- o oy - m g
e ® ® e o e 4
° e s
A ¥ v £
@ ¥ 2
® 9
4
2
7 8
M2b - distal breadth
T Mean + SD fNeandertals eMPMH @UP ™ MH-HTH # MH-SPab 4+ MH-Lib

FIGURES5 | Univariate metric assessment of the PP 654270 distal pedal phalanx. (A) Articular length (M1a). (B) Distal breadth (M2b). (C) Height

of diaphysis (M3). (D) Bivariate analysis of the distal breadth (M2b) and height (M3b). MH-HTH, modern humans (MH)-Hamann-Todd collection;
MH-Spab, San Pablo medieval collection; MH-Lib, unshod Libben Amerindians (from Trinkaus 1975); MPMH, Middle Paleolithic modern humans;
UP, Upper Paleolithic modern humans. Mean+1 SD are shown. The Roman numerals in each figure indicate the pedal ray. All the variables are in
mm. Note that all the graphs include second to fifth distal foot phalanges (indicated with Roman numerals) of the comparative samples except for the
bivariate analysis that includes just the second and the third ones. The ellipses indicate the 95% equiprobability ellipses of the pooled recent modern

human samples for each digit.

The distal pedal phalanx from PP is long, distally narrow, and
generally gracile, especially in comparison with the broader and
more robust Neandertal homologues. This difference may reflect
differing biomechanical stresses or environmental influences
on toe morphology in the Late Pleistocene of South Africa. The
PP phalanx is not dissimilar to other fossil and recent H. sapiens
phalanges from Rays II and III, and it is congruent with pene-
contemporaneous Middle Paleolithic modern human elements
from Eurasia. The archeological record of the MSA at PP indi-
cates the prolonged exploitation of marine resources that would
have been collected from the coast that would have been some
5-3km from the site at the time that the individual to whom
the PP 654270 phalanx belonged occupied the site at about 91.9-
86.0ka, with evidence of rather intensive mollusk collection and
other coastal adaptations. The mammal fauna is indicative of

active hunting, further emphasizing the probable high degree of
mobility of the people inhabiting this coastal environment. The
morphology of the PP distal phalanx is not inconsistent with the
scenario reconstructed from the archeological record at the site.
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