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Abstract

This study assessed variation in the supraorbital and orbital region of the Middle Pleistocene
hominins, sometimes called Homo heidelbergensis s.1., to test whether it matched the expectations of
intraspecific variation. The morphological distinctiveness and relative variation of this region, which
is relatively well represented in the hominin fossil record, was analyzed quantitatively in a
comparative taxonomic framework. Coordinates of 230 3D landmarks (20) and sliding semilandmarks
(210) were collected from 704 specimens from species of Homo, Australopithecus, Paranthropus,
Gorilla, Pan, Papio, and Macaca. Results showed that the Middle Pleistocene hominins had expected
levels of morphological distinctiveness, intragroup, and intergroup variation in supraorbital and
orbital morphology, relative to commonly recognized non-hominin catarrhine species. However, the
Procrustes distances between this group and H. sapiens were significantly higher than expected for
two closely related catarrhine species. Further, this study showed that variation within the MPH could
be similarly well contained within existing hypodigms of H. sapiens, H. neanderthalensis, and H.
erectus s.l. While quantitative assessment of supraorbital and orbital morphology did not allow
differentiation between taxonomic hypotheses in later Homo, it could be used to test individual
taxonomic affiliation and identify potentially anomalous individuals. This study confirmed a
complicated pattern of supraorbital and orbital morphology in the Middle Pleistocene hominin fossil
record, and raises further questions over our understanding of the speciation of H. sapiens and H.

neanderthalensis, and taxonomic diversity in later Homo.
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1. Introduction

1.1. Middle Pleistocene hominins

Species hypodigms form the analytical units of much biological research. Taxonomies are particularly
challenging to achieve for the fossil record, however, where the data available to inform taxonomic
decisions are limited. One example is the ongoing discussion over the correct taxonomic assignment
of the Middle Pleistocene (or Chibanian) hominin remains (MPH), which encompass a group of
specimens from this age that are more apomorphic than Homo erectus and more plesiomorphic than
Homo sapiens and Homo neanderthalensis. MPH have been widely assumed to belong to the stem
species of H. neanderthalensis and H. sapiens (Stringer, 1983, 2002, 2012; Rightmire, 1998; Mounier
et al., 2009, 2011), although recent research may challenge this assumption (see below). These
hominin fossils have been variably attributed to H. erectus or ‘archaic H. sapiens' (Stringer et al.,
1979; Rightmire, 1998; Harvati, 2007; Tattersall and Schwartz, 2009; Athreya and Hopkins, in press),
yet have most frequently been assigned to Homo heidelbergensis in recent years (Rightmire, 1988;
Stringer, 2012; Buck and Stringer, 2014).

While the name H. heidelbergensis is inextricably linked to its holotype, the Mauer 1 mandible
(Schoetensack, 1908; Stringer, 2012), dated to 610 ka (Wagner et al., 2010), the anatomically limited
nature of this specimen has complicated comparisons with craniofacial fossils and made it difficult to
achieve a consensus on a hypodigm composition for this species (Rightmire, 2008; Hublin, 2009; Rak
et al., 2011). Nevertheless, morphological assessment of a hominin assemblage from Caune de

I’ Arago, France, dated to approximately 438 ka (Falguéres et al., 2004, 2015), which includes both
cranial and mandibular fossils has led researchers to combine Mauer 1 and the Arago hominins with
other Middle Pleistocene fossils from Africa and Europe into a single species, Homo heidelbergensis
s.l. (Stringer et al., 1979; Seidler, 1997; Harvati, 2007; Rightmire, 2008; Schwartz and Tattersall,
2010; Guipert et al., 2014). In the most generalized view, H. heidelbergensis s.I. now encompasses the
majority of craniofacial hominin fossils from the Middle Pleistocene of Africa and Europe showing

indeterminate affinities to H. erectus, H. sapiens, and H. neanderthalensis (see Fabbri, 2006).



Further similarities between Asian MPH, frequently attributed to H. erectus s.s. or ‘archaic H.
sapiens' (e.g., Dali and Narmada), and European and African MPH (e.g., Kabwe 1 and Petralona;
Groves and Mirazon Lahr, 1994; Bae, 2010; Wu and Athreya, 2013) have led some researchers to
suggest the inclusion of these Asian specimens in discussions of a broad H. heidelbergensis s.I.
hypodigm (Rightmire, 2008). In contrast, other researchers have suggested that this species should be
restricted to a subset of European MPH documenting features shared with Mauer 1 and not found in
other members of the wider MPH, i.e., H. heidelbergensis s.s. (Arsuaga et al., 1997; BermUdez de
Castro et al., 1997, 2003; Manzi, 2004; Hublin, 2009).

Despite suggestions of unifying autapomorphies (e.g., Buck et al., 2012; Stringer, 2012; Rightmire,
2013; Buck, 2014), MPH generally assigned to H. heidelbergensis s.l. are highly variable in
craniofacial morphology (Dennell et al., 2011; Manzi, 2011), and have been argued to display a
mosaic appearance of derived features (Harvati, 2007; Dennell et al., 2011; Stringer, 2012). They vary
in occipital morphology, nasal profile, the relationship between the orbits and the anterior cranial
fossae, the definition of the pituitary fossa, the extent of pneumatization in the cranial bones,
dimensions of the neurocranium, upper facial height, facial breadth, breadth and position of the nasal
aperture, inflation of the infraorbital region, and supraorbital torus form and thickness (Seidler, 1997;
Rightmire, 2008; Tattersall and Schwartz, 2009; Schwartz and Tattersall, 2010). Indeed, some have
argued that the amount of variation displayed by the MPH may be too great to be included in a single
hominin species, potentially due to the weak morphological and theoretically questionable
chronological criteria used to assign specimens to this group (Schwartz and Tattersall, 2010).

While the term H. heidelbergensis increased in use toward the end of the last century, following the
discoveries at Arago and research by Rightmire (1996, 1998), recent developments have raised
questions over its validity. Firstly, DNA analysis of fossil evidence from Sima de los Huesos, dated to
448 ka (Demuro et al., 2019), indicates that the H. neanderthalensis lineage had been established
earlier in the Middle Pleistocene than previously thought (Meyer et al., 2016). A similar realization
has occurred for H. sapiens, with early members from Jebel Irhoud, Morocco, now dated to 315 ka
(Hublin et al., 2017; Richter et al., 2017). This places these early H. sapiens as contemporaneous with
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the relatively more plesiomorphic Kabwe 1 fossil, recently dated to 299 ka (Griin et al., 2020), which
is the holotype of the nominal species Homo rhodesiensis (Woodward 1921), and has been frequently
included in H. heidelbergensis s.1. (e.g., Stringer, 1983, 2012; Prossinger, 2008; Godinho and
O'Higgins, 2018). Furthermore, analyses of dental evolutionary rates suggest an earlier divergence
between H. sapiens and H. neanderthalensis than indicated by previous estimates (e.g., Prifer et al.,
2014), either in the early Middle Pleistocene or possibly the late Early Pleistocene (Gomez-Robles,
2019). Taken together, these findings indicate that H. heidelbergensis s.I. may be polyphyletic (and
therefore an invalid species), and necessitate a reassessment of the suggestion that the MPH may
instead represent members of H. sapiens, H. neanderthalensis, and H. erectus s.l. (Stringer et al.,

1979).

1.2. Aims

This study quantitatively assessed craniofacial variation within the MPH in a comparative taxonomic
framework. The supraorbital and orbital region was chosen for this purpose, as it is particularly well
represented across the craniofacial hominin fossils from the Middle Pleistocene of Africa, Europe, and
Asia. Hominins show a diversity of supraorbital morphologies (see, e.g., Smith and Ranyard, 1980;
Kimbel et al., 1984; Bookstein et al., 1999; Athreya, 2009), and this region has historically been
considered important in distinguishing between late hominin groups (Weidenreich, 1947). The
supraorbital and orbital region has also recently been found to preserve a suitably strong phenetic
signal in the catarrhine primates, including later members of Homo, to allow identification of species
and subspecies boundaries (White et al., 2020).

The MPH have been described as united in their supraorbital morphology (Schwartz and Tattersall,
2010), which simultaneously distinguishes them from Early and Late Pleistocene hominin species and
potentially unifies them into a single group, despite considerable individual variation in supraorbital
torus form and thickness (Rightmire, 2013). However, detailed analyses of MPH frontal bone profiles
from Africa, Asia, and Europe have suggested that variation does not follow a simple geographical
pattern of isolation by distance, and that the MPH are difficult to distinguish based on frontal bone
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profiles alone (Athreya, 2006, 2009, 2012). As a group, the MPH have been described as having
robust, hyperpneumatized, continuous, anteroposteriorly projecting supraorbital tori, especially in
their lateral aspects (Freidline et al., 2012b; Stringer, 2012; Buck, 2014), which may be
autapomorphic in features such as their lateral superoinferior thinning (Groves and Mirazon Lahr,
1994). As such, quantitative, comparative assessment of supraorbital and orbital variation within the
MPH may contribute to clarification of the taxonomic status of H. heidelbergensis s.lI.

Numerous studies have explored variation in hominin craniofacial anatomy by assessing intra- and
intergroup variation within a taxonomic framework, to test species-level hypotheses. Such an
approach has been applied repeatedly to H. erectus s.l. (e.g., Terhune, 2007; Baab, 2008; Rightmire,
2019), for instance, but has not yet been used for the MPH. The present study therefore contributes to
our understanding of the MPH by using this approach to ask whether supra- and circumorbital
variation within this group is compatible with expectations for variation in a single species (H.
heidelbergensis s.1.), or whether observed patterns of variation are more compatible with the inclusion
of the MPH within the existing hypodigms of H. erectus s.l., H. neanderthalensis, and H. sapiens.
Such an assessment is necessary before consideration of factors known to affect intraspecific
variation, such as sexual dimorphism, within-species evolution, static allometry, and geography.

The present study applied 3D geometric morphometric (GM) methods to record morphology in a
greater area of the anterior cranium and in greater detail than previous studies of the supraorbital and
orbital region in later Homo. GM methods have been shown to be effective at both visualizing and
guantifying key morphological differences in complex structures (e.g., O'Higgins, 2000; Freidline et
al., 2013; Steltzer et al., 2019; Bastir et al., 2020), and are well suited to comparative assessments of
morphological variation. All analyses were performed in shape space, as this has previously been
shown to be the most effective type of data for taxonomic discrimination based on supra- and
circumorbital morphology in catarrhine primates (White et al., 2020).

A challenge faced by all analyses of morphological variation in the fossil record is the multi-factorial
nature of influences on that variation. As with other skeletal regions, the morphology of the
supraorbital and orbital region is affected by adaptive and neutral genetic processes, sexual
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dimorphism (e.g., Bulygina et al., 2006; Garvin and Ruff, 2012), ontogeny and ageing (e.g., Russell,
1985; Hofbauer et al., 2003; Gonzalez et al., 2010), allometry (e.g., Rosas and Bastir, 2002; Freidline
et al., 2015), and ecogeographical variables (e.g., Howells, 1973, 1989; Mirazén Lahr and Wright,
1996), with likely covariance between many of these factors. For example, biomechanical hypotheses,
such as the anterior dental loading hypothesis (Oyen et al., 1970a,b; Russell, 1982, 1985), relate the
evolution of the primate supraorbital torus to the need to resist masticatory-induced strain, whereas
nonmechanical hypotheses, such as the neuro-orbital disjunction model (Moss and Young, 1960),
incorporate structural and spatial hypotheses that focus on the integration of the supraorbital torus
within the wider craniofacial complex. While there may be less support at present for a biomechanical
explanation (e.g., Hylander et al., 1991; Ravosa, 1991; Picg, 1994) and slightly more support for a
spatial model (e.g., Shea, 1986; Ravosa, 1988, 1991; Fiscella and Smith, 2006), with studies showing
that the supraorbital region is under low-to-moderate masticatory strain (Lycett and Collard, 2005;
Collard and Wood, 2007; Collard and Lycett, 2008; Kupczik et al., 2009; Tuckmantel et al., 2009;
von Cramon Taubadel, 2009; Godinho and O'Higgins, 2018), there is currently no consensus on the
functional significance of the primate (or hominin) supraorbital torus, with alternative hypotheses
including social communication also being considered (Godinho et al., 2018). Continued uncertainty
regarding the factors driving morphological variation in the supraorbital region of hominins and other
primates underlines the need to use multiple extant species models in order to evaluate morphological
variation in MPH.

Other researchers have similarly made strong arguments for the use of multiple model species when
comparing taxonomic variation between hominins and model primates (Jolly, 1970, 2001; Frost et al.,
2003; Harvati et al., 2004; Baab, 2008). While Pan is typically used in paleoanthropological models,
due to its close phylogenetic relationship with the hominins (Macho, 2018), the inclusion of a wider
range of comparative model taxa is critical to building robust models of expected and maximum
intraspecific variation, especially for a group such as the MPH, which occupied three continents, a
variety of ecologies, and spanned over 400 kyr. Comparative model species were drawn from the
Catarrhini, and include both monotypic and polytypic species to model average and maximum
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expected intra- and interspecific variation (Mayr, 1969) as well as morphological (or biological)
distinctiveness (Cardini et al., 2009; Cardini and Elton, 2011) across groups which vary in sexual
dimorphism, temporal, and geographic range. The use of multiple model species allows for the
possibility that fossil hypodigms may deviate from the pattern observed in a single, or some, model
species, while falling within the recorded range for the others. Such cases can be assessed in the
context of the factors known to determine patterns of variation in the model species concerned in

order to refine taxonomic hypotheses in the fossil record.

1.3. Hypotheses

The present study explored two hypotheses regarding the pattern of relative variation within the
supraorbital and orbital region of the MPH. The first hypothesis was that the MPH could be
considered as a single species (H. heidelbergensis s.1.). The alternative, based on recent evidence for
an earlier divergence between H. sapiens and H. neanderthalensis, and contemporaneity of more
plesiomorphic and more derived hominins in the Middle Pleistocene, is a revision of an earlier
suggestion: that the MPH are not a coherent species, and instead incorporate members of H. sapiens,
H. neanderthalensis, and H. erectus s.l. lineages.

Main hypothesis When considered as a separate group, supraorbital and orbital variation in the MPH

will be consistent with expectations for a single species. This hypothesis would be rejected if the
morphological distinctiveness, intra-, and intergroup variation of the MPH were found to be
incompatible with the expectations for a distinct species, as measured in the extant non-hominin
catarrhine species (see predictions below).

Alternative hypothesis When the MPH are not considered as a separate group, and instead placed

within either H. sapiens, H. neanderthalensis, or H. erectus s.1., supraorbital and orbital variation in
these hominin species will be consistent with the expectations for distinct species. This hypothesis
would be rejected if morphological distinctiveness, intra-, and intergroup variation within the

expanded H. sapiens, H. neanderthalensis, and H. erectus s.I. hypodigms were found to be



incompatible with the expectations for separate species, as measured in the extant non-hominin
catarrhine species.

The following predictions were made for species-level variation in supraorbital and orbital
morphology, based on existing literature (see Simpson, 1961; Simons and Pilbeam, 1965; Mayr, 1969;
Tattersall, 1986, 1992; Wood, 1991; Albrecht and Miller, 1993; Kimbel and Martin, 1993; Lockwood
et al., 1999; Harvati, 2003; Harvati et al., 2004; Terhune et al., 2007; Groves, 2012; Rightmire, 2019):
Morphological distinctiveness (sensu Cardini et al., 2009; Cardini and Elton, 2011), assessed via
stepwise, jackknife cross-validated linear discriminant analysis of principal component values, will be
within the expected range for a species, as quantified in extant non-hominin catarrhine species.
Intraspecific variation, measured through intragroup Procrustes distances (see, e.g., Bookstein, 1996;
Klingenberg, 2005), will not be statistically greater than that found in extant non-hominin catarrhine
species.

Interspecific variation, measured through intergroup Procrustes distances, will not be statistically
smaller than that found in extant non-hominin catarrhine species.

The magnitude of intra- relative to interspecific variation will be comparable to that found in the non-

hominin catarrhine species.

2. Materials and Methods

2.1. Sample

This study included 13 MPH (Table 1), many of which have previously been assigned to H.
heidelbergensis s.I. The Florisbad cranium from South Africa and the Zuttiyeh fossil from Israel are
variably identified as 'archaic H. sapiens', H. neanderthalensis, or late H. heidelbergensis s.l.
(Simmons et al., 1991; Rightmire, 2001, 2009; Zeitoun, 2001; Freidline et al., 2012a; Bruner et al.,
2013), although Florisbad has also been used to describe a separate species, Homo helmei (Dreyer,
1935; McBrearty and McBrearty, 2000; Mirazon Lahr and Foley, 2001). Recent aDNA analysis of the
Sima de los Huesos assemblage from Atapuerca, Spain, has indicated that these hominins form part of
a wider H. neanderthalensis clade (Meyer et al., 2016), supporting indications from earlier
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morphological analyses (e.g., Arsuaga et al., 1997, 2014; Martinén-Torres et al., 2012). Nevertheless,
these hominins have also been compared to other MPH such as Petralona and Arago 21 based on their
craniofacial morphology (Arsuaga et al., 1993, 1997, 2014), leading to their earlier attribution to H.
heidelbergensis s.I. (Arsuaga et al., 1997).

The specimens included in this analysis comprised a large proportion of the MPH fossils that preserve
the supraorbital and orbital region, with the exception of Ndutu, Jinniushan, Yunxian, Gruta da
Aroeira, and the other crania from Sima de los Huesos. The Yunxian hominins show considerable
postdepositional damage and distortion (Li and Etler, 1992; Etler, 1996; Vialet et al., 2010), and the
Jinniushan cranium is fragmented and largely reconstructed in the frontal region (Wu, 1988). The
Ndutu specimen has gone through multiple reconstruction efforts (Clarke, 1976, 1990) and only
preserves a portion of the right frontal bone and the left supraorbital torus, and was therefore excluded
from this study. The remaining specimens were excluded due to limited access opportunities, although
Gruta da Aroeira is also damaged in the lateral aspects of the supraorbital torus. The sample therefore
included all of the sufficiently well-preserved MPH specimens for which access could be secured,
and, as such, represents the best currently available estimate of supraorbital variation in this group.
Under the alternative hypothesis, the 13 MPH were assigned to H. erectus s.l., H. neanderthalensis, or
H. sapiens. Assignation was based on the presence of autapomorphic features (for H. sapiens and H.
neanderthalensis), or the absence of these autapomorphies (for H. erectus s.1.), following the literature
(Table 2). Due to the debate over the attribution of the Zuttiyeh specimen, two versions of this
hypothesis were tested: one in which Zuttiyeh was considered H. sapiens, and another where it was
considered H. neanderthalensis.

Details of the Pleistocene hominin specimens are shown in Table 3 (see also Supplementary Online
Material [SOM] Table S1). The H. sapiens sample also included 172 Holocene, non-fossil (i.e.
archaeological or historical) specimens (see SOM Table S2) from a wide geographical and temporal
range. Homo sapiens specimens were further assigned to different groups by date and morphology:
Pleistocene specimens showing a mosaic of H. sapiens autapomorphies (e.g., bipartite brow, canine
fossa, retracted face, globular neurocranium; see Day and Stringer, 1982; Lieberman et al., 2002;
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Schwartz, 2016) and plesiomorphic traits were distinguished as early H. sapiens (EHS, n = 6), while
Pleistocene specimens showing all expected H. sapiens autapomorphies were grouped as anatomically
modern H. sapiens (AMHS, n = 17), and Holocene specimens (both fossil specimens from Table 3
and archaeological and historical specimens from SOM Table S2) as recent H. sapiens (RHS, n =
184) due to evidence of increasing gracilization in this period (Mirazén Lahr, 1996; Cieri et al., 2014;
Mirazén Lahr, 2016). These subgroups were used for stratified sampling in bootstrapping procedures
(see Section 2.3), ensuring sampling across the time period of this species.

The MPH and H. erectus s.1. were divided into geographical subgroups for visualization in principal
component plots. The MPH were categorized as either African, Asian, or European, due to discussion
over taxonomic relationships between these groups (Harvati, 2007; Bae, 2010; Dennell et al., 2011;
Manzi, 2011; Martinén-Torres et al., 2011; Stringer, 2012). Homo erectus s.l. specimens were divided
into African, Georgian, and Asian members, due to the ongoing debate over the correct taxonomic
assignment of these hominins (Kramer, 1993; Baab, 2008; Lordkipanidze et al., 2013; Baab, 2016).
Specimens of H. erectus s.l. were chosen based on their relative preservation across the supraorbital
and orbital region, to minimize the impact of reconstruction on estimates of intragroup variation in
model species. While the final sample size for this group was relatively low (n = 7), this was one of
many comparison species used to model intraspecific variation, and the specimens used ranged across
much of the timespan of this species, meaning that this sample should provide a useful measure of
variation caused by within-species evolution, albeit over a longer period of time than for the MPH.
The comparative sample consisted of adult specimens from species and subspecies within Homo,
Australopithecus, Paranthropus, Gorilla, Pan, Papio, and Macaca (see White et al., 2020 and SOM
Tables S1 and S2 for further details). Adult status was assessed dentally, by the full eruption of the
third molars, and cranially, by full fusion of the occipital-sphenoidal synchondrosis. Specimens
showing evidence of pathology or trauma affecting the region of interest were excluded. 3D surface
models were collected with a NextEngine desktop laser scanner (model 2020i), with additional

surface models being generated from available CT data using 3D Slicer v. 4.5 (Fedorov et al., 2012).
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Research-quality casts were used when access to original fossils was limited (see Table 3 and SOM
Table S1).

The final sample consisted of 704 individuals (Table 4). The proportions of total females and males
were approximately equal (301 [42.8%] vs. 291 [41.3%], respectively), although this varied between
groups and sex was unknown for some specimens. Sex of H. sapiens specimens was estimated
following Buikstra and Ubelaker (1994) when known sex data were not available. Sex determination
methods were not attempted on fossil or cast specimens due to issues with the applicability of
standards deduced from modern reference samples across hominin evolutionary history. Sex data

were taken from the museum records for non-hominin catarrhine specimens, when available.

2.2. Reconstruction

Most fossil hominin specimens included in this study were not completely preserved across the region
of interest, and many specimens documented postdepositional distortion. Despite selection for the
best-preserved specimens available, a number of H. sapiens and non-hominin catarrhine specimens
also had missing data. A combination of reconstruction methods was therefore used, with specimens
being assessed individually to apply the most appropriate method (SOM S1). Some surface models
were reconstructed before landmarking, using digital reconstruction methods, with either the original
model being reflected to reconstruct missing regions, or a suitable surface model being used as a
template, and retrodeformation was used to correct distortion in two fossil hominins. Missing points
were estimated using reflection across an empirical midplane estimated by orthogonal regression (for
a single point in a bilateral pair), geometric reconstruction using thin-plate splines and matched
reference samples (for a few missing points), or manual virtual reconstruction (for points
automatically placed on endocranial surfaces on models generated from CT data; further details can

be found in SOM S1).

2.3. Methods
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Landmarking This study used a configuration of 230 3D landmarks and semilandmarks. This
consisted of nine landmarks placed around the orbital region, along with a mesh of 221 points placed
over the supraorbital and orbital region, which included 11 anchoring landmarks (SOM Table S3).
Two additional landmarks (left and right auriculare) were used in the identification of defining planes
(Frankfort horizontal, midsagittal, and paracoronal) for mesh placement, but were not included in the
final configuration. While many of the landmarks were standard craniometric points, some definitions
had to be adapted or created in order to allow homology between all primate species used, and to
account for frequent damage to certain areas of the cranium (e.g., the lacrimal bones). All
landmarking was conducted in Checkpoint v. 2016.06.28.0428 or 2018.09.07.0325 (Stratovan
Corporation, 2016, 2018). Intraobserver error for the landmark configuration was assessed using the
methods of White et al. (2020) and was found to be significantly lower than intra- and intertaxonomic
distances (SOM S2; SOM Table S4; SOM Fig. S1), meaning that intraobserver error should not
significantly affect the outcomes of this study.

Generalized Procrustes analysis The data were put through a generalized Procrustes analysis (GPA)

with a partial Procrustes fit (Rohlf and Slice, 1990; Rohlf, 1999) using the ‘gpagen’ function in the
‘geomorph’ package v. 3.3.1 (Adams et al., 2013) in R v. 3.6.1 (R Core Team, 2014). During this
process, the semilandmarks were slid to minimize bending energy. Registered configurations were
visualized for the 13 MPH using 3D scatterplots for qualitative comparison. Procrustes shape
coordinates were subsequently put through a principal component analysis (PCA) in Morphologika 2
v. 2.5 (O'Higgins and Jones, 1998). The first and second principal components (PCs) were used to
visualize the major trends in morphological variation within the sample. This process was also
repeated for a dataset consisting of just the hominin specimens.

Morphological distinctiveness Stepwise, jackknife cross-validated discriminant analyses were

performed to assess morphological distinctiveness of species for the recorded region (following
Cardini et al., 2009; Cardini and Elton, 2011; White et al., 2020), with the principal components

accounting for over 95% of total sample variation from PCA of the entire sample being entered as
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variables, and prior probabilities being calculated from group (i.e., actual and hypothesized species)
numbers. Analyses were run separately on the non-hominin catarrhine and hominin datasets.

To account for differences in sample sizes between species, the process was repeated on 1000 random
subsets of specimens. For the non-hominin catarrhine analysis, the subsets were comprised of the
eight Papio cynocephalus specimens, and eight randomly selected specimens from each of the
remaining species, resulting in 1000 subsets of 80 individuals. For the hominin analysis, the subsets
consisted of eight randomly selected specimens from each of H. sapiens, H. neanderthalensis and the
MPH, combined with all seven (under the main hypothesis) or eight randomly selected members of H.
erectus s.1. (under the alternative hypothesis), and both Homo habilis, resulting in 1000 subsets of 33
or 34 individuals. Within H. sapiens, subsamples were set to randomly select two specimens from
EHS, two from AMHS, and four from RHS, to ensure all subsamples included temporal and
geographic variation across the species.

Members of Homo naledi, Homo rudolfensis, Australopithecus africanus, Paranthropus boisei, and
Paranthropus aethiopicus were excluded from discriminant analyses due to their low sample size.
Homo habilis was included to provide more conservative classification of the H. erectus s.l.
specimens by further subdividing the morphospace (White et al., 2020). Discriminant analyses were
performed in R using the ‘stepclass’ function from the ‘klaR’ package v. 0.6.15 (Weihs et al., 2005)
and the ‘lda’ function from the ‘MASS’ package v. 7.3.51.5 (Venables and Ripley, 2002). Descriptive
statistics of classification accuracy were calculated for each species across the 1000 repeats.

Intra- and intergroup variation The Procrustes distance matrix, extracted from the Procrustes

residuals, was used to calculate intra- (i.e., Procrustes distances between each member of a single
species to every other conspecific) and intergroup (i.e., Procrustes distances between each member of
one species and each member of another species) distances. These were visualized using violin and
distribution plots. Distributions of intra- and intergroup distances for the relevant hominin groups
were compared to those of non-hominin catarrhine species, with subsampling being used to test for

significant differences (see below). Interspecies distances were only calculated between closely
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related species (i.e., within the same genus) for the non-hominin catarrhines, and between relevant
hominin groups for the hypothesis being tested.

First, to directly compare the amount of intragroup variation in the 13 MPH relative to accepted
species under the main hypothesis, 1000 samples of 13 individuals were selected from each
comparative species (but see below). Subsamples were controlled to randomly select approximately
equal numbers of individuals from each subspecies (in the case of Pan troglodytes, all Gorilla species,
and Macaca fuscata), and equal numbers of recent vs. anatomically modern and early H. sapiens
(Table 3; SOM Tables S1 and S2). The vectors of intragroup Procrustes distances for these
subsamples were then compared to that of the 13 MPH using independent sample t-tests. Results were
considered significant if p <0.05 in over 95% of repeats.

Available sample sizes prevented the application of this approach for comparisons with Pap.
cynocephalus (n = 8), H. erectus s.l. (n = 7 under the main hypothesis), and H. neanderthalensis (n =
13). Therefore, 1000 random subsamples of eight (for comparisons with Pap. cynocephalus) and
seven (for comparisons with H. erectus s.l.) MPH were compared to a vector of Procrustes distances
for the first two of these groups, using the same threshold for significance as stated above. A single
independent sample t-test was used to directly compare intragroup Procrustes distances of the 13 H.
neanderthalensis to those of the 13 MPH.

Analysis was repeated with smaller subsamples to compare intra- and intergroup variation with equal
sample size across groups, under both hypotheses. Subsample numbers were set to the sample size of
the smallest group: n = 7 for H. erectus s.l. under the main hypothesis, and n = 8 for Pap.
cynocephalus under the alternative hypothesis (and for non-hominin catarrhine comparisons).
Hominin intra- and intergroup Procrustes distances were compared to intra- and interspecific
Procrustes distances across the non-hominin catarrhines using subsampling with 1000 repeats.
Hominin intragroup Procrustes distances were then compared to intergroup distances for both

hypotheses, and to values for non-hominin catarrhine comparisons.

3. Results
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3.1. Generalized Procrustes analysis

PCA for the entire sample resulted in 687 PCs, with the first 19 accounting for over 95% of total
sample variation combined, and the first eight accounting for >1% of variation individually. PC1,
which accounted for 63.9% of sample variance, was the major axis along which the hominin groups
were differentiated (see below), and partially separated the Gorilla (which had more negative values)
from the other non-hominin catarrhines (Fig. 1). More negative values on this axis were associated
with anteroposteriorly deep brow ridges, post-toral sulci, and wide, laterally flared supraorbital tori,
with the inferior aspect of the orbit being more posteriorly positioned. As the values along this PC
increased, the configurations became taller superoinferiorly, with a more bulging, vertical frontal
squama, and a higher mid-frontotemporale point. The post-toral sulcus and supraorbital torus
disappeared between the median and maximum values, the lateral components of the supraorbital
torus moved laterally to become parallel with the edges of the frontal squama, and the inferior points
of the orbit were more anteriorly positioned, lying under the frontal squama.

PC2 accounted for 8.8% of sample variation, mainly differentiating the Gorilla (which had more
negative values) from the other taxa; hominin taxa largely overlapped in their values along this axis.
Specimens with more negative values had relatively superoinferiorly shorter brow ridges that
protruded mostly in the inferior aspects, taller frontal squama, narrower frontals, shorter orbits, and
broader nasal columns.

Figure 2 shows the results of the PCA using only the hominin specimens from the sample, with the
Middle Pleistocene hominins identified (see also SOM Fig. S2). PC1 (52.1%) separated out the
hominins along a cline from more robust (negative end) to more gracile (positive end), with recent H.
sapiens having the most positive values. PC2 (9.3%) mainly separated the Paranthropus specimens
and Dinaledi hominin 1 from later hominins, due to their lower values along this axis, although the
range of values for H. sapiens encompassed the variation in all other hominins along this axis. The
MPH overlapped with the spaces occupied by H. erectus s.l., H. neanderthalensis, and H. sapiens. In
this view, the 13 MPH occupied a larger area than the seven H. erectus s.I. and the 13 H.
neanderthalensis, but a smaller area than the 207 H. sapiens.
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3.2. Prediction 1: Morphological distinctiveness

Mean species classification accuracy for the non-hominin catarrhines, as measured in the discriminant
analysis and taken as a proxy of morphological distinctiveness, was 72.3% across the 1000 repeats
(see SOM Table S5 for ranges and standard deviation) and varied within groups from 48.6% in Pap.
cynocephalus to 86.2% in Papio kindae (Table 5). Mean species classification accuracy for the
hominins was 82.4% (75.2% when the value for H. habilis was included; Table 6; see also Table 7
and SOM Table S6). Homo neanderthalensis and H. sapiens were found to have relatively high
classification accuracy (90.9% and 85.4%, respectively), while H. habilis had relatively low
classification accuracy of 46.2%, although this figure should be interpreted cautiously due to the low
sample size for this species. Classification accuracy for the MPH was 77.6%, which was similar to
that of H. erectus s.1. (75.7%).

When the discriminant analysis was repeated without the MPH grouping (i.e., under the alternative
hypothesis, where the MPH fossils were variably assigned to other late Homo species), mean hominin
classification accuracy was 85.7%, and 80.3% or 79.9% (with Zuttiyeh classified as H. sapiens or H.
neanderthalensis, respectively) when H. habilis were included (Table 8). Classification accuracy for
H. sapiens was lower under this hypothesis (87.7% or 88.7%), while classification accuracy was
similar for H. neanderthalensis (86.2% or 85.7%) and higher for both H. erectus s.l. (83.2% or

82.6%) and H. habilis (63.9% or 62.6%).

3.3. Prediction 2: Intragroup variation

Homo erectus s.l., Pa. boisei, and the Gorilla species were found to have the highest levels of
intragroup variation in the supraorbital and orbital morphology, as measured by overall intragroup
Procrustes distances (Fig. 3), while the lowest values were found within Pap. kindae. Intragroup
variation for the MPH (main hypothesis) was slightly higher than that of H. sapiens and H.
neanderthalensis, but lower than that for H. erectus s.l. Intragroup variation for H. sapiens and the
MPH was similar to intraspecific variation across the non-hominin catarrhines (Fig. 4), while
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intragroup variation for H. neanderthalensis and H. erectus s.l. was lower and higher, respectively,
than found in the non-hominin catarrhines (Figs. 3 and 4). The 13 MPH were significantly less
variable than equally sized subsamples of Gorilla beringei in 99.1% of cases, and not significantly
different (i.e., p>0.05 in 95% or more of repeats) in intragroup variation to the other model species,
including H. sapiens and H. erectus s.I. (Table 9). Independent sample t-tests showed that intragroup
variation (Procrustes distances) for the MPH (0.097) was significantly higher than for H.
neanderthalensis (0.082), t(152.2) = 4.5, p < 0.001. When subsampling (n = 7) was applied to all
groups, the MPH were found to be not significantly different to all comparison groups (SOM Table
S7).

Variation within H. sapiens was similar under the alternative hypothesis (SOM Fig. S3), although
some intragroup Procrustes distances exceeded the maximum recorded intraspecific distances in non-
hominin catarrhine comparisons (SOM Fig. S4). Intragroup variation for H. neanderthalensis was
increased, and more similar to intraspecific variation across the non-hominin catarrhines than under
the main hypothesis. Variation within H. erectus s.l. was slightly lowered on average, but there was an
increase in relatively large Procrustes distances between individuals attributed to this group.

When subsampling (n = 8) was used, variation within H. sapiens was found to be not significantly
greater than any other group, regardless of the inclusion or exclusion of Zuttiyeh (SOM Table S8).
Homo neanderthalensis were significantly less variable than G. beringei regardless of inclusion of
Zuttiyeh, and not significantly different to all other groups. Variation within H. erectus s.l. was

significantly greater than within Pap. kindae, and not significantly different to all other groups.

3.4. Prediction 3: Intergroup variation

Intergroup variation between H. sapiens and the MPH was found to be higher than pooled interspecies
distances across the non-hominin catarrhines (Fig. 5), and significantly larger than interspecific
distances in a number of non-hominin catarrhine comparisons (Table 10). Intergroup variation
between the MPH and H. neanderthalensis was broadly comparable to pooled interspecies distances
within non-hominin catarrhines, while variation between the MPH and H. erectus s.I. was slightly
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higher, and both were not significantly different to interspecific distances between closely related
non-hominin catarrhines.

Under the alternative hypothesis, pooled distances between subsamples of H. sapiens and H. erectus
s.l. were larger than interspecies values for non-hominin catarrhines, while distances between H.
neanderthalensis and H. erectus s.l. were more comparable to values for the non-hominin catarrhine
models (SOM Fig. S5). Procrustes distances between subsamples of H. sapiens and H. erectus s.I.
were significantly larger than those for all non-hominin catarrhine interspecific comparisons (SOM
Table S9). In contrast, distances between H. neanderthalensis and H. erectus s.l. were only
significantly different in comparison to interspecific distances between Pap. kindae and Pap.

cynocephalus.

3.5. Prediction 4: Intra- vs. intergroup variation

Pooled intraspecific distances were found to be significantly lower on average than interspecific
distances for non-hominin catarrhines (X = 0.097 vs. X = 0.106, t(28236) = -35.7, p < 0.001; see also
SOM Fig. S6). However, when subsampling (n = 8) was used to directly compare intra- and
interspecific Procrustes distances between closely related (i.e., same genus) non-hominin catarrhine
species, significant differences were only found for Pap. kindae when compared to Papio anubis
(SOM Table S10). Nevertheless, examination of t values showed that intraspecific distances were
lower than interspecific distances in the majority of repeats in all subsampling comparisons (see also
SOM Fig. S7).

Intragroup Procrustes distances for the MPH (under the main hypothesis) were found to be lower than
the distances between the MPH and both H. sapiens and H. erectus s.I. (Fig. 6), but similar to those
between the MPH and H. neanderthalensis. The only significant difference was noted when
comparing variation within the MPH to variation between the MPH and H. sapiens, with the former
being lower than the latter in 100.0% of cases. However, within-group variation was generally lower

than intergroup variation between all hominin comparisons (Table 11).
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Under the alternative hypothesis, intragroup distances for H. sapiens were significantly smaller than
intergroup distances in comparisons to both H. erectus s.l. and H. neanderthalensis (SOM Fig. S8;
SOM Table S11). The majority of intragroup distances were smaller than intergroup distances for H.
neanderthalensis comparisons. Distances within H. erectus s.l. were found to be significantly smaller
than distances between this group and H. sapiens. No significant difference was found between
intragroup distances for H. erectus s.1. and intergroup distances with H. neanderthalensis, and t values
showed that intragroup distances were larger than intergroup distances in the majority of cases in this

comparison.

4. Discussion

This study quantitatively assessed variation in the supraorbital and orbital morphology of the MPH
under two competing taxonomic hypotheses: one where they are considered a distinct species (H.
heidelbergensis s.1.); and another where they are not, and are instead included as members of H.
erectus s.1., H. neanderthalensis, and H. sapiens. The results indicated that supraorbital and orbital
variation within late Homo groups is compatible with the expectations for catarrhine species under
both taxonomic hypotheses. This result cannot be simply dismissed as a consequence of limited
anatomical coverage, as the recorded morphology can successfully delineate a range of other, widely
accepted hominin and non-hominin catarrhine species at relatively high accuracy (see also White et

al., 2020).

4.1. Morphological distinctiveness

The morphological distinctiveness of the MPH supraorbital and orbital morphology was within the
expected range for a catarrhine species (Tables 5 and 6), although it was relatively low in comparison
to H. neanderthalensis and H. sapiens. The high morphological distinctiveness of this region of H.
neanderthalensis and H. sapiens (Table 6), despite their close phylogenetic relationship and multiple
recorded interbreeding events (Green et al., 2010; Prifer et al., 2014; Sankararaman et al., 2014; Fu et
al., 2015; Racimo et al., 2015; S&nchez-Quinto and Lalueza-Fox, 2015), supports the taxonomic and
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morphological distinction between these species (Harvati, 2003; Harvati et al., 2004; Tattersall, 2005;
Tattersall and Schwartz, 2006, 2008; Bruner et al., 2013; White et al., 2014, 2020).

The MPH had comparable morphological distinctiveness to the sample of H. erectus s.1. (Table 6),
despite a previous study noting relatively higher morphological distinctiveness in the supraorbital and
orbital region of the latter group (White et al., 2020); this difference is likely due to the inclusion of
more members of the MPH in the present study, increasing the morphological cohesion of this group.
The debate over the taxonomic attribution of H. erectus s.1. is complex (Antdn, 2003; Etler, 2004;
Bilsborough, 2005; Rightmire et al., 2006; Baab, 2008, 2016; Lordkipanidze et al., 2013). The
acceptance by some of H. erectus s.l. as a single species is based on the premise that this group
maintains morphological cohesion despite having a high degree of morphological variability (Baab,
2008, 2016), which would be supported by the morphological distinctiveness of the supraorbital and
orbital region reported for this group here.

Assessment of morphological distinctiveness under the alternative hypothesis, where the MPH were
assigned to H. sapiens, H. neanderthalensis, or H. erectus s.1., indicated that these groups were also
relatively distinct in their supraorbital and orbital morphology, under the expectations set by the non-
hominin catarrhines. Overall, the morphological distinctiveness under both hypotheses confirms the
discriminatory power, and therefore taxonomic utility, of the supraorbital and orbital region in these

late hominins (Weidenreich, 1947, Athreya, 2009).

4.2. Intragroup variation

Intragroup variation for the MPH did not differ significantly from that found in most other catarrhine
species in our sample, including the geographically and temporally broad samples of H. sapiens and
H. erectus s.I. While the recorded variation within the MPH may be an underestimate, due to the
limited number of fossils in this group, this applies similarly to H. erectus s.I. and H.
neanderthalensis, and methods employed controlled for the potential impact of different sample sizes.

As such, this study provides quantitative evidence that variation within the supraorbital and orbital
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region is not too high for the MPH to be considered as a single species (contra Schwartz and
Tattersall, 2010).

Some of the recorded variation within the supraorbital and orbital region of the MPH could be due to
spatiotemporal effects, which are accounted for through the use of multiple model species with
different geographic and temporal ranges. While some researchers have argued for the presence of
potential regional traits within the MPH (Manzi, 2011, 2016), to date no or only weak correlation has
been described between morphological distance in the MPH frontal bone and temporal and
geographic distance (Athreya, 2006). While within-species evolution and geographic separation
undoubtedly contribute to variation within the supraorbital and orbital morphology of the MPH, they
are intraspecific factors (Albrecht and Miller, 1993; Albrecht et al., 2002) meaning that their study, as
well as that of the effects of other infraspecific factors such as static allometry and sexual
dimorphism, are dependent on a consensus as to the classification taxonomic attribution of the MPH
at the species level.

H. neanderthalensis were recorded as having particularly low intraspecific variation in the study
region, supporting the results of previous studies (e.g., Hawks and Wolpoff, 2001; Gunz et al., 2009).
The sample of this group covered a relatively short time period of~125 ka for the Krapina individuals
(Rink et al., 1995) to ~40 ka for Spy 1 (Deviése et al., 2021), and was composed mainly of ‘classic'
Neanderthals (Dean, 1998). As such, their low recorded variation is possibly due to the effects of
population bottlenecks, small population sizes, and inbreeding, particularly in the case of later
populations (Briggs et al., 2009; Priifer et al., 2014; Sanchez-Quinto and Lalueza-Fox, 2015; Priifer et
al., 2017). As with H. sapiens, inclusion of some MPH within H. neanderthalensis under the
alternative hypothesis did not increase intraspecific variation beyond the expectations set by the non-
hominin primate models.

Variation within H. erectus s.l. was particularly high, supporting the recent results of Baab (2021).
Intragroup variation for this group was most comparable to Pa. boisei and the Gorilla species, which
may indicate a similar effect of relatively high sexual dimorphism (Wood et al., 1991; Aiello and
Wood, 1994; Silverman et al., 2001); however, estimates of sexual dimorphism for H. erectus s.1.,
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while variable, are not comparable to those of Gorilla (e.g., Plavcan, 2012; but see debate over
Dmanisi hominins, e.g., Bermudez de Castro et al., 2014; Rightmire et al., 2019). The H. erectus s.I.
sample covered a long temporal range—1.78-1.85 Ma for the Dmanisi hominins (Ferring et al., 2011)
to 108-117 ka for Ngandong (Rizal et al., 2020). As such, the high variability of this group is likely to
be partially explained by within-species evolution. Interestingly, average variability within H. erectus
s.l. decreased when the MPH were included under the alternative hypothesis, underlining the
pronounced variability of the original H. erectus s.l. sample and the plesiomorphic nature of the MPH

(Stringer et al., 1979; Harvati, 2007).

4.3. Intergroup variation

Intergroup distances between the MPH and H. sapiens, under the main hypothesis, and H. erectus s.I.
and H. sapiens, under the alternative hypothesis, were higher than expected based on the non-hominin
catarrhine comparisons. This is likely due to the highly distinctive supraorbital and orbital
morphology of the later members of H. sapiens, reflected in the PCA plots: with the exception of
three EHS (Jebel Irhoud 1, Omo 1, and Skhil V; see below), there is a relatively clear separation
between H. sapiens and other hominins, although this result should be interpreted with caution as it
only relates to the two key axes of variation within the sample.

Later H. sapiens are pedomorphic in their lack of ‘true’ supraorbital tori. Instead, they most
commonly have non-continuous tori with small supraciliary arches, and small glabellae that lie below
them (the ‘glabellar butterfly’; Kurten, 1979; Smith and Ranyard, 1980; Russell, 1985; Lieberman,
2000; Schwartz and Tattersall, 2010), as well as high, rounded, bulging frontal squamae (Lieberman
et al., 2002; Bruner et al., 2013). Jebel Irhoud 1, Omo 1, and Skhiil V are all notable for their lack of a
glabellar butterfly or a bipartite supraorbital torus (Schwartz and Tattersall, 2010). These specimens
overlapped with H. neanderthalensis and MPH in the present study in terms of their less bulging
foreheads and more klinorhynchic faces, with the former two being misclassified as H.
neanderthalensis in the discriminant analyses, while the latter was misclassified as an MPH.

Other studies have found similar results, particularly regarding the similarities between Jebel Irhoud 1

and H. neanderthalensis (e.g., Gunz et al., 2009; Freidline et al., 2012b; Mounier and Mirazon Lahr,
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2019; Stelzer et al., 2019). One suggested interpretation of this is that Jebel Irhoud 1 is more closely
related to the early H. sapiens which expanded out of Africa and interbred with early H.
neanderthalensis, impacting the evolution of the ‘classic’ Neanderthal morphology (Mounier and
Mirazén Lahr, 2019), aligning with suggestions of deep population substructure within early H.
sapiens (Gunz et al., 2009; Sankararaman et al., 2012; Scerri et al., 2018, 2019; Bergstrom et al.,
2021). This argument might be supported by the greater similarity in supraorbital and orbital
morphology between SH5 (an early member of the Neanderthal clade) and H. erectus s.1. than later H.
neanderthalensis (see Section 4.5), and the relatively small difference between the MPH and H.

neanderthalensis, although a similar pattern may not be found in other craniofacial regions.

4.4. Intra- vs. intergroup variation

A pattern of greater interspecific variation than intraspecific variation was predicted based on
expectations of morphological differentiation of species, although this pattern is acknowledged as not
universal to all species and all regions, and within-species variation has frequently been noted to be
greater than that between species (Simpson, 1951). Nevertheless, the results of the present study
found that interspecific variation in supraorbital and orbital morphology was generally higher than

intraspecific variation for the non-hominin catarrhines, although not significantly so in most cases.

4.5. Implications for the classification of the Middle Pleistocene hominins

The results of the present study indicated that Florisbad and Kabwe 1 are potentially anomalous
members of the MPH group in terms of their orbital and supraorbital morphology, based on
misclassifications from the discriminant analyses (Table 7) and the PCA plot. Florisbad, currently
dated to 260 ka (Griin et al., 1996), is considered by some as an early H. sapiens (Stringer, 2016;
Hublin et al., 2017), especially given the recently published dates of 315 ka for the Jebel Irhoud
assemblage (Richter et al., 2017), although the supraorbital and orbital morphology of this specimen
showed a closer affinity with H. neanderthalensis in the present study. Unlike Florisbad, Kabwe 1 is

considered as unlikely to be a member of the H. sapiens lineage due to its recent age of 299 ka
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combined with its morphology, which shows no H. sapiens autapomorphies (Griin et al., 2020; but see
Rightmire, 2001) and a more plesiomorphic supraorbital and orbital region relative to earlier members
of the MPH (e.g., Bodo; this study).

The present study included Asian fossils in its broad definition of the MPH, despite discussion over
whether specimens such as Narmada, Maba, and Dali may represent early members of H. sapiens, H.
neanderthalensis, Denisovans (Stringer, 2012; Hublin, 2013), or a sister lineage to early H. sapiens (Ji
etal., in press; Ni et al., in press). While Narmada and Dali clustered towards H. neanderthalensis in
the PCA, Maba was located more towards H. sapiens, due to its bulging frontal squama (Figure 2);
all, however, were classified within the MPH when more aspects of supraorbital variation were taken
into consideration (Table 7). The present study therefore leaves open the possibility of multiple
affiliations within the Asian MPH record while providing support for inclusion of those specimens in
the H. heidelbergensis s.I. hypodigm.

Zuttiyeh was slightly more problematic, plotting at the edge of the H. sapiens cluster in the PCA, yet
being classified with the other MPH in the discriminant analysis. Exploration of the alternative
hypothesis assigned this specimen to either H. sapiens or H. neanderthalensis, with minimal
difference being found in terms of intra- and intergroup variation between these two schemes. The
potentially late date of this fossil (Freidline et al., 2012a), along with its mixed morphology and
geographic location, suggest that it needs to be reassessed, especially given discussions over the
reticulated history of these later Homo species and recent arguments of a late Middle Pleistocene
paleo-deme of early Neanderthals in the Levant showing more intermediate morphology relative to
other late Homo (Hershkovitz et al., 2021).

A relatively early presence of members of the H. neanderthalensis clade has been recorded at Sima de
los Huesos (Meyer et al., 2016; Demuro et., 2019), and evidence at Gran Dolina, also at Atapuerca,
may indicate a late Early Pleistocene appearance of some H. neanderthalensis autapomorphies
(Arsuaga et al., 1999). Despite this, the present study indicates that the recorded morphology of at
least one of the Sima de los Huesos hominins (SH5) is more similar to that of the MPH and H. erectus
s.l. than later H. neanderthalensis, indicating that the ‘classic' Neanderthal supraorbital and orbital
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morphology appeared in the late Middle Pleistocene. This may complicate the identification of other
early members of the H. neanderthalensis clade through supraorbital and orbital morphology alone.
Indeed, none of the European MPH clustered with H. neanderthalensis, with Florisbad being the only

MPH misclassified within this group.

5. Conclusions

This study assessed the relative morphological variation in the supraorbital and orbital region of the
MPH within a comparative taxonomic framework. It tested predictions of expected intra- and
interspecific morphological variation under two hypotheses, contributing quantitative data to the
debate over the taxonomy of these hominins. Variation within the supraorbital and orbital region of
the MPH fulfills most of the expectations for a single, distinct species, despite recent evidence which
would question the likelihood of a multicontinental H. heidelbergensis s.1. hypodigm. This study also
showed, however, that supraorbital and orbital variation within the MPH could be similarly well-
accommodated within the expectations of intraspecific variation by placing specimens within existing
hypodigms of H. erectus s.l., H. neanderthalensis, and H. sapiens.

Despite the importance that has been given to the hominin supraorbital region in previous research,
and the high discriminatory power recorded for this region in this study, in-depth analysis of
morphological variation in this region does not allow differentiation between taxonomic hypotheses in
the MPH. While this study therefore cannot provide a definite answer to the question of the taxonomy
of the MPH, it confirms the emerging perspective that the MPH are the product of a complex, mosaic
pattern of morphological variation. It is likely that the Middle Pleistocene documents the speciation,
coexistence, and interbreeding of multiple hominin groups, which may be separated by more
complicated factors than geography alone.

3D quantitative analysis of the supraorbital and orbital region contributes useful data for determining
the taxonomic affiliation of individual later Homo fossils, and for the potential identification of
atypical specimens. As such, the present study provides important insights into the relatively late
morphological divergence of early H. sapiens and classic H. neanderthalensis from the Middle
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Pleistocene hominins in at least one craniofacial region, as well as possible supporting evidence of
population substructure within our species and the impact of interbreeding between early H. sapiens

and H. neanderthalensis.
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Figure 1. Plot of principal component 1 (PC1; x-axis) and principal component 2 (PC2; y-axis), accounting for 72.8% of variation, following principal component analysis. Convex hulls are
shown and correspond to species groups. Shape changes are shown for minimum, median, and maximum sample values for both axes, in frontal and left lateral view. Specimens are identified by
symbols shown in legend. Abbreviations: GB = Gorilla beringei; GG = Gorilla gorilla; PP = Pan paniscus; PT = Pan troglodytes; PA = Papio anubis; PC = Papio cynocephalus; PK = Papio
kindae; MFa = Macaca fascicularis; MFu = Macaca fuscata; MM = Macaca mulatta; RHS = recent Homo sapiens; AMHS = anatomically modern H. sapiens; EHS = early H. sapiens; HN =
Homo neanderthalensis; AfMPH = African Middle Pleistocene hominin remains; AsSMPH = Asian Middle Pleistocene hominin remains; EUMPH = European Middle Pleistocene hominin
remains; AfHE = African Homo erectus; ASHE = Asian H. erectus; GHE = Georgian H. erectus; HNa = Homo naledi; HHa = Homo habilis; HRu = Homo rudolfensis; AAfr = Australopithecus

africanus; ParA = Paranthropus aethiopicus; ParB = Paranthropus boisei.
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Figure 2. Plot of principal component 1 (PC1; x-axis) and principal component 2 (PC2; y-axis), accounting for 61.4% of variation, following principal component analysis using hominin-only
dataset. Convex hulls are shown and correspond to species groups. Shape changes are shown for minimum, median, and maximum sample values for both axes, in frontal and left lateral view.
Middle Pleistocene hominins are identified as follows: A = Arago; B = Bodo; C = Ceprano; D= Dali; F = Florisbad; K = Kabwe; M= Maba; N = Narmada; P = Petralona; Sa = Saldanha; SH =
Sima de los Huseos 5; St = Steinheim; Z = Zuttiyeh. Legend abbreviations: RHS = recent Homo sapiens; AMHS = anatomically modern H. sapiens; EHS = early H. sapiens; HN = Homo

neanderthalensis; AfMPH = African Middle Pleistocene hominin remains; AsSMPH = Asian Middle Pleistocene hominin remains; EUMPH = European Middle Pleistocene hominin remains;
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AfHE = African Homo erectus; ASHE = Asian H. erectus; GHE = Georgian H. erectus; HNa = Homo naledi; HHa = Homo habilis; HRu = Homo rudolfensis; AAfr = Australopithecus

africanus; ParA = Paranthropus aethiopicus; ParB = Paranthropus boisei. See SOM Fig. S9 for annotated version.
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Figure 3. Violin plots of intragroup Procrustes distances for individual groups (species and Middle Pleistocene hominin
remains) under main hypothesis. Vertical dashed lines show range of intraspecific Procrustes distances across the sample of

non-hominin catarrhines.
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Figure 4. Distribution plots of intragroup (for hominins) and intraspecific (for non-hominin catarrhines) Procrustes distances
across 1000 subsamples (n = 7) under main hypothesis. Dashed vertical lines show means for each comparison: Homo
sapiens x = 0.0100; Homo neanderthalensis x = 0.083; MPH x = 0.098; Homo erectus s.l. x = 0.118; non-hominin

catarrhines X = 0.094. Abbreviation: MPH = Middle Pleistocene hominins.
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Figure 5. Distribution plots of intergroup (for hominins) and interspecific (for non-hominin catarrhines) Procrustes distances
across 1000 subsamples (n = 7) under alternative hypothesis. Dashed vertical lines show means for each comparison: MPH —
Homo sapiens x = 0.141; MPH — Homo neanderthalensis x = 0.102; MPH — Homo erectus s.I. x = 0.119; non-hominin

catarrhines X = 0.101. Abbreviation: MPH = Middle Pleistocene hominins.
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Figure 6. Violin plots of intra- and inter-group Procrustes distances for Middle Pleistocene hominin remains under main
hypothesis. Vertical dashed lines show range of intraspecific (orange) and interspecific (turquoise) Procrustes distances

across the sample of non-hominin catarrhines.
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Table 1

Summary of Middle Pleistocene hominins (MPH) included in this study.

Name Location Date (ka) Reference for date
Arago 21 France 400, 438 Yokoyama and Nguyen (1981), Falguéres et al. (2004, 2015)
Bodo Ethiopia 600 Clark (1994)
Ceprano Italy 353, 395-435 Nomade et al. (2011), Manzi et al. (2010)
Dali China 263 Sunetal. (2017)
Florisbad South Africa 260-280 Kuman (1999), Grin et al. (1996)
Kabwe (Broken Hill) 1 Zambia 299 Griin et al. (2020)
Maba China 130, >278 Yuan etal. (1986)
Shen et al. (2014)
Narmada India >236 Cameron et al. (2004)
Petralona Greece 150-250, >350 Griin (1996), Stringer (1983)
Saldanha South Africa 600, (400-800) Klein et al. (2007)
Sima de los Huesos 5 (SH5) Spain 448 Demuro et al. (2019)
Steinheim Germany >225 Czarnetzki (1983)
Zuttiyeh Israel 200-500 Freidline et al. (2012b)
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Table 2

Taxonomic classification for Middle Pleistocene hominins under alternative hypothesis.

Specimen Classification
Dali Homo erectus s.l.
Maba Homo erectus s.l.
Narmada Homo erectus s.l.
Arago 21 Homo erectus s.l.
Ceprano Homo erectus s.l.
Petralona Homo erectus s.l.
Bodo Homo erectus s.l.
Kabwe 1 Homo erectus s.l.
Saldanha Homo erectus s.l.
SH5 Homo neanderthalensis
Steinheim Homo neanderthalensis
Zuttiyeh? Homo sapiens/Homo neanderthalensis
Florisbad Homo sapiens

Abbreviations: SH5 = Sima de los Huesos 5.

2 Analysis was repeated with Zuttiyeh classified as Homo sapiens and Homo neanderthalensis, due to unresolved debate
over the taxonomic attribution of this fossil.
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Table 3
Fossil hominin specimens included in this study. See SOM Table S1 for details and provenance.

Homo sapiens (HS)
Recent Homo sapiens (RHS)* Skull I/Sepulchre, Csokavar, Tepexpan I, Fish Hoek I, Ofnet 4K1802, Ofnet 4K1811, Gambles
P Cave IV, Combe Capelle, Kennewick, La Brea, Matjes River, Wajak |
. Keilor, Oberkassel I, Oberkassel Il, Furfooz I, Chancelade, Zhoukoudian (ZKD) UC 101, ZKD UC
Anatomically modern Homo

i 102, Abri Pataud, Brno II, Brno III, Dolni Véstonice III, Pfedmosti III, Pfedmosti IV, Cro-Magnon
sapiens (AMHS) I, Cro-Magnon II, Mladeg 1°, Mlade¢ 2
Early Homo sapiens (EHS) Qafzeh 9, Border Cave 1, Skhiil VP, Liujiang, Omo 1, Jebel Irhoud 1

Homo neanderthalensis (HN)

Gibraltar 1°, Saint-Césaire I, Spy 1°, Le Moustier 1, Shanidar I, Shanidar V, Guattari, La Chapelle, Amud 1, La Quina H5, Tabun I,
Krapina C, Krapina E

Middle Pleistocene hominins (MPH)

African Florisbad, Kabwe 1°¢, Bodo®, Saldanha
Asian Maba, Zuttiyeh, Dali, Narmada
European Petralona, Steinheim, Ceprano, Sima de los Huesos 5 (SH5), Arago 21
Homo erectus sensu lato (HE)
African Homo erectus (AfHE) KNM-ER 3773, KNM-ER 3883
Asian Homo erectus (AsHE) Ngandong 7 (Solo VI), Sangiran 17, Zhoukoudian XI1
Georgian Homo erectus (GHE) D4500, D2282
Homo naledi
Dinaledi Hominin 1 (DH1)
Homo habilis

OH 24, KNM-ER 1813
Homo rudolfensis
KNM-ER 1470
Australopithecus africanus
Sts 5
Paranthropus aethiopicus
KNM-WT 17000
Paranthropus boisei
KNM-ER 406, KNM-ER 732, OH 5
Abbreviations: UC = Upper Cave; KNM-ER = Kenya National Museum, East Rudolf; D4500 = Dmanisi hominin 4500;
D2282 = Dmanisi hominin 2282; OH = Olduvai Hominid; Sts = Sterkfontein Type Site; KNM-WT = Kenya National
Museum, West Turkana.

2The RHS sample also includes 172 non-fossil (archaeological and historical) H. sapiens specimens (see SOM Table S1).
b Specimens for which CT data were used.

¢ Specimens for which surface scans were collected from the original fossil. The rest of the data were collected from research
quality casts.
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Table 4

Summary of specimens included in this study by taxon and sex, with abbreviations. Data for sex were taken from museum
records for all non-hominin catarrhines. Sex of recent Homo sapiens was assessed using the standards of Buikstra and
Ubelaker (1994) when known sex information was unavailable, using the categories of male, female, or indeterminate. Fossil
hominins were treated as being of unknown sex due to issues in generalisability of sex estimation methods based on modern
datasets.

Count Percentage
Group Total
F | M U F | M U

Gorilla beringei beringei 6 8 42.9% 57.1% 14
Gorilla beringei graueri 23 18 56.1% 43.9% 41
Gorilla gorilla gorilla 25 25 50.0% 50.0% 50
Gorilla gorilla diehli 9 9 50.0% 50.0% 18
Pan paniscus 21 18 4 48.8% 41.9% 9.3% 43
Pan troglodytes troglodytes 25 25 50.0% 50.0% 50
Pan troglodytes schweinfurthii 16 11 3 53.3% 36.7% 8.8% 30
Pan troglodytes verus 6 10 37.5% 62.5% 16
Pan troglodytes ellioti 2 3 40.0% 60.0% 5
Papio anubis 17 25 40.5% 59.5% 42
Papio cynocephalus 2 6 25.0% 75.0% 8
Papio kindae 10 13 43.5% 56.5% 23
Macaca fascicularis 24 25 49.0% 51.0% 49
Macaca fuscata® 3 6 33.3% 66.7%

Macaca fuscata fuscata 3 1 2 50.0% 16.7% 33.3% 6
Macaca fuscata yakui 5 2 71.4% 28.6%

Macaca mulatta 25 19 56.8% 43.2% 44
Homo sapiens 69 26 77 35 333% 126%  37.2% 16.9% 207
Homo neanderthalensis 13 13
Middle Pleistocene hominins 13 13

Homo erectus sensu lato 7 7
Homo naledi 1 1
Homo rudolfensis 1 1
Homo habilis 2 2
Australopithecus africanus 1 1
Paranthropus aethiopicus 1 1
Paranthropus boisei 3 3

Total 704

Abbreviations: F = female; | = indeterminate; M = male; U = unknown.

@ Some Macaca fuscata and Papio cynocephalus sensu lato specimens could not be assigned a subgroup classification.
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Table 5

Results of stepwise, jackknife cross-validated discriminant analysis for non-hominin catarrhines, using first 19 principal components that accounted for over 95% of total sample variance from
principal component analysis. Table shows mean percentage classification accuracy across the 1000 random subsamples for each group (see SOM Table S10 for additional descriptive statistics).

Mean classification accuracy across the groups was 72.3%. Values for correct classification are denoted in bold.

Papio

Macaca

Gorilla beringei Gorilla gorilla Pan paniscus Pan troglodytes Papio anubis Papio kindae . . Macaca fuscata Macaca mulatta
cynocephalus fascicularis

Gorilla beringei 80.3 15.2 1.3 2.7 0.2 0.1 0.3
Gorilla gorilla 15.7 81.1 0.3 15 0.9 0.1 0.2 0.1 0.1 0.1
Pan paniscus 0.6 0.2 77.8 20.6 0.1 0.6 0.1
Pan troglodytes 1.3 1.3 19.6 75.8 0.1 0.3 0.4 0.1 0.1 11
Papio anubis 0.1 0.5 67.0 19.2 11.1 0.2 0.6 1.2
Papio cynocephalus 0.1 19.3 48.6 22.8 1.0 1.9 6.2
Papio kindae 42 8.6 86.2 0.1 0.1 0.7
Macaca fascicularis 0.1 0.1 0.6 1.0 0.3 64.9 18.9 14.0
Macaca fuscata 0.3 1.1 0.1 15.3 73.7 9.5
Macaca mulatta 0.2 0.3 1.4 52 2.8 8.1 10.1 72.0
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Table 6

Results of stepwise, jackknife cross-validated discriminant analysis for hominins, using first 19 principal components that
accounted for over 95% of total sample variance from principal component analysis. Table shows mean percentage
classification accuracy across the 1000 random subsamples for each group (see SOM Table S11 for additional descriptive

statistics). Mean classification accuracy across the groups was 82.4% (75.2% if Homo habilis are included). Values for
correct classification are denoted in bold.

Homo Middle Homo erectus
Homo sapiens . Pleistocene Homo habilis
neanderthalensis g sensu lato
hominins

Homo sapiens 85.4 8.3 6.3

Homo neanderthalensis 15 90.9 7.6
Middle Pleistocene hominins 3.7 9.6 77.6 9.1 0.1
Homo erectus sensu lato 16 21.2 75.7 15
Homo habilis 15 2.2 50.2 46.2
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Table 7

Percentage of cases from 1000 random subsamples in which Pleistocene hominins were classified as various groups in
stepwise, jackknife cross-validated discriminant analysis using first 19 principal components from principal component
analysis. Cases where specimens were classified to a single group in over 50.0% of comparisons are highlighted in bold.

Group n HS HN MPH HEslI HHa
Keilor AMHS 101 100.0%
Oberkassel | AMHS 120 92.5% 7.5%
Oberkassel I AMHS 103 100.0%
Chancelade AMHS 113 99.1% 0.9%
Furfooz | AMHS 104 100.0%
ZKD UC 101 AMHS 123 90.2% 7.3% 2.4%
ZKD UC 102 AMHS 126 100.0%
Abri Pataud AMHS 106 100.0%
Brno Il AMHS 101 97.0% 3.0%
Brno I AMHS 89 64.0% 6.7% 29.2%
Dolni Véstonice III AMHS 106 100.0%

Piedmosti 11T AMHS 129 92.2% 7.8%

Pfedmosti IV AMHS 118 100.0%

Cro-Magnon | AMHS 120 100.0%

Cro-Magnon Il AMHS 105 100.0%

Mladet 1 AMHS 110 100.0%
Mlade¢ 2 AMHS 106 100.0%
Qafzeh 9 EHS 347 100.0%

Border Cave 1 EHS 346 49.4% 1.4% 48.8% 0.3%
Skhal V EHS 299 12.4% 34.1% 53.2% 0.3%
Liujiang EHS 346 99.4% 0.6%

Omo 1 EHS 331 13.9% 67.4% 18.7%
Jebel Irhoud 1 EHS 331 7.9% 73.1% 18.7%
Gibraltar 1 HN 602 0.2% 98.3% 1.5%
Saint-Césaire | HN 627 78.5% 21.4% 0.2%
Spy 1 HN 618 97.9% 2.1%
Le Moustier 1 HN 625 12.0% 87.5% 0.5%
Shanidar | HN 619 0.3% 98.9%
Shanidar V HN 596 60.9% 38.9% 0.2%
Guattari HN 611 0.5% 99.5%
La Chapelle HN 640 0.2% 94.4% 5.5%
Amud 1 HN 616 5.0% 86.5% 8.4%
La Quina H5 HN 592 89.2% 10.8%
Tabun | HN 616 0.2% 92.7% 7.1%
Krapina C HN 628 0.3% 98.6% 1.1%
Krapina E HN 613 0.3% 97.2% 1.8% 0.7%
Maba MPH 624 9.0% 2.9% 87.0% 1.1%
Petralona MPH 633 0.3% 22.3% 77.3% 0.2%
Zuttiyeh MPH 611 2.6% 18.2% 77.6% 1.3% 0.3%
Dali MPH 587 0.2% 7.2% 92.7%
Florisbad MPH 585 37.1% 59.0% 3.8% 0.2%
Kabwe 1 MPH 646 9.9% 63.5% 26.5%
Narmada MPH 644 0.6% 98.6% 0.8%
Steinheim MPH 590 0.2% 1.2% 91.5% 6.9% 0.2%
Ceprano MPH 575 1.0% 96.9% 2.1%
SH5 MPH 636 2.0% 69.8% 28.1%
Arago 21 MPH 641 73.3% 26.4%
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Bodo MPH 613 0.2% 4.1% 80.8% 14.7% 0.3%

Saldanha MPH 626 0.6% 92.8% 6.5%
Solo VI HE 1000 6.2% 68.8% 25.0%
ZKD XIlI HE 1000 1.0% 16.3% 82.6%

Sangiran 17 HE 1000 0.2% 12.7% 85.7% 1.4%
KNM-ER 3773 HE 1000 2.9% 1.8% 93.2% 2.1%
KNM-ER 3883 HE 1000 1.1% 48.0% 50.9%

D2282 HE 1000 0.1% 0.1% 0.4% 96.3% 3.1%
D4500 HE 1000 0.1% 96.2% 3.7%

Abbreviations: ZKD = Zhoukoudian; UC = Upper Cave; SH5 = Sima de los Huesos 5; KNM-ER = Kenya National Museum, East Rudolf;
D2282 = Dmanisi 2282; D4500 = Dmanisi hominin 4500; AMHS = anatomically modern Homo sapiens; EHS = early Homo sapiens; HN =
Homo neanderthalensis; MPH = Middle Pleistocene hominin remains; HEsI = Homo erectus sensu lato; NHP = non-hominin catarrhine; HS

= Homo sapiens; HHa = Homo habilis.
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Table 8

Results of stepwise, jackknife cross-validated discriminant analysis for hominins under alternative hypothesis, using first 19
principal components that accounted for over 95% of total sample variance from principal component analysis. Table shows
mean percentage classification accuracy across the 1000 random subsamples for each group. Values are shown with Zuttiyeh
assigned to Homo neanderthalensis (left) and Homo sapiens (right). Mean classification accuracy across the groups was
85.7% (80.3/79.9% if Homo habilis are included).

Homo sapiens Homo neanderthalensis Homo erectus s.l. Homo habilis
Homo sapiens 87.7 88.7 9.8 9.6 23 15 0.2 0.2
Homo neanderthalensis 2.1 24 86.2 85.7 11.7 11.8 0.1 0.2
Homo erectus s.l. 2.7 2.0 12.5 13.0 83.2 82.6 15 24
Homo habilis 11 11 2.8 3.6 32.3 32.8 63.9 62.6
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Table 9

Results of subsampling showing percentage of 1000 repeats in which the Procrustes distances within the 13 Middle
Pleistocene hominins were significantly (p < 0.05; highlighted in bold) or not significantly different to those of random
subsamples of 13 specimens from the comparative species.

Significant difference
No significant difference

MPH less variable MPH more variable
Gorilla beringei 0.9 99.1 0.0
Gorilla gorilla 7.4 92.6 0.0
Pan paniscus 223 0.0 7.7
Pan troglodytes 411 0.2 58.7
Papio anubis 75.7 15.9 8.4
Papio cynocephalus® 97.1 0.0 29
Papio kindae 82.7 12.0 53
Macaca fascicularis 77.2 7.7 15.1
Macaca fuscata 54.2 0.0 45.8
Macaca mulatta 713 23.9 4.8
Homo sapiens 79.5 16.6 3.9
Homo erectus s.1.° 71.8 28.2 0.0

Abbreviations: MPH = Middle Pleistocene hominins.
2 For comparisons of Papio cynocephalus to MPH (n = 8).
b For comparisons of Homo erectus sensu lato to MPH (n = 7).
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Table 10
Results of subsampling (n = 7) showing percentage of 1000 repeats in which the Procrustes distances between the MPH and closely-related species (columns) were significantly (p < 0.05;
highlighted in bold) or not significantly different to interspecific distances in closely-related non-hominin catarrhines (rows), under main hypothesis.

MPH — Homo sapiens MPH — Homo neanderthalensis MPH — Homo erectus s.1.
o . Significant difference o ) Significant difference o . Significant difference
No significant difference No significant difference No significant difference
Less More Less More Less More
Gorilla beringei — Gorilla gorilla 312 02 68.6 17.7 82.3 0.0 818 131 5.1
Pan paniscus — Pan troglodytes 0.2 0.0 99.8 66.5 3.7 29.8 10.1 0.0 89.9
Papio anubis — Papio cynocephalus 15 0.0 98.5 79.8 79 123 20.9 0.0 79.1
Papio anubis — Papio kindae 15.3 0.1 84.6 63.9 29 7.1 55.0 3.1 41.9
Papio cynocephalus — Papio kindae 0.6 0.0 994 73.0 53 217 19.5 0.0 80.5
Macaca fascicularis — Macaca fuscata 29 0.0 97.1 715 9.9 18.6 23.7 0.0 76.3
Macaca fascicularis — Macaca mulatta 1.9 0.1 98.0 76.2 9.3 145 30.7 0.0 69.3
Macaca fuscata — Macaca mulatta 7.6 0.0 92.4 73.0 6.7 20.3 17.6 0.0 82.4

Abbreviations: MPH = Middle Pleistocene hominins.
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Table 11

Summary of t and p values for independent t-tests across 1000 subsample (n = 7) comparisons of intra- and interspecific
Procrustes distances for hominins, under main hypothesis. Figures in bold show majority (for t values) and significance (for
p values).

t p
o . Significant difference
t<0 t>0 No significant difference . .
Less variable  More variable

Homo sapiens MPH 99.5 0.5 10.3 89.7 0.0
Homo neanderthalensis  MPH 100.0 0.0 16.1 83.9 0.0
MPH Homo sapiens 100.0 0.0 0.0 100.0 0.0
Homo neanderthalensis 74.5 25.5 86.1 13.8 0.1
Homo erectus s.I. 100.0 0.0 6.3 93.7 0.0
Homo erectus s.I. MPH 60.2 39.8 99.9 0.1 0.0

Abbreviations: MPH = Middle Pleistocene hominins.
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SOM S1

Reconstruction

Geometric reconstruction

Geometric reconstruction methods were applied when only a few points were missing. This was
performed using the estimate.missing function in the ‘geomorph’ package v. 3.3.1 (Adams et al.,
2013) in R v. 3.6.1 (R Core Team, 2019), with reference samples that were matched by sex and
species, for non-hominin catarrhines, and for time period and taxon, for the hominins. 50 of the 704

specimens required this type of reconstruction (SOM Table S12).

Manual virtual reconstruction

After generating 3D models from CT data, some automatic semilandmarks were placed on
endocranial surfaces in Checkpoint v. 2016.06.28.0428 or 2018.09.07.0325 (Stratovan Corporation,
2016, 2018). 3D models generated from CT data were put through the ‘Mesh Doctor’ function in
‘Geomagic Wrap’ v. 2017 (3D Systems Inc., South Carolina) to fix any errors in the polygon mesh,
reducing the number of semilandmarks that were affected. Manual virtual reconstruction methods
were used to amend the location of the remaining misplaced semilandmarks, by using the surrounding
points and the grid template in Checkpoint. All semilandmarks were put through a sliding algorithm
during generalized Procrustes analysis (GPA), which would have negated any effect on homology of
points. 61 specimens required this method of reconstruction (SOM Table S13).

Reconstruction by mirroring across an empirical midplane

For specimens which were missing one of a bilateral pair of points, these points were reconstructed
using mirroring landmarks across an empirical midplane, estimated with orthogonal regression. This
method was used on 14 specimens (SOM Table S14). The midplane was estimated by placing a curve
of semilandmarks using three control landmarks: nasion, glabella, and post-toral sulcus. These points
were used to generate a plane in Checkpoint which estimated the midsagittal plane. Orthogonal

regression was then performed in R.

Digital reconstruction

Specimens with larger areas of damage or distortion were reconstructed by digital reconstruction
methods (following White et al., 2020). 37 of the fossil hominin crania required reconstruction, either
due to their fragmentary nature or because of taphonomic distortion. Reference specimens were
chosen based on species, geographic region, time period, and assessment of overall similarity of form
(SOM Table S15). Reflections of specimens were also used when the affected areas were restricted to
one side of the cranium. Standard craniofacial landmarks were placed on both the target and reference
specimens. Then, either the reference and target surface models were aligned using a GPA in Evan
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Toolbox (Phillips et al., 2010), or the reference model was warped onto the target specimen in Evan
Toolbox. Resulting reference and target surfaces were then exported and loaded into CloudCompare
v. 2.8 beta (CloudCompare, 2016). Distorted or damaged areas were removed on the target model,
and the alignment of the two surface models was manually refined. The Mesh Doctor function was
then applied to the merged surface model in Geomagic, and the reconstruction was scaled back to its
original size in Meshlab v. 1.3.3 (Cignoni et al., 2008). Details of digital reconstruction methods for
27 of the specimens can be found in supplementary materials of White et al. (2020); details for the
remaining ten specimens, which were not included in the previous study, are below. Effects of digital
reconstruction methods were assessed in White et al. (2020), and found to not have a significant effect
on results of analyses.

Ofnet 4K1802 Ofnet 4K1802 showed some damage to the left aspect of the frontal squama and the
area around the right temporal lines, and was missing part of the left supraorbital border, immediately
lateral to the glabellar region, as well as the nasal column and the medial borders of the orbits. This
specimen was reconstructed by using the aligned reflected surface model of the specimen, affecting
22 semilandmarks and two landmarks (left mid-torus anterior and mid-torus inferior). Four points
(two semilandmarks and two landmarks: left and right dacryon) were reconstructed using the
geometric method (see above) in areas that could not be reliably reconstructed using the digital
method.

Combe Capelle The left lateral aspect of the frontal squama is missing on the Combe Capelle
specimen. This region was therefore reconstructed by merging the relevant section of an aligned
reflected surface model of the specimen. One landmark (left frontotemporale) and 19 semilandmarks
were affected by digital reconstruction.

Wiajak | Wajak | showed damage to the left frontal squama approximately superior to the supraorbital
notch, and the glabella region, extending laterally into the right supraciliary region, and both the area
under the right temporal line and the right zygomatic were displaced. These areas were reconstructed
by merging the aligned reflected model with the original surface model, after removing damaged
areas. Tests were run using reference specimens for the glabellar region, but it was found that the
glabellar landmark was placed on the original morphology. 115 semilandmarks and six landmarks
(post-toral sulcus, mid-frontotemporale, and right mid-torus inferior, mid-torus anterior,
frontotemporale, frontomalare anterior, and frontomalare posterior) were affected, being placed on
reflected regions instead of the original surface model.

Keilor Keilor showed slight damage to the lateral aspect of the left supraciliary ridge, and the left

lateral aspect of the frontal squama, above the orbital margin. These regions were reconstructed by
merging the relevant regions from the righthand side, following reflection with the original surface
model. A total of 48 semilandmarks and three landmarks (left mid-torus anterior, mid-torus inferior,
and frontomalare anterior) were affected.
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Ceprano Ceprano, while mostly intact in the frontal bone, is missing the middle and lower face, with
only the superior aspects of both zygoma preserved. This specimen was reconstructed by first warping
the SH5 surface model to fit the neurocranial morphology, then by merging the face of the aligned,
warped SH5 model with the existing surface model of Ceprano. This reconstruction process affected
seven landmarks (nasion, left and right dacryon, left and right ectoconchion, and left and right
zygoorbitale).
Maba Maba was missing the lower face, left zygomatic, and portions of the left frontal, and there was
damage to the right supraorbital torus, immediately lateral to glabella. This specimen was
reconstructed by aligning the original surface model with its reflection. Then, the surface model of
Dali was warped to fit the existing morphology of Maba and its reflection, and used to reconstruct the
missing and damaged regions. A total of 24 semilandmarks were placed on areas of the supraorbital
torus which were reconstructed with the warped Dali surface model, and all left hand landmarks and
semilandmarks were placed on the reflected morphology of the Maba specimen.
Narmada Narmada preserved part of the right zygomatic, and most of the right frontal squama and
supraorbital torus. This specimen was reconstructed by creating a reflected surface model, and
aligning the original and reflected models, using a scaled model of Kabwe 1 as a template. The
Kabwe 1 surface model was then warped to fit the morphology of the merged Narmada surface
model, and used to reconstruct the missing regions in the midsagittal plane and the lower face. Eight
landmarks (all left hand bilateral landmarks) and 64 semilandmarks were placed on the reflected
Narmada surface, and four landmarks (mid-frontotemporale, post-toral sulcus, glabella, and nasion)
and 79 semilandmarks were placed on areas reconstructed with the warped Kabwe 1 surface.
Saldanha The frontal bone of Saldanha was mostly complete for the area of interest for this study,
except for the lateral-most aspect of the left frontal trigone (the two affected semilandmarks on this
area were reconstructed using the geometric method; see above) and the lower aspect of the glabella
region. The middle and lower face was reconstructed by using the aligned lower face of Kabwe 1.
Eight landmarks (glabella, nasion, and left and right dacryon, zygoorbitale, and ectoconchion points)
were affected by the reconstruction.
Steinheim Steinheim was missing the left half of the frontal bone, along with the left zygomatic and
part of the left maxilla, and was damaged in the medial aspect of the supraorbital torus. This specimen
was reconstructed by merging the original with its aligned reflection, then warping the Arago XXI
model to reconstruct the damaged areas around glabella. 96 semilandmarks and eight landmarks (left
mid-torus anterior, mid-torus inferior, frontotemporale, frontomalare posterior, and frontomalare
anterior) were placed on the reflected Steinheim surface, while 14 semilandmarks and one landmark
(post-toral sulcus) were placed on the warped Arago XXI surface.
Zuttiyeh Zuttiyeh consists of a largely complete frontal bone, along with part of the nasal bones and
the frontal processes of the maxillae. There is some damage to the right frontal squama, but this was
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posterior to the recorded area. The lower face was reconstructed by warping the Skhiil V surface
model to the Zuttiyeh specimen, affecting six landmarks (nasion and both left and right dacryon,
ectoconchion, and zygoorbitale points).
Retrodeformation and reconstruction in ScanStudio

Four specimens required reconstruction by retrodeformation or manipulation of the original
ScanStudio file. Two specimens with deformation (Ofnet 4K1811 and Arago 21) were reconstructed
by retrodeformation in Landmark Editor v. 3.0 (Wiley et al., 2005), where pairs of bilateral points
were plotted and used to estimate the midsagittal plane for the deformed specimen. This plane was
then manipulated using the Retrodeform function to form a corrected plane of symmetry, with the
morphology of the surface model being corrected using this plane. Two specimens (Florisbad and
RMCA 9220, a male Gorilla beringei graueri with a gunshot wound) had small defects in their
morphology which could be reconstructed in the ScanStudio v. 2.02 software (NextEngine, Inc.,
2006-2015). The area of the defect was removed using the Trim function, after which the Fill function
was used to fill in the area. This method only works for suitably small areas, and uses the surrounding

morphology to generate gaps in the 3D surface model.
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SOM S2
Intraobserver Error

Intraobserver error was assessed using a subset of 32 individuals from the total sample (SOM
Table S16). Landmarks were placed on these specimens on four different occasions. The intraobserver
repeat configurations were added to the dataset of 704 specimens, and put through a GPA (see
Materials and methods of the main text). The resulting Procrustes distance matrix was then used to
compare intragroup distances for intracbserver repeat specimens, intrasubspecific, and intraspecific
comparisons, as well as intersubspecific and interspecific comparisons, using a one-way ANOVA
with post-hoc Tukey Honest significant difference tests in SPSS v. 26 (IBM Corp., 2018). For Homo
sapiens comparisons, only recent H. sapiens specimens were used to provide a more conservative
comparison. Intertaxonomic comparisons were made between closely related groups (i.e., species
within the same genus, subspecies within the same species). Results showed that Procrustes distances
for the intraobserver comparisons were significantly (p <0.001) lower than intra- and intertaxonomic
comparisons at both levels (SOM Table S4; SOM Fig. S1).
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SOM Figure S1. Violin plots of Procrustes distances comparisons for assessment of intraobserver

error. Abbreviation: IOE = Intraobserver error.
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SOM Figure S2. Plot of principal component 1 (PC1; x-axis) and principal component 2 (PC2; y-axis), accounting for 64.8% of variation, following
principal component analysis using hominin-only dataset. Convex hulls are shown and correspond to species groups (see legend). Shape changes are shown
for minimum, median, and maximum sample values for both axes, in frontal and left lateral view. Specimens are identified as follows (listed alphabetically):
101 = ZKD UC 101; 102 = ZKD UC 102; 406 = KNM-ER 406; 732 = KNM-ER 732; 1470 = KNM-ER 1470; 1813 = KNM-ER 1813; 2882 = D2282; 3773 =
KNM-ER 3733; 3883 = KNM-ER 3883; 4500 = D4500; 17000 = KNM-WT 17000; A = Arago; Am = Amud 1; AP = Abri Pataud; B = Bodo; BC = Border
Cave 1; Br2 = Brno II; Br3 = Brno Ill; C = Ceprano; Ch = Chancelade; CM1 = Cro-Magnon I; CM2 = Cro-Magnon Il; D = Dali; DH1 = DH1; DV3 = Dolni
Véstonice III; F = Florisbad; Fu = Furfooz I; G1 = Gibraltar 1; Gu = Guattari; H = Herto; JI = Jebel Irhoud 1; K = Kabwe; Ke = Keilor; KrC = Krapina C;
KrE = Krapina E; L = Liujiang; LC = La Chapelle; LM = Le Moustier 1; LQ = La Quina H5; M = Maba; M1 = Mlade¢ 1; M2 = Mlade¢ 2; N = Narmada; N7
= Ngandong 7; Ob1 = Oberkassel I; Ob2 = Oberkassel II; OH5 = OH 5; OH24 = OH 24; Om = Omo 1; P = Petralona; Pr3 = Pfedmosti III; Pr4 = Pfedmosti
IV; Q9 = Qafzeh 9; S17 = Sangiran 17; Sa = Saldanha; SC = Saint-Césaire I; SH = Sima de los Huesos 5; ShI = Shanidar I; ShV = Shanidar V; SkV = Skhal
V; Sp = Spy 1; St = Steinheim; Stsb = Sts 5; T = Tabun |; Z = Zuttiyeh; Z12 = Zhoukoudian XII. Abbreviations: RHS = recent Homo sapiens; AMHS =
anatomically modern Homo sapiens; EHS = early Homo sapiens; HN = Homo neanderthalensis; AfMPH = African Middle Pleistocene hominin remains;
AsMPH = Asian Middle Pleistocene hominin remains; EUMPH = European Middle Pleistocene hominin remains; AfHE = African Homo erectus; AsHE =
Asian Homo erectus; GHE = Georgian Homo erectus; HNa = Homo naledi; HHa = Homo habilis; HRu = Homo rudolfensis; AAfr = Australopithecus

africanus; ParA = Paranthropus aethiopicus; ParB = Paranthropus boisei.
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SOM Figure S3. Distribution plots of intragroup (for hominins) and intraspecific (for non-hominin
catarrhines) Procrustes distances across 1000 subsamples (n = 8) under alternative hypothesis.
Comparisons are shown with Zuttiyeh assigned to Homo sapiens (1) and Homo neanderthalensis (2).
Dashed lines show mean values: H. sapiens 1 X = 0.097; H. sapiens 2 x = 0.098; H. neanderthalensis
1 x = 0.087; H. neanderthalensis 1 x = 0.090; Homo erectus s.l. 1 X = 0.111; non-hominin catarrhines
X = 0.094.
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SOM Figure S4. Violin plots of intragroup Procrustes distances for individual groups under
alternative hypothesis. Comparisons are shown with Zuttiyeh assigned to Homo sapiens (1) and Homo
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neanderthalensis (2). Vertical dashed lines show range of intraspecific Procrustes distances across the

sample of non-hominin catarrhines.
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SOM Figure S5. Distribution plots of intergroup (for hominins) and interspecific (for non-hominin
catarrhines) Procrustes distances across 1000 subsamples (n = 8) under alternative hypothesis.
Comparisons are shown with Zuttiyeh assigned to Homo sapiens (1) and Homo neanderthalensis (2).
Dashed lines show mean values: HS - HE 1 X = 0.165; HS - HE 2 X = 0.166; HN - HE 1 X = 0.110;
HN - HE 2 x = 0.111; non-hominin catarrhines X = 0.101. Abbreviations: HS = H. sapiens; HN = H.

neanderthalensis; HE = Homo erectus sensu lato.
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SOM Figure S6. Density plot of intra- (orange) and inter-specific (blue) Procrustes distances across
1000 subsamples (n = 8) from non-hominin catarrhine species. Dashed lines show mean values (X =

0.094 for intra- and 0.100 for interspecific Procrustes distances).
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SOM Figure S7. Violin plots of intra- (orange) and inter-specific (blue) Procrustes distances for non-

hominin species across 1000 subsamples. Abbreviations: GB = Gorilla beringei; GG = Gorilla
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gorilla; PP = Pan paniscus; PT = Pan troglodytes; PA = Papio anubis; PC = Papio cynocephalus; PK
= Papio kindae; MFa = Macaca fascicularis; MFu = Macaca fuscata; MM = Macaca mulatta.
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SOM Figure S8. Violin plots of intra- and inter-group Procrustes distances for hominin comparisons
under alternative hypothesis. Comparisons are shown with Zuttiyeh assigned to Homo sapiens (1) and
Homo neanderthalensis (2). Vertical dashed lines show range of intraspecific (orange) and
interspecific (turquoise) Procrustes distances across the sample of non-hominin catarrhines.

Abbreviations: HS = H. sapiens; HN = H. neanderthalensis; HE = H. erectus sensu lato.
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SOM Figure S9. Annotated version of Figure 3, with RHS specimens removed. Specimens are identified as follows (listed alphabetically): 101 = ZKD UC
101; 102 = ZKD UC 102; 406 = KNM-ER 406; 732 = KNM-ER 732; 1470 = KNM-ER 1470; 1813 = KNM-ER 1813; 2882 = D2282; 3773 = KNM-ER
3733; 3883 = KNM-ER 3883; 4500 = D4500; 17000 = KNM-WT 17000; A = Arago; Am = Amud 1; AP = Abri Pataud; B = Bodo; BC = Border Cave 1;
Br2 = Brno II; Br3 = Brno IllI; C = Ceprano; Ch = Chancelade; CM1 = Cro-Magnon |; CM2 = Cro-Magnon II; D = Dali; DH1 = DH1; DV3 = Dolni
Véstonice I1I; F = Florisbad; Fu = Furfooz I; G1 = Gibraltar 1; Gu = Guattari; H = Herto; JI = Jebel Irhoud 1; K = Kabwe; Ke = Keilor; KrC = Krapina C;
KrE = Krapina E; L = Liujiang; LC = La Chapelle; LM = Le Moustier 1; LQ = La Quina H5; M = Maba; M1 = Mlade¢ 1; M2 = Mlade¢ 2; N = Narmada; N7

= Ngandong 7; Ob1 = Oberkassel I; Ob2 = Oberkassel II; OH5 = OH 5; OH24 = OH 24; Om = Omo 1; P = Petralona; Pr3 = Pfedmosti III; Pr4 = Pfedmosti
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IV; Q9 = Qafzeh 9; S17 = Sangiran 17; Sa = Saldanha; SC = Saint-Césaire I; SH = Sima de los Huesos 5; Shl = Shanidar I; ShV = Shanidar V; SkV = Skhiil
V; Sp = Spy 1; St = Steinheim; Sts5 = Sts 5; T = Tabun I; Z = Zuttiyeh; Z12 = Zhoukoudian XII. Abbreviations: RHS = recent Homo sapiens; AMHS =
anatomically modern Homo sapiens; EHS = early Homo sapiens; HN = Homo neanderthalensis; AfMPH = African Middle Pleistocene hominin remains;
AsMPH = Asian Middle Pleistocene hominin remains; EUMPH = European Middle Pleistocene hominin remains; AfHE = African Homo erectus; AsHE =
Asian Homo erectus; GHE = Georgian Homo erectus; HNa = Homo naledi; HHa = Homo habilis; HRu = Homo rudolfensis; AAfr = Australopithecus

africanus; ParA = Paranthropus aethiopicus; ParB = Paranthropus boisei.
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SOM Figure S10. Configurations of 3D landmarks and semilandmarks for 13 Middle Pleistocene

hominin remains included in the study following generalized Procrustes analysis, shown from frontal
and left lateral view. Abbreviation: SH5 = Sima de los Huesos 5.
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SOM Table S1

Details of fossil hominin specimens included in this study.

Name Species Subgroup Country Institution
Gambles Cave IV Homo sapiens RHS Kenya AMNH (Anth)
Wajak | Homo sapiens RHS Indonesia AMNH (Anth)
Ofnet 4K1802 Homo sapiens RHS Germany AMNH (Anth)
Ofnet 4K1811 Homo sapiens RHS Germany AMNH (Anth)
La Brea Homo sapiens RHS USA AMNH (Anth)
Kennewick Homo sapiens RHS USA AMNH (Anth)
Csokavar Homo sapiens RHS Hungary AMNH (Anth)
Matjes River Homo sapiens RHS South Africa NHM (Pal)
Skull I/Sepulchre Homo sapiens RHS Belgium AMNH (Anth)
Combe Capelle Homo sapiens RHS France UCL (BioAnth)
Fish Hoek | Homo sapiens RHS South Africa AMNH (Anth)
Tepexpan | Homo sapiens RHS Mexico AMNH (Anth)
Oberkassel | Homo sapiens AMHS Germany AMNH (Anth)
Oberkassel I Homo sapiens AMHS Germany AMNH (Anth)
Keilor Homo sapiens AMHS Australia NHM (Pal)
Zhoukoudian UC 101 Homo sapiens AMHS China AMNH (Anth)
Zhoukoudian UC 102 Homo sapiens AMHS China AMNH (Anth)
Furfooz | Homo sapiens AMHS Belgium AMNH (Anth)
Brno 1l Homo sapiens AMHS Czech Republic AMNH (Anth)
Brno I Homo sapiens AMHS Czech Republic AMNH (Anth)
Dolni Véstonice II1 Homo sapiens AMHS Czech Republic NHM (Pal)
Piedmosti 11T Homo sapiens AMHS Czech Republic UCL (BioAnth)
Piedmosti IV Homo sapiens AMHS Czech Republic NHM (Pal)
Abri Pataud Homo sapiens AMHS France NHM (Pal)
Cro-Magnon | Homo sapiens AMHS France UCL (BioAnth)
Cro-Magnon Il Homo sapiens AMHS France UCL (BioAnth)
Mlade¢ 1° Homo sapiens AMHS Czech Republic Vienna
Milade¢ 2 Homo sapiens AMHS Czech Republic NHM (Pal)
Chancelade Homo sapiens AMHS France UCL (BioAnth)
Jebel Irhoud 1 Homo sapiens EHS Morocco NHM (Pal)
Omo 1 Homo sapiens EHS Ethiopia NHM (Pal)
Liujiang Homo sapiens EHS China NHM (Pal)
Qafzeh 9 Homo sapiens EHS Israel UCL (BioAnth)
Skhal v# Homo sapiens EHS Israel Vienna
Border Cave 1 Homo sapiens EHS South Africa NHM (Pal)
Bodo® MPH AfMPH Ethiopia Vienna
Kabwe 1° MPH AfMPH Zambia NHM (Pal)
Saldanha MPH AfMPH South Africa AMNH (Anth)
Florisbad MPH AfMPH South Africa NHM (Pal)
Dali MPH AsMPH China AMNH (Anth)
Maba MPH AsMPH China NHM (Pal)
Narmada MPH AsMPH India NHM (Pal)
Zuttiyeh MPH AsMPH Israel UCL (BioAnth)
Petralona MPH EuMPH Greece UCL (BioAnth)
Arago 21 MPH EuMPH France AMNH (Anth)
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Sima de los Huesos 5 (SH5)
Steinheim
Ceprano
Tabun |
La Quina H5
Spy 12
La Chapelle
Guattari
Gibraltar 1°
Le Moustier 1
Amud 1
Krapina C
Krapina E
Saint-Césaire |
Shanidar |
Shanidar V
KNM-ER 3773
KNM-ER 3883
Ngandong 7 (Solo VI)
Sangiran 17
Zhoukoudian XII
Dinaledi Hominin 1 (DH1)
KNM-ER 1813
OH 24
KNM-ER 1470
Sts 5
KNM-WT 17000
KNM-ER 406
KNM-ER 732
OH5

MPH
MPH
MPH
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo erectus sensu lato
Homo erectus sensu lato
Homo erectus sensu lato
Homo erectus sensu lato
Homo erectus sensu lato
Homo naledi
Homo habilis
Homo habilis
Homo rudolfensis
Australopithecus africanus
Paranthropus aethiopicus
Paranthropus boisei
Paranthropus boisei

Paranthropus boisei

EuMPH Spain
EuMPH Germany
EuMPH Italy
Israel
France
Belgium
France
Italy
Gibraltar
France
Israel
Croatia
Croatia
France
Iraq
Iraq
AfHE Kenya
AfHE Kenya
AsHE Indonesia
AsHE Indonesia
AsHE China
South Africa
Kenya
Tanzania
Kenya
South Africa
Kenya
Kenya
Kenya

Tanzania

NHM (Pal)
NHM (Pal)
NHM (Pal)
AMNH (Anth)
AMNH (Anth)
NESPOS
UCL (Anth)
NHM (Pal)
NHM (Pal)
UCL (Anth)
UCL (Anth)
NHM (Pal)
AMNH (Anth)
AMNH (Anth)
AMNH (Anth)
AMNH (Anth)
NHM (Pal)
NHM (Pal)
NHM (Pal)
MorphoSource
UCL (Anth)
MorphoSource
UCL (Anth)
UCL (Anth)
UCL (Anth)
Vienna
AfricanFossils.org
AfricanFossils.org
AfricanFossils.org
UCL (Anth)

Abbreviations: UC = Upper Cave; KNM-ER = Kenya National Museum, East Rudolf; OH = Olduvai Hominid; Sts = Sterkfontein Type
Site; KNM-WT = Kenya National Museum, West Turkana; MPH = Middle Pleistocene hominin remains; RHS = recent Homo sapiens;

AMHS = anatomically modern H. sapiens; EHS = early H. sapiens; AfMPH = African Middle Pleistocene hominin remains; ASMPH =

Asian Middle Pleistocene hominin remains; EUMPH = European Middle Pleistocene hominin remains; AfHE = African Homo erectus;

AsHE = Asian H. erectus; GHE = Georgian H. erectus; AMNH (Anth) = American Museum of Natural History (Anthropology

Department); NHM (Pal) = Natural History Museum, London (Palaeontology Department); UCL (BioAnth) = University College London,

Biological Anthropology collection

2 Specimens for which CT data were used.

® Specimens for which surface scans were collected from the original fossil. All other data were collected from research quality casts.
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SOM Table S2

Details of 172 archaeological and historical H. sapiens specimens included in this study. Sex
estimates are reported, using the methods of Buikstra and Ubelaker (1994). See White et al.
(2020) for details on non-hominin catarrhine specimens. Available location information is

indicated in parentheses when exact provenance was unknown.

Accession number Category Provenance Sex Institution
242 RHS UK F DwW
443 RHS UK F DW
961 RHS (Europe) F? DW
1029 RHS UK | DW
1174 RHS (N Europe) F? DW
1177 RHS Finland F DW
1233 RHS Syria M DwW
1241 RHS Jordon F DW
1242 RHS Dutch M DwW
1248 RHS Spain M? DW
1583 RHS Egypt F DW
1627 RHS Egypt M DW
1703 RHS India F DwW
1705 RHS India M Dw
1717 RHS Tenerife M DW
1727 RHS Mozambique F DW
1731 RHS Angola M DwW
1749 RHS Congo F DW
1761 RHS China F DwW
1773 RHS Egypt I DW
1777 RHS (Congo) M? DW
1778 RHS Ivory Coast F? DW
1783 RHS Madagascar F? DwW
1785 RHS Madagascar F DW
1791 RHS Philippines M DW
2202 RHS Sumatra F DW
3275 RHS Egypt F DW
3276 RHS Egypt M DW
4194 RHS Japan F? DwW
4211 RHS China F Dw
4220 RHS (Canaan) F DW
4300 RHS Egpyt M DW
5039 RHS Senegal | DW
5041 RHS Madagascar F DW
5053 RHS (W Africa) F DW
5060 RHS Gabon M DW
5064 RHS Crete | DW
5096 RHS Syria | DW
5332 RHS Siberia M DW
5343 RHS Sudan | DW
5424 RHS Nigeria M? DwW
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5428
6094
1082/BK.FOL.63
1168/2133
1178/1205
1204/SAS 13
1250/SAS15
1739/AF 1144
1755/AF 1102
1798/POL 067
1811/POL 105
1812/POL 099
1830/NA 147
1838/NA 083
1842/NA 071
1849/ NA 092
2117/AUS 89
2394/SA 020
3315/SAS 07
3317/SAS 9
4213/EAS 15
4434/AF 1195
4503/POL 019
4556/SEA 045
4576/SEA 065
5291/MEL 206
5423/AF 1177
6073/MIC 001
99/6689
99/6690
AF 1376
AF.11.5.328
AF.15.0.14
AF.21.0.52
AF.21.0.6/AF 886
AF.23.0.19
AM.0.0.1/NA 136
AM.0.0.2/NA 137
AM.15.0.11/NA 072
AM.44.0.2
AM.45.0.1
ANI 047
ANI 23
AS.17.0.1
AS.17.0.2/EAS 21
AS.21.0.6/EAS 6
AS.45.0.1/SEA 162
AS.57.0.14/BU 14
AS.57.0.45/BU 45

RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS
RHS

Nigeria
Uganda
Kenya
Australia
Sweden
Pakistan
Pakistan
South Africa
South Africa
Tahiti
Rotuma
Rotuma
(Eskimo)
Huron
USA
Canada
Australia
Peru
Sri Lanka
Sri Lanka
China
Ghana
New Zealand
Malaysia
Malaysia
Papua New Guinea
Nigeria
Gilbert Islands
Canada
Canada
Sudan
Egypt
Somalia
Kenya
Kenya/Ethiopia
Tanzania
(Eskimo)
(Eskimo)
USA
Chile
Tierra del Fuego
Nicobar Islands
Andaman Islands
Tibet
Tibet
China
Philippines
(Unknown)

(Unknown)
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DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
AMNH (Anth)
AMNH (Anth)
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW
DW



AS.66.0.74/AR 4 RHS Saudi Arabia? F? DW

CA 004/AM.21.0.1 RHS Guatemala F DwW
CA 010 RHS Lesser Antilles | DW
EAS 24 RHS Japan M DwW

ESC11 SK1105 RHS UK M? UCL (loA)
ESC11 SK1606 RHS UK F UCL (loA)
ESC11 SK2241 RHS UK F? UCL (loA)
ESC11 SK2322 RHS UK | UCL (loA)
ESC11 SK2504 RHS UK M? UCL (loA)
ESC11 SK3310 RHS UK M UCL (loA)
ESC11 SK3638 RHS UK F? UCL (loA)
ESC11 SK4309 RHS UK M? UCL (loA)
ESC11 SK4606 RHS UK F UCL (loA)
ESC11 SK4611 RHS UK F? UCL (loA)
ESC11 SK5183 RHS UK F? UCL (loA)
EU.1.1.113 RHS UK F? DwW
EU.1.1.27 RHS UK M Dw
EU.1.1.9 RHS UK M DwW
EU.1.2.225 RHS UK F Dw
EU.1.2.266 RHS UK F? DwW
EU.1.2.284 RHS UK M Dw
EU.1.2.362 RHS UK M DwW
EU.1.3.172 RHS UK M Dw
EU.1.3.196 RHS UK M? DwW
EU.1.3.240 RHS UK M? Dw
EU.1.3.278 RHS UK M DwW
EU.1.35 RHS UK F Dw
EU.1.4.20 RHS UK F DwW
EU.1.4.3 RHS UK M Dw
EU.1.4.92 RHS UK F DwW
EU.1.4.96 RHS UK M Dw
EU.1.5.076 RHS UK M DwW
EU.1.5.082/39 RHS UK M Dw
EU.1.5.105 RHS UK F DwW
EU.3.5.01/712 RHS UK M? Dw
EU.31.0.1 RHS Russia M DwW
EU.34.4.1 RHS Italy? | Dw
EU.42.00.2 RHS Italy | DwW
EU.45.4.1 RHS Minorca M? DW
F 161 RHS Egypt? F DW
JT12/198 RHS UK M Dw
Kiyono-27 RHS Jomon M? KUM
Kiyono-34 RHS Jomon F KUM
Kiyono-61 RHS Jomon M KUM
Kiyono-66 RHS Jomon M? KUM
Kiyono-70 RHS Jomon F? KUM
KUA-103 RHS China M KUM
KUA-1047 RHS China F KUM
KUA-1070 RHS China M KUM
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KUA-1407 RHS China | KUM

KUA-1416 RHS China F KUM
KUA-1618 RHS China M KUM
KUA-2573 RHS China | KUM
KUA-2783 RHS China M KUM
KUA-3012 RHS China F KUM
KUA-867 RHS China F KUM
MEL 110 RHS Papua New Guinea M DwW
MEL 382 RHS Solomon Islands M DW
MEL 396 RHS Solomon Islands M DW
MEL 406/0C.14.0.2 RHS Santa Cruz M DW
MEL 478 RHS New Caledonia F? DW
MEL 483/0C.19.0.1 RHS Fiji M DW
NA 015/AM.15.1.15 RHS USA F DwW
NA 068/AM.15.0.9 RHS USA F? DW
NA 087/1861 RHS USA M DwW
0C.3.0.3 RHS Australia F DW
RCSOM/B 1 RHS UK M? RCS
RCSOM/B 105 Part 1 RHS UK | RCS
RCSOM/B 110 RHS UK M? RCS
RCSOM/B 124 RHS UK F? RCS
RCSOM/B 14 RHS UK M RCS
RCSOM/B 17 RHS UK M RCS
RCSOM/B 27 RHS UK F RCS
RCSOM/B 57 RHS UK M RCS
RCSOM/B 71 RHS UK M? RCS
RCSOM/B 94 RHS UK M? RCS
RCSOM/B nn28 RHS UK M? RCS
SA 006/2017 RHS Chile | DW
SA 008 RHS Chile M DW

SEA 061 RHS Malaysia M DW

SEA 133 RHS Malaysia | DW
TORR 060 RHS Torres Strait | DW

Abbreviations: RHS = Recent Homo sapiens; F = female; F? = probably female; | = indeterminate sex; M = male; M? = probable male; DW
= Duckworth Laboratory, Cambridge; AMNH (Anth) = American Museum of Natural History (Anthropology Department); UCL (IoA) =
University College London, Institute of Archaeology collections; KUM = Kyoto University Museum; RCS = Royal College of Surgeons,

Odontological collection, London.
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SOM Table S3

Definitions of landmarks used in the present study. Taken from White et al. (2020).

Landmark Definition
Auriculare? The point vertically above the midpoint of the external auditory meatus on the zygomatic root
b The point where a line from ectoconchion dividing the orbit into two along the long axis intersects with the
acryon

Ectoconchion
Frontomalare anterior
Frontomalare posterior

Frontotemporale
Glabella

Mid-frontotemporale

Mid-torus anterior
Mid-torus inferior
Nasion

Orbitale

Post-toral sulcus

medial orbital margin

The intersection of the most anterior surface of the lateral border of the orbit and a line bisecting the orbit
along the long axis

The point where the frontomalare suture intersects with the lateral orbital margin

The most posterior point on the frontomalare suture of the zygomatic process

The most medial point on the lateral curve of the frontal bone, when viewed from norma verticalis
The most anterior point on the frontal bone, between the supraorbital tori, on the midsagittal plane

The point where a line between the frontotemporale points intersects with the midsagittal plane

The most anterior point on the frontal bone directly above the midpoints of the orbit
The point on the superior orbital margin, at the midpoint of the orbit

The point where the nasofrontal suture intersects the midsagittal plane

The most inferior point on the infraorbital margin

The most inferior point on the region posterior to glabella, in the midsagittal plane

2 Auriculare points were not included in the final configuration.
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SOM Table S4
Results of Games-Howell post-hoc comparisons of Procrustes distances between groups for

assessment of intraobserver error significance.

Mean difference SE p 95% ClI
Intrasubspecies -0.058 0.002 <0.001 -0.063 -0.053
Intersubspecies -0.054 0.002 <0.001 -0.059 -0.049
Intraspecies -0.046 0.002 <0.001 -0.051 -0.041
Interspecies -0.061 0.002 <0.001 -0.066 -0.057

SOM Table S5
Descriptive statistics for 1000 repeats of stepwise, jackknife cross-validated discriminant analysis for

non-hominin catarrhines.

Mean Minimum  Maximum SD
Gorilla beringei 80.3% 37.5% 100.0% 13.1%
Gorilla gorilla 81.1% 25.0% 100.0% 12.7%
Pan paniscus 77.8% 37.5% 100.0% 13.4%
Pan troglodytes 75.8% 0.0% 100.0% 14.1%
Papio anubis 67.0% 0.0% 100.0% 14.8%
Papio cynocephalus 48.6% 12.5% 87.5% 13.4%
Papio kindae 86.2% 25.0% 100.0% 10.9%
Macaca fascicularis 64.9% 0.0% 100.0% 15.5%
Macaca fuscata 73.7% 25.0% 100.0% 14.6%
Macaca mulatta 72.0% 25.0% 100.0% 15.4%
All 72.7% 0.0% 100.0% 17.2%

SOM Table S6
Descriptive statistics for 1000 repeats of stepwise, jackknife cross-validated discriminant analysis for
hominins.
Mean Minimum Maximum SD
Homo sapiens 85.4% 62.5% 100.0% 9.0%
Homo neanderthalensis 90.9% 50.0% 100.0% 9.1%
Middle Pleistocene hominins 77.6% 37.5% 100.0% 13.4%
Homo erectus s.l. 75.7% 28.6% 100.0% 10.4%
Homo habilis 46.2% 0.0% 100.0% 24.9%
All 75.1% 0.0% 100.0% 21.3%
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SOM Table S7
Results of subsampling (n = 7) showing percentage of 1000 repeats in which the Procrustes distances within the hominin groups, including the MPH, were
significantly (p < 0.05; highlighted in bold) or not significantly different intraspecific distances in the non-hominin catarrhine species, under the main

hypothesis.
Homo sapiens Homo neanderthalensis MPH Homo erectus s.l.
No Significant difference No Significant difference No Significant difference No Significant difference
significant ) ) significant . . significant . . significant . .
) Less variable  More variable ) Less variable  More variable ) Less variable  More variable ) Less variable  More variable
difference difference difference difference
Gorilla beringei 39.6 59.9 0.5 3.3 96.7 0.0 30.2 69.6 0.2 84.6 42 11.2
Gorilla gorilla 50.1 48.5 14 8.8 91.2 0.0 40.7 58.6 0.7 729 2.2 249
Pan paniscus 56.5 1.6 419 65.2 30.8 4.0 53.9 11 45 0.8 0.0 99.2
Pan troglodytes 63.7 3.6 327 58.2 40.8 1.0 66.3 2.0 317 12 0.0 98.8
Papio anubis 76.7 12.9 10.4 36.2 63.8 0.0 77.8 13.2 9.0 23.3 0.0 76.7
Papio cynocephalus 75.4 2.1 225 57.6 424 0.0 80.7 0.2 19.1 0.0 0.0 100.0
Papio kindae 11.6 0.2 88.2 60.2 2.2 37.6 6.1 0.0 93.9 0.0 0.0 100.0
Macaca fascicularis 75.6 9.6 14.8 43.0 56.4 0.6 785 9.9 11.6 15.7 0.0 84.3
Macaca fuscata 58.3 1.9 39.8 65.9 32 2.1 56.8 1.8 414 45 0.0 95.5
Macaca mulatta 59.3 13 39.4 69.1 26.6 43 58.9 0.5 40.6 1.0 0.0 99.0

Abbreviation: MPH = Middle Pleistocene hominins.
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SOM Table S8

Results of subsampling (n = 8) showing percentage of 1000 repeats in which the Procrustes distances within the hominin groups were significantly (p < 0.05;
highlighted in bold) or not significantly different to intraspecific distances in the non-hominin catarrhine species, under alternative hypothesis. In each
column, Under the alternative hypothesis, results are shown with Zuttiyeh assigned toclassified as both Homo sapiens (left) and Homo neanderthalensis
(right).

Homo sapiens Homo neanderthalensis Homo erectus s.l.

No significant Significant differences No significant Significant differences No significant Significant differences

differences Less variable More variable differences Less variable More variable differences Less variable More variable
Gorilla beringei 26.7 25.4 73.1 74.4 0.2 0.2 3.7 4.6 96.3 95.4 0.0 0.0 70.0 25.0 5.0
Gorilla gorilla 455 38.6 53.8 60.3 0.7 11 10.0 14.8 90.0 85.2 0.0 0.0 71.2 16.2 12.6
Pan paniscus 54.3 59.2 2.6 1.8 43.1 39.0 69.4 67.7 17.2 144 134 17.9 147 0.1 85.2
Pan troglodytes 61.0 67.2 39 3.6 351 29.2 70.5 70.6 24.0 20.1 55 9.3 18.1 0.0 81.9
Papio anubis 75.4 72.4 15.1 18.9 9.5 8.7 48.3 52.5 50.9 46.3 0.8 12 51.1 19 47.0
Papio cynocephalus 71.2 74.8 2.8 2.3 26.0 229 75.6 81.6 23.8 16.8 0.6 1.6 15.6 0.0 84.4
Papio kindae 6.7 9.6 0.0 01 93.3 90.3 30.0 255 0.1 0.1 69.9 744 0.1 0.0 99.9
Macaca fascicularis 729 74.1 13.2 12.8 13.9 131 52.1 58.2 45.6 38.6 23 3.2 44.6 1.0 54.4
Macaca fuscata 58.8 61.2 2.6 4.1 38.6 347 68.6 711 21.6 15.6 9.8 13.3 20.8 0.3 78.9
Macaca mulatta 52.7 56.1 24 2.6 44.9 41.3 72.5 715 131 9.7 144 18.8 155 0.0 84.5
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SOM Table S9

Results of subsampling (n = 8) showing percentage of 1000 repeats in which the Procrustes distances between the hominin groups were significantly (p <
0.05; highlighted in bold) or not significantly different to interspecific distances in the non-hominin catarrhines, under alternative hypothesis. In each column,
results are shown with Zuttiyeh assigned to both Homo sapiens (left) and Homo neanderthalensis (right).

Homo sapiens - Homo erectus s.I. Homo neanderthalensis - Homo erectus s.I.
Significant difference Significant difference
No significant difference No significant difference
Sig. less Sig. more Sig. less Sig. more
Gorilla beringei — Gorilla gorilla 0.8 1.2 0.0 0.0 99.2 98.8 52.6 53.8 46.2 44.0 1.2 22
Pan paniscus — Pan troglodytes 0.0 0.0 0.0 0.0 100.0 100.0 30.8 29.9 0.4 05 68.8 69.6
Papio anubis — Papio cynocephalus 0.0 0.0 0.0 0.0 100.0 100.0 53.6 52.1 1.9 15 445 46.4
Papio anubis — Papio kindae 1.2 1.3 0.0 0.0 98.8 98.7 64.2 64.6 12.2 11.7 23.6 23.7
Papio cynocephalus — Papio kindae 0.0 0.0 0.0 0.0 100.0 100.0 4.0 2.7 0.0 0.0 96.0 97.3
Macaca fascicularis — Macaca fuscata 0.0 0.0 0.0 0.0 100.0 100.0 419 40.8 13 1.0 56.8 58.2
Macaca fascicularis — Macaca mulatta 0.0 0.1 0.0 0.0 100.0 99.9 47.2 46.0 1.9 1.8 50.9 52.2
Macaca fuscata — Macaca mulatta 1.6 23 0.0 0.1 98.4 97.6 40.6 37.8 0.7 0.8 58.7 61.4

Abbreviation: Sig. = significantly.
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SOM Table S10
Summary of t and p values for independent t-tests across 1000 subsample (n = 8) comparisons of intra- and interspecific Procrustes distances for non-hominin
catarrhines. Figures in bold show majority (for t values) and significance (for p values).

t p
Significant differences
<0 >0 No significant differences
Less More
Gorilla beringei Gorilla gorilla 68.6 314 85.1 13.2 1.7
Gorilla gorilla Gorilla beringei 78.8 21.2 63.4 359 0.7
Pan paniscus Pan troglodytes 89.0 11.0 55.7 43.9 0.4
Pan troglodytes Pan paniscus 79.9 20.1 64.8 33.6 1.6
Papio anubis Papio cynocephalus 68.4 31.6 86.8 12.5 0.7
Papio kindae 76.2 23.8 65.8 32.9 1.3
Papio cynocephalus Papio anubis 99.4 0.6 379 62.1 0.0
Papio kindae 8.7 91.3 76.2 0.0 238
Papio kindae Papio anubis 100.0 0.0 0.9 99.1 0.0
Papio cynocephalus 97.9 2.1 44.6 55.4 0.0
Macaca fascicularis Macaca fuscata 52.2 47.8 80.6 13.7 5.7
Macaca mulatta 64.2 35.8 811 16.4 25
Macaca fuscata Macaca fascicularis 91.7 8.3 62.8 37.0 0.2
Macaca mulatta 81.4 18.6 57.2 41.3 15
Macaca mulatta Macaca fascicularis 93.9 6.1 425 57.3 0.2
Macaca fuscata 94.1 5.9 53.7 46.1 0.2
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SOM Table S11
Summary of t and p values for independent t-tests across 1000 subsample (n = 8) comparisons of intra- and interspecific Procrustes distances for

hominins, under alternative hypothesis. Figures in bold show majority (for t values) and significance (for p values). Under the alternative

hypothesis, results are shown with Zuttiyeh assigned to Homo sapiens (left) and Homo neanderthalensis (right).

t p
Significant difference
<0 >0 No significant difference
Less More
Homo sapiens Homo neanderthalensis 99.9 100.0 0.1 0.0 1.2 1.2 98.8 98.8 0.0 0.0
Homo erectus s.1. 100.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0
Homo neanderthalensis  Homo sapiens 100.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0
Homo erectus s.1. 100.0 99.8 0.0 0.2 4.6 7.4 95.4 92.6 0.0 0.0
Homo erectus s.l. Homo sapiens 100.0 100.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0
Homo neanderthalensis 41.3 49.6 58.7 50.4 95.6 94.4 33 45 11 11
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SOM Table S12
Details of 50 specimens for which landmarks and semilandmarks were reconstructed using geometric
method, showing number of points which were reconstructed with this method.

Specimen Number of reconstructed (semi)landmarks Group Sex
USNM 545030 1 Gorilla gorilla beringei
RMCA 29538 Gorilla gorilla graueri
RMCA 29104 Gorilla gorilla graueri
USNM 252575 Gorilla gorilla gorilla
F.C. 130 Gorilla gorilla gorilla

USNM 599172
USNM 236971
M-16115
M-82097
ZD.1908.8.9.41
ZD.1924.8.6.16
ZD.1930.12.1.2
ZD.1964.2194
USNM 397476
M-55446
ZD.1899.7.8.1
ZD.1900.3.18.1
ZD.1902.9.2.1
ZD.1922.12.19.6
ZD.1924.2.25.1
ZD.1939.1033
ZD.1973.1291
Cam.l1.85
ZD.1961.758
ZD.1961.768
ZD.1897.10.1.11
ZD.1924.1.1.7
ZD.1961.782
ZD.1967.1658
M-107100
ZD.1894.6.12.13
ZD.1951.67
M-102015
M-106565
ZD.1876.10.4.9
ZD.1909.11.1.2
ZD.1955.1508
ZD.1955.1518
ZD.1842.1.19.95
ZD.1931.1.11.26
M-54816
ZD.1921.7.9.3
ZD.1923.11.4.1
T4-8
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Pan troglodytes troglodytes
Pan troglodytes schweinfurthii
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio anubis
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Papio cynocephalus
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fascicularis
Macaca fuscata
Macaca mulatta
Macaca mulatta
Macaca mulatta
Macaca mulatta

Macaca mulatta
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Ofnet 4K1802 4 Homo sapiens U
Tabun 4 Homo neanderthalensis U
La Quina H5 3 Homo neanderthalensis U
La Chapelle 2 Homo neanderthalensis U
Shanidar V 5 Homo neanderthalensis U
Saldanha 2 MPH U

Abbreviations: USNM = United States National Museum; RMCA = Royal Museum for Central Africa, Tervuren; F.C. = French Congo; M
= Mammalogy; ZD = Zoological Department; Cam = Cambridge; MPH = Middle Pleistocene hominin remains; F = female; M = male; U =

unknown sex.
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SOM Table S13
Details of 61 specimens for which landmarks and semilandmarks were reconstructed using a manual

digital reconstruction technique, showing number of points which were reconstructed using this

method.

Specimen Number of (semi)landmarks Group Sex
USNM 545030 10 Gorilla beringei beringei F
USNM 545026 6 Gorilla beringei beringei F
USNM 545029 10 Gorilla beringei beringei F
USNM 395636 Gorilla beringei beringei M
USNM 396934 8 Gorilla beringei beringei M
USNM 545028 Gorilla beringei beringei M
USNM 545034 19 Gorilla beringei beringei M
USNM 545035 17 Gorilla beringei beringei M
USNM 260582 11 Gorilla beringei graueri F
USNM 590946 1 Gorilla gorilla diehli F
USNM 590947 1 Gorilla gorilla diehli F
USNM 590948 5 Gorilla gorilla diehli F
USNM 590951 3 Gorilla gorilla diehli F
USNM 590956 4 Gorilla gorilla diehli F
USNM 590963 12 Gorilla gorilla diehli F
USNM 590950 5 Gorilla gorilla diehli M
USNM 590953 3 Gorilla gorilla diehli M
USNM 590955 9 Gorilla gorilla diehli M
USNM 590958 5 Gorilla gorilla diehli M
USNM 590959 6 Gorilla gorilla diehli M
USNM 590967 10 Gorilla gorilla diehli M
USNM 590968 15 Gorilla gorilla diehli M
USNM 252575 1 Gorilla gorilla gorilla F
USNM 220380 10 Gorilla gorilla gorilla F
USNM 252576 7 Gorilla gorilla gorilla F
USNM 252579 10 Gorilla gorilla gorilla F
USNM 252580 12 Gorilla gorilla gorilla F
USNM 252577 19 Gorilla gorilla gorilla F
USNM 174714 21 Gorilla gorilla gorilla M
USNM 176206 33 Gorilla gorilla gorilla M
USNM 176207 8 Gorilla gorilla gorilla M
USNM 176209 13 Gorilla gorilla gorilla M
USNM 176213 18 Gorilla gorilla gorilla M
USNM 176216 21 Gorilla gorilla gorilla M
USNM 220324 10 Gorilla gorilla gorilla M
USNM 174701 1 Pan troglodytes troglodytes F
USNM 174702 3 Pan troglodytes troglodytes F
USNM 174707 3 Pan troglodytes troglodytes F
USNM 174710 1 Pan troglodytes troglodytes F
USNM 220062 4 Pan troglodytes troglodytes F
USNM 599172 6 Pan troglodytes troglodytes M
USNM 220327 11 Pan troglodytes troglodytes M
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USNM 220326 1 Pan troglodytes troglodytes M
USNM 220065 4 Pan troglodytes troglodytes M
USNM 176242 3 Pan troglodytes troglodytes M
USNM 176240 1 Pan troglodytes troglodytes M
USNM 176228 2 Pan troglodytes troglodytes M
USNM 174704 2 Pan troglodytes troglodytes M
USNM 236971 7 Pan troglodytes schweinfurthii F
USNM 477333 2 Pan troglodytes verus F
USNM 481803 3 Pan troglodytes verus F
USNM 162899 11 Papio anubis M
Wajak | 1 Homo sapiens U
Keilor 1 Homo sapiens ]
Liujiang 5 Homo sapiens U
Skhal V 8 Homo sapiens ]
Spy 1 12 Homo neanderthalensis U
D2282 5 Homo erectus s.1. U
Sangiran 17 1 Homo erectus s.I. U
KNM-ER 1813 12 Homo habilis U
Sts5 8 Australopithecus africanus U

Abbreviations: USNM = United States National Museum; D2282 = Dmanisi hominin 2282; KNM-ER = Kenya National Museum, East
Rudolf; Sts = Sterkfontein Type Site; F = female; M = male; U = unknown.
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SOM Table S14
Details of 14 specimens for which single landmarks were reconstructed using the method of reflection

across an empirical midplane, showing number of landmarks which were reconstructed using this

method.
Specimen Number of Group Sex
landmarks

ZD.1961.737 1 Papio cynocephalus Female
M-102018 1 Macaca fascicularis Female
M-103652 1 Macaca fascicularis Female
M-107095 1 Macaca fascicularis Female
M-107559 1 Macaca fascicularis Male
Ofnet 4K1811 1 Homo sapiens Unknown
Tepexpan 1 Homo sapiens Unknown
RCSOM/B.94 2 Homo sapiens Male?
RCSOM/B.124 2 Homo sapiens Female?
Kiyono-34 1 Homo sapiens Female
Kiyono-66 2 Homo sapiens Male?
Kiyono-70 2 Homo sapiens Female?
Dali 1 MPH Unknown
Tabun 1 Homo neanderthalensis Unknown

Abbreviations: ZD = Zoological Department; M= Mammalogy; RCSOM = Royal College of Surgeons Odontological Material; MPH =

Middle Pleistocene hominin remains.
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SOM Table S15

Details of 37 fossil specimens which were digitally reconstructed. Reference specimen(s) indicates the

specimens that were used to guide reconstruction.

Specimen Group Reference specimen(s)
Ofnet 4K1802 Homo sapiens Ofnet 4K1802
Combe Capelle Homo sapiens Combe Capelle
Wajak | Homo sapiens Wajak |
Keilor Homo sapiens Keilor
Brno Il Homo sapiens Brno 11, Brno 111
Piedmosti IV Homo sapiens Predmosti 11T
Cro-Magnon 11 Homo sapiens Cro-Magnon 11
Mlade¢ 2 Homo sapiens Mladet 1
Liujiang Homo sapiens Liujiang
Qafzeh 9 Homo sapiens Qafzeh 9
Jebel Irhoud 1 Homo sapiens Jebel Irhoud 1
Gibraltar 1 Homo neanderthalensis Gibraltar 1
Guattari Homo neanderthalensis Guattari
Krapina C Homo neanderthalensis Krapina C, Shanidar 1
Krapina E Homo neanderthalensis Krapina E, Shanidar 1

Le Moustier 1
Saint Césaire
Shanidar V
Spy 1

Bodo

Ceprano

Maba
Narmada
Saldanha

SH5

Steinheim
Zuttiyeh

Solo VI
Zhoukoudian XII
KNM-ER 3733
KNM-ER 3883
D2282
KNM-ER 1813
KNM-ER 1470
KNM-WT 17000
KNM-ER 406
KNM-ER 732

Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
Homo neanderthalensis
MPH
MPH
MPH
MPH
MPH
MPH
MPH
MPH
Homo erectus s.l.
Homo erectus s.l.
Homo erectus s.l.
Homo erectus s.l.
Homo erectus s.l.
Homo habilis
Homo habilis
Paranthropus aethiopicus
Paranthropus boisei
Paranthropus boisei

Le Moustier 1
Sainte Césaire, Shanidar 1
Shanidar V
Spy 1, La Chapelle
Bodo, Kabwe 1
Sima de los Huesos 5
Maba, Dali
Narmada, Kabwe 1
Kabwe 1
SH5
Arago 21
Skhal V
Solo VI, Sangiran 17
Zhoukoudian XII
KNM-ER 3733
KNM-ER 3883
D2282, D4500
KNM-ER 1813
KNM-ER 1470
KNM-WT 17000
KNM-ER 406
KNM-ER 732

Abbreviations: KNM-ER = Kenya National Museum, East Rudolf; KNM-WT = Kenya National Museum, West Turkana; MPH = Middle

Pleistocene hominin remains; SH5 = Sima de los Huesos 5; D2282 = Dmanisi hominin 2282; D4500 = Dmanisi hominin 4500.
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SOM Table S16
Details of 32 specimens used for intraobserver error assessment.

Number Specimen Species Sex
I0E1 RMCA 2260 Gorilla beringei beringei Male
I0E2 RMCA 27840 Gorilla beringei graueri Female
I0E3 USNM 590946 Gorilla gorilla dielhi Female
I0E4 ZD.1878.12.14.1 Gorilla gorilla gorilla Male
I0E5 RMCA 27012 Pan paniscus Female
I0E6 RMCA 29036 Pan paniscus Male
I0E7 RMCA 29074 Pan troglodytes schweinfurthii Female
I0E8 ZD.1939.3365 Pan troglodytes troglodytes Male
I0E9 ZD.1908.8.9.42 Papio anubis Female
IOE10 ZD.19255.12.1 Papio anubis Male
IOE11 ZD.1961.772 Papio kindae Female
IOE12 ZD.1961.734 Papio kindae Male
I0E13 M-30622 Macaca fascicularis Female
IOE14 ZD.1919.11.12.8 Macaca fascicularis Male
IOE15 ZD.1905.11.3.2 Macaca fuscata Male
IOE16 KAS-290 Macaca fuscata yakui Female
IOE17 ZD.1914.7.10.3 Macaca mulatta Female
IOE18 ZD.1931.1.11.8 Macaca mulatta Male
I0E19 RCSOM/B 57 Homo sapiens Male*
I0E20 ESC11 SK2332 Homo sapiens Intermediate®
I0E21 Kiyono-61 Homo sapiens Unknown?
I0E22 AS.17.0.2 Homo sapiens Female?
I0E23 1717 Homo sapiens Male?
I0E24 EU.1.5.082 Homo sapiens Male?
I0E25 Zhoukoudian UC 101 Homo sapiens Unknown
I0E26 Border Cave 1 Homo sapiens Unknown
I0E27 Gibraltar 1 Homo neanderthalensis Unknown
I0E28 Bodo MPH Unknown
I0E29 KNM-ER 3733 Homo erectus s.l. Unknown
I0E30 D4500 Homo erectus s.I. Unknown
IOE31 OH 24 Homo habilis Unknown
I0E32 KNM-ER 732 Paranthropus boisei Unknown

Abbreviations: IOE = Intraobserver error; RMCA = Royal Museum for Central Africa, Tervuren; USNM = United States National Museum;

ZD = Zoological Department; M = Mammalogy; KAS = Kyoto University; RCSOM = Royal College of Surgeons Odontological Material;
AS = Asia; EU = Europe; UC = Upper Cave; KNM-ER = Kenya National Museum, East Rudolf; D4500 = Dmanisi hominin 4500; OH =

Olduvai hominid; MPH = Middle Pleistocene hominin remains.

2 Based on sex assessment, not known sex values.
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