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Summary - KNM-OG 45500 is a hominin fossil composed of parts of a frontal bone, left temporal
bone, and cranial vault pieces. Since its discovery along the Olorgesailie Formation (Kenya) in 2003, it has
been associated with the Homo erectus hypodigm. The specimen, derived from a geological context dated
to ca. 900 Ka B, has been described as a very small individual of probable female sex. However, despite its
status as an important hominin specimen, it has not been used in a quantitative comparative framework
because of its fragmentary condition. Here, we undertake a virtual reconstruction of the better-preserved
[fragment, the frontal bone. We additionally apply geometric morphometric analyses, using a geographically
diverse fossil and modern human sample, in order to investigate the morphological affinities of KNM-
OG 45500. Our results show that the frontal shape of KNM-OG 45500 exhibits similarities with Early
Pleistocene fossils from Eurasia and Africa that are assigned to H. erectus sensu lato (s.1.). Its size, on the
other hand, is notably smaller than most other Homo erectus fossils and modern humans and similar to the
specimens from Dmanisi (Georgia) and to Homo naledi. Taken together, our analyses of the frontal bone
suggest a taxonomic attribution of KNM-OG 45500 to H. erectus s.l. and extend even further the range of
size variability associated with this taxon around 900 Ka BR
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The taxonomic attribution of Pleistocene
(following Gibbard ez al., 2010) fossils to Homo
erectus has been highly debated by paleoanthro-
pologists in the last decades. No full consensus
exists among scientists regarding the definition
of the erectus hypodigm (Stringer, 1984; Wood,
1984; Rightmire, 1990; Tattersall, 1992; Wolpoff

2004; Antén, 2007; Terhune et al., 2007; Baab,
2008b, 2016; Lordkipanidze ez al., 2013; Antén
et al., 2014; Bauer & Harvati, 2015; Mori &
Harvati, 2019). The most restricted conception
of H. erectus (sensu stricto) limits the species to
specimens from the Asian fossil record, which
include the holotype from Trinil, while African
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specimens are often attributed to H. ergaster
(Dubois, 1894; Stringer, 1984; Wood, 1991;
Wolpoff ez al., 1994; Schwartz & Tattersall,
2000). On the other hand, a commonly accepted
definition of H. erectus (sensu lato) puts together
specimens from Africa and Eurasia, unifying
Pleistocene fossils otherwise attributed to differ-
ent Homo taxa, including ergaster, georgicus, and
soloensis (Antén, 2003; Rightmire er al., 20065
Zeitoun ez al., 2010; Lordkipanidze ez al., 2013;
Rightmire, 2013; Baab, 2015).

Different authors have tried to investigate
the patterns of variation between geographic
or chronological groups within the broadly
defined H. erectus hypodigm (Rightmire, 1981,
1990; Stringer, 1984; Wood, 1992; Kidder &
Durband, 2004; Terhune ez a2/, 2007; Baab,
2008b, 2016; Zeitoun et al., 2010). Some of the
recent studies have interpreted the fossil record as
reflecting a single lineage (e.g. Suwa ez al., 2007;
Lordkipanidze et a/., 2013) while others propose
aview of species diversity in the Early Pleistocene
(e.g. Baab, 2008a; Leakey ez al, 2012; Antén,
Potts & Aiello, 2014; Spoor ez al., 2015). A recent
reconstruction and analysis of Olduvai Hominin
7 (OH 7) from Olduvai Gorge (Tanzania), the
holotype specimen of H. habilis (Spoor et al.,
2015), seemingly confirmed the latter hypoth-
esis. However, whereas Spoor and colleagues
(2015) highlighted from this reconstruction that
early Homo groups were distinct also on the basis
of different brain sizes, Antén et al. (2014) had
rejected size as a defining feature of “early Homo”
groups. Spoor et al. (2015) also suggested that,
given the dissimilarities between both H. habilis
and other “early Homo” specimens, these early
Pleistocene eastern African fossils comprised
multiple species. This is particularly important
in light of recently described Homo species novo
in the Middle and Late Pleistocene, including
H. naledi (Berger er al., 2015), H. luzonensis
(Détroit ez al., 2019), and H. floresiensis (Brown
et al., 2004). Similarly, taxonomic diversity in
later fossils dated between 1.8 MA BP and 900Ka
BP from Africa and Eurasia is highly debated
(Wood, 1994; Schwartz & Tattersall, 2000;
Vekua et al., 2002; Antén, 2003; Potts et al.,

2004; Schwartz, 2004; Gilbert & Asfaw, 2008;
Baab, 2016). While the fragmentary fossil record
remains a limitation, what has become clear is
that the pattern of within-sample variation in
Pleistocene hominin groups is often complex and
understanding whether this variability represents
multiple taxa or not is hotly debated. The small
specimens from Dmanisi (Georgia), for example,
have shown the existence of high morphological
variability in what is considered by most scholars
a single paleodeme (Howell, 1999; Vekua ez 4l.,
2002; Rightmire e# al., 2006; Lordkipanidze ez
al., 2013). Given the fragmentary status of other
fossils, however, some specimens are rarely stud-
ied or included as comparative material, thus
reducing the possibility to have a more complete
picture regarding the evolutionary relationship
between different geographic and temporal fossil
groups. This is the case for KNM-OG 45500,
a hominin fossil recovered from the Olorgesailie
formation, Kenya (Potts ef al., 2004).

The KNM-OG 45500 (also referred to
as KNM-OL 45500 in the literature) fossil
was recovered in situ in 2003 in a stratigraphic
layer rich with Acheulean handaxes (Potts ez /.
2004). Volcanic layers underlying and overlying
KNM-OG 45500 have been dated using the sin-
gle-crystal “Ar/*Ar method to between ca. 974
and 747 ka. Because of its close association to the
lower layer, a geological age between 970 and 900
ka has been proposed for this specimen (Potts ez
al., 2004). KNM-OG 45500 has been described
as one of the smallest African Homo erectus s.1.,
alongside the recently published DAN5/P1 fossil
from the Dana Anoule North site of the Busidima
Formation (Gona, Ethiopia) (Semaw et al.
2020) and the KNM-ER 42700 specimen from
the Koobi Fora Formation (Spoor et al., 2007;
Neubauer ez ., 2018; Mori & Harvati, 2019),
dated to ca. 1.6-1.5 Ma. KNM-OG 45500’
frontal bone shows midline keeling, a shelf-like
morphology of the post-toral sulcus, a lack of
torsion in the toral anterior surface, and double-
arched supraorbital shape (Potts ez al., 2004). Its
endocranial volume (ECV) is estimated to be less
than 800 cm?, similar in size to the DAN5/P1
fossil (Semaw ez 2l 2020), as well as to the D2282
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and D2280 specimens from Dmanisi (Georgia),
which date to ca. 1.8 Ma and are assigned by
most authors to Homo erectus s.l. (Vekua et al.,
2002; Antén, 2004; Potts er al., 2004; Rightmire
et al., 2006, 2019; Lordkipanidze er al., 2013).
KNM-OG 45500 exhibits an overall smaller size
than Early Pleistocene fossils from Kenya (e.g.
KNM-ER3733 and KNM-WT15000, dated
to between 1.8-1.5 Ma), but closer to the later
OH12 fossil from Olduvai (dated to ca. 1.2-1.1
Ma) (Rightmire, 1979; Tamrat ¢z al., 1995)1995.
In contrast, the morphology of the double-arched
supraorbital torus is considered similar in shape to
other African fossils, such as the Early Pleistocene
specimen Daka BOU-VP-2/66 (Ethiopia) and
KNM-ER3733 (Kenya)(Potts e al., 2004).

The frontal bone, especially the morphology
of the supraorbital torus, has been used to distin-
guish between different morphs of H. erectus s.1.
(Stringer, 1984; Wood, 1984; Rightmire, 1990;
Antén, 2003; Schwartz, 2004; Baab, 2015,
2016). More generally, the frontal bone is con-
sidered useful in reconstructing hominin phylog-
eny and population history in modern humans
(Weidenreich, 1940; Smith, 2009; von Cramon-
Taubadel, 2009; Athreya, 2012; Freidline ez 4/,
2012; von Cramon-Taubadel & Smith, 2012).
Many of the morphological characters that are
used to define H. erectus s.1. involve cranial super-
structures: localized hypertrophies of the bones
in the form of tori, crests, and keels. These fea-
tures, however, are not always easy to quantify.
The grade of frontal keeling, supraorbital mor-
phology, and frontal profile are difficult to cap-
ture with standard morphometric approaches
(Weidenreich, 1940; Athreya, 2012). Geometric
morphometric (GM) methods, on the other
hand, can help quantify such morphologies and
provide the possibility to quantitatively com-
pare different fossils in order to better evaluate
the morphological differences and similarities
between them (Rohlf & Slice, 1990; Bookstein,
1991; Slice, 2007; Mitteroecker & Gunz, 2009;
Freidline er al., 2012; Aytek & Harvati, 2016).
In this framework, we aim to analyze the mor-
phology of the more complete frontal fragment

belonging to KNM-OG 45500.

Our primary objectives are (1) to undertake a
reconstruction of the frontal bone of KNM-OG
45500 and (2) to apply GM methods for the
comparative analysis of this reconstruction, in
order to assess the morphological affinities of
this specimen with other African, Asian, and
European early and mid-Pleistocene hominin
fossils. Furthermore, we aim to address the ques-
tion of intra-specific morphological variation in
the Pleistocene human fossil record by compar-
ing the range of variation in form (shape and
size) within H. erectus s.l. to that observed within
a broad geographic sample of modern humans.

Materials and methods

Frontal bone reconstruction

The frontal bone reconstruction of
KNM-OG 45500 aims to account for possible
taphonomic deformation and fragmentation.
While the KNM-OG 45500 frontal bone pre-
sents an almost complete supraorbital torus, the
left margin of the supraorbital region is broken
and the left part of the frontal squama is missing
two fragments posteriorly. The right part of the
supraorbital torus is abraded due to taphonomic
processes, but laterally it is more complete than
the left side and it reaches close to the frontozy-
gomatic suture. Posteriorly, the coronal suture
seems to be preserved only in the lateral part of
the right side, with a preserved sphenofrontalis
suture and stephanion. While bregma is missing,
Potts ez al. (2004) suggested that the squama is
broken roughly 10 mm anterior to it.

The reconstruction was performed via mir-
roring of the preserved left structures on the
right side and vice versa, a commonly applied
procedure in virtual reconstruction (Gunz ez /.,
2009; Bauer & Harvati, 2015; Weber, 2015;
Harvati er al., 2019), using the Avizo software
(version 9.1, Thermo Fischer Scientific) and
the transform function in the Meshlab software
(v2016.12) (Cignoni ez al., 2008). The speci-
men was mirrored using the transform flip axis
function in the Meshlab software (v2016.12)
(Cignoni et al., 2008). We manually aligned,
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Tab. 1 - Modern humans’ populations origin.

POPULATION N (M/F/U) COLLECTIONS

Australia 6 (3/3/0) American Museum of

(Aborigines) Natural History, New York

Europe (Italy) 5 (2/3/0) Museo di Storia
Naturale, Florence

Chile (Tierra 2 (0/2/0) Naturhistorisches

del Fuego) Museum,Vienna

Sri Lanka 4 (0/0/4) University Museum,
TlUbingen

China 5 (0/0/5) Musee de I'Homme,
Paris

Philippines 5 (0/0/5) Musee de I'Homme,
Paris

Tanzania 2 (0/0/2) University Museum,

(Masai) Tlbingen

in Avizo software (version 9.1, Thermo Fischer
Scientific) the mirrored version to the original
one using both homologous anatomical struc-
tures and the midsagittal plane as reference.
The midsagittal plane is defined by a landmark
approximating bregma (the midline point on
the posterior edge), glabella, and the mid-toral
sulcus. The mirrored specimen aligned well with
the original specimen along the orbital roof,
the supraorbital region, and the medial portion
of the frontal squama. We used the mirrored
version of KNM-OG 45500 to reconstruct
the missing portions of the left lateral frontal
squama and lateral supraorbital region and the
abraded right supraorbital torus.

Reference sample

Our comparative sample comprises 30 recent
modern human adults. The sampling strategy
was designed to capture as much variation as
possible in recent human populations via world-
wide coverage, the inclusion of both sexes, and
groups known for their relatively smaller body
size. The samples are derived from museum col-
lections and are no older than a few hundred
years (see Table 1 for specific geographic origin,

sex, and housing institution information). One
population, from the Philippines, comprises
individuals of short stature (Reyes-Centeno ez
al., 2014). 3D surface models of the specimens
were obtained from medical computed tomog-
raphy (CT) scans or micro-CT scans using the
Avizo software (Noback & Harvati, 2014, 2015;
Bosman ez 4l., 2019; Bosman, Reyes-Centeno &
Harvati, 2020).

The fossil comparative sample comprises 20
specimens from different chronological periods
and geographical areas. The 3D surface mod-
els were derived from CT scans of the original
specimens or optical surface scans of high-qual-
ity casts (Tab. 2). Our sample comprises several
H. erectus s.l. fossils spanning the Pleistocene,
other Middle to Late Pleistocene Homo speci-
mens sometimes attributed to H. rhodesiensis/
heidelbergensis (Broken Hill, Bodo, Petralona,
Dali) and early H. sapiens (Jebel Irhoud 1, Skhal
V), as well as two other small-sized hominins:
the Early Pleistocene MH 1 A. sediba type speci-
men and the composite cranial reconstruction of
H. naledi based on the DH1 holotype & DH3
paratype specimens named “naledi” in all fol-
lowing analyses and text (Berger ez al., 2015;
Schroeder ez al., 2017). While the mix of optical
and tomographic scans from both original fos-
sils and fossil casts could represent a source of
measurement error, previous work has shown
that maximum surface deviations between
original fossils and high-quality hominin fossil
casts are minimal (Ponce De Leon & Zollikofer,
1999). Moreover, concerns over possible tech-
nical and data source errors were mitigated in
our study by the relatively dense landmark cov-
erage and the sliding procedure of the surface
semi-landmarks. We note that two of the fossil
comparative specimens (M.H. 1 and D 2700)
are sub-adults. In M.H. 1, third molars have
not erupted but second molars are in occlusion,
whereas D2700 exhibits an erupted M3 that is
not in occlusion (Vekua et al., 2002; Berger ez
al., 2010). Furthermore, D2282 is described as
a near-adult due to the lower M3 being “newly”
erupted in terms of dental wear (Rightmire ez
al., 20006).
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Tab. 2 - Fossil sample used. Abbreviations: MH= Malapa Hominin, D= Dmanisi, KNM= Kenya National
Museums, ER=East Rudolf, OG= Olorgesailie, DH= Dinaledi Hominin, AMNH=American Museum of

Natural History

FOSSIL SPECIMEN CAST/ INSTITUTION CHRONOLOGICAL AGE
ORIGINAL
Au. sediba
MH 1* © AMNH 1.97 Ma (Pickering et al., 2011)
H. erectus s.I.
D 2280 C AMNH 1.77 Ma (Garcia et al., 2010)
D 2700* C AMNH 1.77 Ma (Garcia et al. 2010)
D 3444 © AMNH 1.77 Ma (Garcia et al. 2010)
D 2282* C AMNH 1.77 Ma (Garcia et al. 2010)
Daka BOU-VP-2/66 (0} National Museum of Ethiopia 1 Ma - 780 Ka (Asfaw et al., 2002)
KNM-ER 3733 (0] Kenya National Museum 1.63 Ma (Lepre & Kent, 2015)
KNM-ER 3883 (0] Kenya National Museum 1.53 Ma (McDougall et al., 2012)
Ngandong 14 C AMNH 118-108 Ka (Rizal et al., 2020)
Sangiran 17 C AMNH 1.2 Ma/900 Ka (Larick et al., 2001;
Matsu’ura et al., 2020)
Sambungmacan 3 AMNH 60-70 Ka (Yokoyama et al., 2008)
Zhoukoudian I AMNH 700-400 ka (Shen et al., 2009)
Zhoukoudian 12 AMNH 700-400 ka (Shen et al. 2009b)
Middle-Pleistocene Homo (MPH)
Bodo National Museum of Ethiopia 640-550 Ka (Rightmire, 1996)
Broken Hill 1 (Kabwe) AMNH 700 - 200 ka (Buck & Stringer, 2015)
Petralona (0] Aristotle University of 700-150 Ka (Grin, 1996)
Thessaloniki
Dali C AMNH 270-180 Ka (Xiao, Jin & Zhu, 2002)
H. naledi
H. naledi (DH1 & DH3 composite C University of the 200-300 Ka (Dirks et al., 2017)
reconstruction) Witwatersrand
Early H. sapiens (EHS)
Jebel Irhoud 1 © AMNH 300-90Ka (Griin & Stringer, 1991;
Richter et al., 2017)
Skhal vV (0] Peabody Museum, Harvard 120-80 Ka (Grlin, 2006)
University
Unknown
KNM-OG 455002 (0] National Museums of Kenya 900 Ka (Potts et al., 2004)

! Sub-adult specimens

2 Also published as KNM-OL 45500. KNM-OG 45500 follows the accession number at the National Museums of Kenya.
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Tab. 3 - Landmark number and definition.

DEFINITION (BAAB, 2016)

1. Bregma

2. Midline post-toral sulcus
3. Glabella

4/6 Mid-torus inferior R/L
5/7 Mid-orbital superior R/L
8/9 Frontotemporale R/L

10/11 Stephanion R/L

Posterior border of the frontal bone along the midsagittal plane.

Minima of concavity on midline post-toral frontal squama.

Anterior-most point on frontal bone in Frankfort horizontal in the midsagittal plane.
Inferior margin of superior margin of orbit roughly at the middle of the orbital margin.
Superior point on the supraorbital torus at the middle of the orbital margin.

Point where the temporal line reaches its most anteromedial position on the frontal.

Point where the temporal line reaches the coronal suture.

Landmark and semilandmark configurations

We collected a total of 80 landmarks on the
frontal bone. Of these, 11 correspond to com-
mon osteometric points (i.e. Type 1-3 landmarks
sensu Weber & Bookstein, 2011). A list and
definition of these are presented in Table 3. Two
semi-landmark curves (i.e. Type 4 landmarks,
sensu Weber & Bookstein, 2011) along each
superior temporal muscle line were digitized
from stephanion to the frontozygomatic suture.
A total of 14 evenly-spaced semilandmarks were
placed on each curve. In order to fully investigate
the shape of the frontal squama and the supraor-
bital torus, we used a patch of 41 surface semilan-
dmarks defined on KNM-OG 45500 (i.e. Type
6 landmarks, sensu Weber & Bookstein, 2011)
encompassing the space between the identified
landmarks (i.e. between the superior temporal
muscle line and the supraorbital region).

In KNM-OG 45500, bregma is the only
missing landmark. The estimation was per-
formed by using anatomical landmarks and
the semilandmark configurations mentioned
above (Gunz ez al., 2009). The template (digi-
tized on KNM-OG 45500) without bregma was
projected onto the specimens (for a total of 10
landmarks, 28 curves semilandmarks and 41 sur-
face semilandmarks). Projection of the template
semilandmarks was performed using the place-
Patch function from the R package “Morpho”
(Schlager, 2017). This projection procedure
deforms the template onto every specimen target

by thin-plate-spline (TPS) interpolation based
on the target’s landmarks and curve semiland-
marks (Bookstein, 1989; Slice, 2007). After this
step, the deformed coordinates are projected
onto the target mesh. After projection, we slid
the surface semilandmarks using the minimum
bending energy criterion to guarantee landmark
correspondence across specimens (Gunz et 4.,
2005). Then, we reintroduced bregma taken on
the complete specimens and estimated the posi-
tion of bregma on KNM-OG 45500. To estimate
bregma in KNM-OG 45500, we used the Thin
Plate Spline (TPS) algorithm (Bookstein, 1989)
choosing as reference fossil the specimens with
close shape affinity. Specifically, we performed
four different estimations of bregma by calcu-
lating the weighted mean using, respectively: i)
the two closest specimens to KNM-OG 45500
in Procrustes distance, followed by ii) the four
closest specimens, iii) the six closest, and iv) the
eight closest specimens. In addition to the four
estimated landmark configurations, we included
a parsimonious fifth landmark configuration
without reference specimens, instead defining
the position of bregma as the most posterior
point on the KNM-OG 45500 frontal squama
along the midsagittal plane, as in the mirroring
reconstruction procedure. TPS substitution was
used because it performs better in estimation
when the same taxon reference or closely related
taxon reference samples are available (Neeser er
al., 2009).
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The Euclidean distance between the recon-
structed and unreconstructed bregma is 8 mm
in 3 reconstructions and 12 mm in one recon-
struction. Finally, we included all the five land-
mark configurations of KNM-OG 45500 as
individual specimens in the subsequent statisti-
cal analyses.

The complete landmark configuration for
subsequent analyses was obtained by project-
ing surface semilandmarks from a template onto
each specimen using the same method described
above. The template used was KNM-OG
45500’s configuration with bregma defined as
the midline point at the posterior edge of the
frontal squama. The choice of the template does
not influence the final results in the analyses
(Mitteroecker & Gunz, 2009) because ultimately
we guarantee correspondence among landmarks
thanks to the sliding procedure (Gunz er al.,
2005). The position of all landmarks is presented
in Figure 1. All landmarks were digitized by the
same observer (T.M.). To estimate the measure-
ment error of fixed landmark acquisition, we
digitized the same specimen 10 times in 10 dif-
ferent days for the 11 Type 1-3 landmark config-
urations. Subsequently, intra-observer error was
evaluated for each landmark based on a relative
standard deviation threshold of 5%. For all 11
landmarks, the error was between 2-3.5% rela-
tive standard deviations and thus all landmarks
were used for subsequent analysis.

Shape and form analysis

To explore variation in frontal bone shape in
our sample, we conducted two analyses: one that
used both our fossil and modern human groups
and a subsequent one that used only the fossil
specimens. In each case, curve semilandmarks
and the projected surface semilandmarks were
slid using the minimum bending energy criterion
in order to guarantee landmark correspondence
across specimens (Gunz ez al., 2005). Thereafter,
the landmark configurations of the compara-
tive sample were superimposed with generalized
Procrustes analysis (GPA) (Gower, 1975; Rohlf
& Slice, 1990; Bookstein, 1991), in which the
sum of squared distances between corresponding

Fig. 1 - Landmark (red dots) and semilandmark
(curves= blue, surface= green) configuration
shown on the reconstructed Olorgesailie homi-
nin KNM-OG 45500. [Image adapted from scan
courtesy of the National Museums of Kenya].
The colour version of this figure is available at
the JASs website.

landmarks is minimized by rotation, translation,
and scaling. After GPA superimposition, a prin-
cipal component analysis (PCA) on the covari-
ance matrix of the Procrustes coordinates was
used to visualize and explore the shape space.
The KNM-OG 45500 configurations (four
with bregma estimated via TPS and one without
bregma estimation) were then projected in the
shape space. The landmark configurations of the
five reconstructions were superimposed via GPA
on the Procrustes mean shape of the reference
sample. In this way, neither the PCA axes nor
the Procrustes coordinates of our reference sam-
ple were influenced by KNM-OG 45500 itself,
therefore treating it as an unknown. PCA does
not use & priori group categorization. Group
variation along major PC axes of variation was
visualized @ posteriori by applying convex hulls
(Mitteroecker & Bookstein, 2011). Shape vari-
ation along PCA was visualized as a deforma-
tion of a 3D surface mesh derived from the
mean GPA landmark configuration. Vertices
of the 3D surface mesh are the landmarks and
semilandmarks used in the analysis. The mean
surface was transformed via TPS interpolation
(Bookstein, 1989) along 2 standard deviations
(std. dev.) of a given PC axis.

Following GPA, two variables useful for
assessing form variation and specimen affinities
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are generated: centroid size and Procrustes dis-
tance. Centroid size, calculated as the square
root of the summed squared distances of the
landmark coordinates from their centroid, is
an indicator of relative size differences between
individuals in a sample (Rohlf & Slice, 1990;
Bookstein, 1991; Slice, 2007; Mitteroecker &
Gunz, 2009). In this study, the size of the frontal
bone is expressed by the logarithm of centroid
size (logCS). Size variability (range of logCS) in
modern humans was used as a proxy to compare
size variability in our fossil sample.

Procrustes distance, calculated as the square
root of the sum of squared differences between
two superimposed landmark configurations, is a
measure of overall shape similarity between two
landmark configurations, and therefore between
two specimens. Following our second analysis,
the pairwise Procrustes distance matrix between
all fossil specimens in our sample was used to
perform a cluster analysis with the unweighted
pair group method using arithmetic averages
(UPGMA) (Sokal, 1958). This approach itera-
tively quantifies the similarity between two fos-
sils and generates clusters of all sampled speci-
mens in a rooted dendrogram, where all tips
are of equal distance to the root. In this analysis,
the four reconstruced specimens were reduced to
a single individual by calculating the mean pair-
wise Procrustes distances of their configurations
to other specimens.

Finally, following the second analysis with
the fossil subset, we applied a Spearman cor-
relation test between each PC and logCS to
evaluate whether the PCs had an allometric
component. We performed this test twice, the
first time using all the fossil comparative sam-
ple without KNM-OG 45500 and then using
only the fossil sample grouped as A. erectus s.1.,
removing KNM-OG 45500 from the analy-
sis. All of the procedures described above were
conducted in R (R Core Team, 2018) using the
“Morpho,” “Arothron,” and “Phangorn” pack-
ages (Schliep, 20105 Schlager, 2017; Profico er
al., 2018). The raw dataset and R code used
can be provided by the corresponding author
upon request.

Results

The KNM-OG 45500 reconstruction is
presented in Figure 2. The reconstructed parts,
shown in grey, are the right supraciliary arch
and left margin of the supraorbital torus at the
height of the zygomatic process of the frontal
bone. This part of the bone, however, is abraded
and not restored in its thickness, which could be
slightly reduced compared to its likely original
condition. The abraded part extends for ca 1,2
cm laterally. The abrasion removed very little of
the bone material in this area, as shown in Figure
2. The left side of the frontal squama was also
restored based on the right morphology, which
appears undistorted. The overlap of the fron-
tal squama between the original and mirrored
specimens (mixed gray and red color in Fig. 2)
suggests a symmetric, undistorted medial por-
tion of the frontal bone. The original lateral left
portion, instead, is taphonomically fractured and
probably placed in a lower position compared to
its original morphology. Laterally the left side
of the frontal squama has therefore been recon-
structed using the posterolateral coronal margin
of the right side (Fig. 2).

A plot of the first two principal components,
accounting for over 80% of the total variance,
resulting from the first PCA performed on the
entire comparative sample is shown in Figure 3.
It shows a clear separation between the recent
modern humans and the fossil specimens,
mostly along PC1. PC2, on the other hand, dif-
ferentiates the Middle Pleistocene Homo speci-
mens (Bodo, Dali, Petralona, and Broken Hill/
Kabwe) from the Homo erectus and Homo sapi-
ens samples. Fossils in this plot show a degree
of temporal clustering along PC1 and PC2.
Early Pleistocene H. erectus s.l. specimens tend
to have lower PC1 scores than Middle and late
Pleistocene fossils. D2280 and KNM-ER 3733
exhibit the lowest PC1 among H. erectus s.l. and
Sambungmacan 3 the highest score. The DH1
& DH3 composite reconstruction of the H. nal-
edi specimen plots outside the variation of other
fossils, with low PC1 and PC2 scores. Shape
variation associated with positive PC1 scores is
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Fig. 2 - KNM-OG 45500 Reconstruction: (A) Original specimen (dark red); (B) frontal view of super-
imposition of the mirrored specimen (light grey) on the original one in order to reconstruct the
missing areas; (C) posterior view; (D) lateral view. [Image scan courtesy of the National Museums
of Kenya]. The colour version of this figure is available at the JASs website.

linked to a more globular frontal squama with a
much higher bregma position. At negative PC1
scores, the frontal morphology exhibits a “shelf-
like” condition, with a projected glabellar region
and a clear supraorbital torus with an evident
post-toral sulcus. In addition, temporal lines are
more medially displaced and relatively longer
along negative PC1 scores than in positive PC1
values, while positive PC1 exhibits a more latero-
inferiorly placed and more arched temporal line.
The lateral supraorbital region shows a flexion
inferior to the frontozygomatic area for positive
PC1. PC2 scores are linked to the supraorbital
morphology and the relative size of the frontal
squama. Positive scores of PC2 are related to a
more robust, thicker, and laterally wider supraor-
bital torus with a relatively bigger supraorbital
region compared to the shorter frontal squama.
Negative values of PC2 show a more posteriorly
elongated temporal line and relatively elongated
frontal squama compared to the supraorbital
region. The five reconstructions of KNM-OG
45500 plot in different positions of shape space,

though all fall within or closest to the H. erec-
tus s.l. convex hull. Overall, they all fall with
the Early Pleistocene H. erectus s.1. fossils. The
configuration where bregma was taken on the
posterior margin of the frontal squama (labeled
“KNM-OG 45500” in Fig. 3) plots well within
the H. erectus s.l. convex hull of the group; while
those where bregma was reconstructed (labeled
“KNM-OG 45500 rec” in Fig. 3) plot on the
margin of the H. erectus s./. convex hull, associ-
ated with lower PC2 scores.

The second analysis was performed only on
the fossil samples. Results are presented in the
PCA plot in Figure 4 and closely mirror those of
the first analysis. Here, PC1 and PC2 account
for ca. 64% of the total variance. Similar to the
first analysis, D2280 and KNM-ER 3733 exhibit
the lowest PC1 scores in the H. erectus s.l. group,
while Sambungmacan 3 has the highest PC score.
Shape variations associated with this component
are similar to PC1 shape variation from the first
analysis, albeit exhibiting a notably lower degree
of frontal bone globularization in the absence of
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KNM-OG 45500. Surfaces (frontal and lateral view) are shape transformations along +/-2 std. dev.
from mean along PC axes. The colour version of this figure is available at the JASs website.

the modern human sample. Along PC2, Middle
Pleistocene Homo fossils tend to have higher
values while early Homo sapiens and later Asian
H. erectus s.l. have lower PC2 scores. H. erectus
s.l. show both high and low values, with Early
Pleistocene specimens toward the positive end
and Middle-Late Pleistocene fossils toward the
negative end. Positive scores of PC2 are associ-
ated with a thicker morphology of the supraor-
bital torus, an overall more robust structure, and
a proportionally smaller frontal squama. Again,
KNM-OG 45500 with the unreconstructed
bregma plots well within the H. erectus s.I. con-
vex hull and the reconstructed specimens fall
on the border of the convex hull. This second
analysis highlights more the degree of temporal
differentiation seen in the first PCA between
our sampled H. erectus s.l. specimens. Similarly
to the first analysis, Middle to Late Pleistocene
East and Southeast Asian specimens tend to have
higher PC1 and lower PC2 scores, closer to fossil
H. sapiens. By contrast, Early Pleistocene African

and Eurasian fossils have lower PC1 and higher
PC2 scores distributions.

Results of pairwise Procrustes distances
between all the specimens included in the second
analysis are presented in the Supplemental online
Material. The individuals closest in overall shape
to KNM-OG 45500 are D3444, KNM-ER
3733, Zhoukoudian12, and KNM-ER 3883,
respectively, all H. erectus s.[. The individuals clos-
est in overall shape to the mean configuration of
the reconstructed bregma specimens (KNM-OG
45500 rec) are Zhoukoudian12, D2282, the
naledi composite reconstruction (DNHI and
DNH3), and KNM-ER 3733. The phenogram
generated from the UPGMA cluster analysis,
presented in Figure 5, shows two main clusters.
One cluster includes the more recent, Middle-
Late Pleistocene fossils, and the other includes
the older specimens, with the exception of the
Au. sediba and H. naledi specimens. KNM-OG
45500 clusters closest to the African KNM-ER
3733 and the H. naledi specimens.
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LogCS distribution in our sample is presented
in Figure 6. KNM-OG 45500 shows smaller size
values compared to the H. erectus s./. distribution
and is broadly similar to the Dmanisi specimens.
It is also evident that H. erectus s.l. specimens
display a much higher degree of size variability
compared to our sample of modern humans. The
Daka fossil, geographically proximate and pene-
contemporaneous to KNM-OG 45500, has a
much higher logCS than KNM-OG 45500.
There is a moderate, positive association between
logCS and PCI1 when the full fossil sample is
considered, which is statistically significant
(Spearman’s rho= 0.58, r?= 0.34, p-value=0.007),
indicating that approximately 34% of the shape
variation associated with the first component is
explained by logCS. However, when consider-
ing only the H. erectus s.1. group, the association
between logCS and PC1 is weaker and not sta-
tistically significant (Spearman’s rho= 0.29, r’=
0.084, p-value= 0.35). PC2 does not correlate to
logCS in either of the two analyses.

Discussion

Our reconstruction of the KNM-OG 45500
frontal bone has allowed for a comprehensive,
quantitative analysis of its form (size and shape)
in comparison to other fossil specimens and
diverse modern humans. In both of our shape
analyses, the KNM-OG 45500 reconstruction
with bregma taken on the posterior margin of the
frontal squama plots squarely within the H. erectus
s.l. convex hull and shows the lowest Procrustes
distances to members of this taxon — irrespective
of similarities or differences in overall size. In this
regard, our results agree with previous interpreta-
tions by Potts ez al. (2004), who highlighted its
particularly small size and morphological affini-
ties to H. erectus s.l.. However, all the estimations
of bregma in our other four KNM-OG 45500
reconstructions indicated that originally bregma
was probably more posterior than the posterior-
most sagittal point on the frontal squama taken
on the original specimen. Our reconstruction



60 Quantifying KNM-0OG 45500 frontal bone

KNM-ER3883
D3444
g2282

angiran17
D2280
Daka BOU-VP-2/66
D2700

Zhoukoudjanl
Zhoukoudian12
Naledi
KNM-ER3733
KNM-0G45500 rec
KNM-0G45500

Petralona
Bodo .
Broken Hill 1/ Kabwe
SkhulV
Jel?,e/ Irhoud 1
ali
ﬁgandong 14
§ed/ga
ambungmacan 3
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The colour version of this figure is available at
the JASs website.

results are thus in agreement with Potts and col-
leagues (Potts er al., 2004) confirming that the
original squama was probably about 8mm longer.
This elongated squama, as well as its relatively
thin supraorbital torus, place these reconstruc-
tions near the margin of the H. erectus s.l. con-
vex hull and closer to the early specimens from
Dmanisi and Kenya. Given the results of multiple
estimations of bregma and the result of the unre-
constructed bregma, we are confident that the
original shape of KNM-OG 45500 most likely
would fall inside the convex hull of all KNM-OG
45500 estimations used in the analyses.

Our reconstructions and the applica-
tion of geometric morphometric comparative
approaches add to previous observations in two
important ways. First, we found that the first
two shape components (PCs) were not strongly
associated with frontal bone size (logCS) within
H. erectus s.1., suggesting that variation of the
supraorbital morphology and frontal squama is
not entirely size-dependent. Second, our rigor-
ous data sampling approach allowed us to iden-
tify affinities in both size and shape that have
not been previously described. We discuss these
results below and their implications for under-
standing the evolution of Pleistocene Homo, par-
ticularly with regard to taxonomic diversity and
temporal variation.

Size and allometry

While our results show that the frontal
bone shape of Pleistocene Homo has a mod-
est, significant allometric component, it is not
significant within the sampled H. erectus s.1.
group. The KNM-OG 45500 shape follows the
expected allometric trend along PC1 (low score)
when considering the full sample. If KNM-OG
45500 is accepted as a member of H. erectus s./,
we must then also accept greater size variability
during this time period (ca. 900 Ka BP) in the
taxon than hitherto understood. In fact, within
the H. erectus s.l. sample only the much older
specimens from Dmanisi show a logCS similar
to KNM-OG 45500. In this regard, KNM-OG
45500’s small size, together with its geological
age, is contrary to the general trend of an increase
in cranial/brain size over time often described for
human evolution and for the evolution of Homo
erectus  specifically (Rightmire, 2004, 2013;
Antén, 2007; Lieberman, 2011; Plavcan, 2012;
Lordkipanidze ez al., 2013;)

KNM-OG 45500s endocranial volume
(ECV) has been estimated to between 622 cm?
and <800 cm?® (Potts et al., 2004; Baab, 2016).
We consider the lower range to be more plau-
sible given our logCS result for KNM-OG
45500, which is similar to the Dmanisi speci-
mens, where the ECV spans from 601 cm?
(D2700) to 730 cm?® (D2280) (Rightmire er
al., 2019). The pene-contemporaneous Daka
BOU-VP-2/66 (Ethiopia) and Buia UA 31
(Eritrea) specimens, by comparison, have ECV
values of 986 cm? (Gilbert & Asfaw, 2008) and
995 cm?® (Bruner ez al., 2016), respectively —
more than 1/3 larger than the expected cranial
capacity of KNM-OG 45500. The difference in
frontal bone size between Daka BOU-VP-2/66
and KNM-OG 45500 (Fig. 6) is larger than
the size range observed among the modern
humans or Middle Pleistocene Homo sampled
in our study. It is worth noting that our modern
human sample comprises small-sized individu-
als from the Philippines (Reyes-Centeno ez /.,
2014). Although relatively small, our modern
human sample thus allows us to place the size

difference between KNM-OG 45500 and Daka
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BOU-VP-2/66 in the context of size variation
among modern humans. While in other cases
the differences between KNM-OG 45500 and
other fossils can be related to large chronologic
and geographic ranges, the comparison with
Daka can be assumed to be less influenced by
those factors. Size variation is affected by many
factors: resource abundance, geographical differ-
ences, ecological response, sexual dimorphism,
and others. It is, however, difficult to correctly
identify one factor or the synergy of different
ones in the paleontological context (Plavcan,
2012). Here, we consider three aspects that can
be related to KNM-OG 45500’s size: ontoge-
netic stage, sexual dimorphism and taxonomic
diversity.

Ontogenetic variation and sexual dimorphism

It might be hypothesized that KNM-OG
45500 could represent a sub-adult individual
and, as such, its small size could be a result of its
immature ontogenetic stage (Potts ez al., 2004).

In our analyses, high PC1 scores are associated
with a “modern human” shape. Ontogenetic
GM studies of cranial and endocranial shape var-
iation show that juveniles of extant Homininae
tend to plot closer to modern humans compared
to adult individuals of the same taxon along the
first principal component of a PCA (Gunz ez
al., 2010; Neubauer ez /., 2010; Terhune et al.,
2013; Scott et al., 2014; Mori & Harvati, 2019).
Such a tendency can be reasonably associated
also to fossil hominins. Our results inform this
hypothesis to the extent that they likely reflect
the ontogenetic status of other fossil specimens,
at least to some degree. For example, in the
PCA analyses, the D 2700 sub-adult specimen
plots toward higher PC 1 values in compari-
son to the other Dmanisi fossils, which are of
an adult or near-adult ontogeny. Similarly, the
MHI1 Auw. sediba subadult, which is younger in
dental development than D 2700 (Berger ez /.,
2010; Rightmire e# al., 2019), also plots toward
higher PC 1 values, where frontal bone shape
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is characterized by a less anteriorly projected
supraorbital morphology and a rounder frontal
squama. In contrast, KNM-OG 45500 plots far
from modern humans along PC 1 and is closer
to the adult Georgian specimens than to the D
2700 subadult. Given the limited nature of our
sample and the small number of adult and sub-
adult individuals from the same paleodeme (i.c.
the sediba specimen is the only representative of
its taxon), this result alone does not fully reject
the hypothesis of a subadult stage for KNM-OG
45500. Qualitatively, however, the develop-
ment of superstructures, such as the supraorbital
torus, suggest an adult or near-adult ontogeny
for KNM-OG 45500 (Potts et al., 2004). The
only suture preserved is the sphenotemporal
suture on the temporal bone, which is closed
but not completely obliterated. While this evi-
dence alone is not sufficient to estimate the age
of death, comparison to modern human suture
closure patterns suggests that KNM-OG 45500
was either at a late stage of adolescence or already
in adulthood (Meindl & Lovejoy, 1985).
Another factor that could account for the
small size of KNM-OG 45500 can be related
to sexual dimorphism. It has recently been pro-
posed that H. erectus from Africa around 1.5 Ma
BP was more dimorphic than modern humans
but less so than other highly dimorphic great apes
(Villmoare ez al., 2019). Assuming common tax-
onomic attribution, it is reasonable to consider
that KNM-OG 45500’s small size relative to the
larger dimensions of the pene-contemporaneous
and geographically contiguous Daka and Buia
fossils supports high sexual dimorphism in this
taxon. This is consistent with the interpretations
for the H. erectus crania at Dmanisi, Georgia
(Rightmire e# al., 2019), the footprint evidence
from Ileret, Kenya (Villmoare ez al., 2019), and
the interpretation of the fossil crania from Gona,
Ethiopia (Semaw e al. 2020). However, skull 5
from Dmanisi and OH 12 also suggest the possi-
ble existence of different sexual dimorphism pat-
terns. Both specimens are small but robust, thus
commonly considered to be male (Antén, 2004;
Rightmire e al,, 2019). Because KNM-OG
45500 does not reflect robust superstructures,

but only a small cranial size, we might hypothe-
size that KNM-OG 45500 was probably a small-
bodied gracile individual, probably of female sex
(Potts et al., 2004). Given KNM-OG 45500’
geological age our results seem to confirm high
sexual dimorphism in H. erectus s./. until ca. 900
Ka BP. It has been proposed that sexual dimor-
phism would have been reduced in our lineage,
passing from more dimorphic to less dimor-
phic taxa associated with a relative increase in
female size (Arsuaga e al., 1997; Plavcan, 2012;
Grabowski e al., 2015), such a high level of size
dimorphism around 900 Ka BP implies that this
reduction in sexual size dimorphism happened
in less than a million year. Nevertheless, the rela-
tionship between sexual dimorphism and fron-
tal bone robusticity, shape, and size in H. erectus
s.L. is currently not well understood and should
be further investigated. Moreover, it is possible
that other factors could influence the small size
of KNM-OG 45500, including a combination
of subadult ontogenetic status sex, or taxonomy
(see below).

Taxonomic considerations

With the caveats of ontogeny and sex in
mind, we found some previously undescribed
fossil affinities to KNM-OG 45500. Potts et al.
(2004) considered KNM-OG 45500 to be most
similar to the Dmanisi D2282 near-adult and
D2280 adult specimens. In our study, we con-
firm this similarity in shape (Procrustes distance)
to D2282, in addition to affinity to D2700 in
size (logCS). We also found that the shape affini-
ties of KNM-OG 45500 to other H. erectus s.L.
specimens are closer than previously reported in
a preceding GM study of the unreconstructed
frontal bone (Baab, 2016 Supplement Material).
Whereas Baab (2016) found that KNM-OG
45500 was an outlier in shape space in com-
parison to other Pleistocene Homo samples, our
results place KNM-OG 45500 within or close to
the variation of our sampled H. erectus s.1. group.
The difference in results with Baab (2016)
is likely due, at least in part, to differences in
variables used in the analysis, the comparative
sample used, and methodological approaches.
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Baab (2016) sampled 17 landmarks on the
unreconstructed frontal bone, estimating some
bilateral landmarks using reflected relabeling
(Mardia er al., 2000) of the better-preserved
side. However, some landmarks were digitized
on the left side, which appears deformed on
the lateral posterior margin, while the position
of the mid-torus landmark taken on the right
side was likely somewhat influenced by the abra-
sion of the surface. Our reconstruction allowed
for greater landmark coverage and accounted
for taphonomic distortion of the left side of the
frontal squama by using the better preserved
right side. However, similar to Baab’s results
though to a lesser degree, our KNM-OG 45500
reconstructions fell on the margin of H. erectus
s.J. variability.

Pending more robust attributions of sex
and ontogeny for KNM-OG 45500, it is pos-
sible that the observed variation in frontal bone
form can be linked to taxonomic diversity.
Other small-sized H. erectus s.l. within Africa
are known from the fossil record (Antén, 2004;
Rightmire, 2004; Bruner ez al., 2015; Semaw ez
al., 2020). Taxonomic diversity based on differ-
ences in cranial size, among other features, has
been suggested for early Homo groups (Spoor ez
al., 2015). As a result, Berger ez al. (2017) have
hypothesized that KNM-OG 45500 and OH 12
represent a diverse small-bodied subequatorial
hominin lineage culminating in the more recent
H. naledi specimens in South Africa. Our results
support this hypothesis only to the extent that
both our cluster analysis and the logCS values
highlight similar morphology and size between
KNM-OG 45500 and H. naledi. Moreover,
KNM-OG 45500 and Daka BOU-VP-2/66,
which are close in both chronology and geog-
raphy (Asfaw er al., 2002; DPotts er al., 2004;
Gilbert & Asfaw, 2008) are different not only in
their size, but also in shape when we consider all
the reconstructions made with the estimation of
bregma. KNM-OG 45500 has a more shelf-like
morphology compared to Daka BOU-VP-2/66
and a thin supraorbital torus. Despite this evi-
dence, our overall results do not support a dif-
ferent taxonomic attribution of KNM-OG

45500 from the one proposed by Potts and col-
leagues (2004). Both in terms of its positioning
in shape space and pairwise Procrustes distance,
KNM-OG 45500 is more distant from the A.
naledi specimen than from other H. erectus s.1.
fossils, especially the early Pleistocene African
and Georgian specimens. For this reason, we
cannot reject the hypothesis that KNM-OG
45500 belongs to the H. erectus hypodigm.
Future work in eastern Africa and the inclusion
of newly discovered hominin remains excavated
at Olorgesaile could shed light on local patterns
of cranial form evolution and allow further
comparison with other Pleistocene Homo fossils
across Africa.

Patterns of variation in H. erectus s.1.

Another aspect that is important to note is
the presence of continuity of frontal bone shape
in Africa. This continuum in frontal bone mor-
phology presumably appeared with the emer-
gence of Homo erectus s.l. diagnostic features,
expressed in specimens like KNM-ER 3733,
and lasted up to about 1 Ma, represented in our
study by KNM-OG 45500. Beginning in the
Middle Pleistocene, some fossils then show a
more derived morphology. Our results show this
to the extent that Middle to Late Pleistocene fos-
sils across Africa and Eurasia are distinct from
the Early Pleistocene fossils along the major
axis of variation in shape space (i.e. along PC1
in Fig. 4), consistent with previous GM stud-
ies on cranial form (Manzi et a/., 2003; Baab,
2015, 2016; Manzi, 2016; Profico et al., 2016).
The UPGMA phenogram (Fig. 5) also shows
two temporal clusters that split our fossil sample
primarily by chronology, from early specimens
dated to between ca. 1.77 to 0.7 Ma BP to more
derived specimens dated to between the Middle
and Late Pleistocene. The Early Pleistocene Auw.
sediba and Middle Pleistocene H. naledi speci-
mens seem to contradict the pattern seen in the
shape analysis. Whereas the positioning of Au.
sediba is likely associated in part to its sub-adult
stage, the positioning of the H. naledi specimen
might indeed be indicative of distinct taxonomy
or greater anatomical variation in Pleistocene
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Homo than previously considered (Berger ez al.,
2017; Schroeder et al., 2017). However, we cau-
tion that our observations might be biased by the
composite reconstruction, which includes both
the H. naledi DH1 holotype & DH3 paratype.
Looking at the H. erectus s.l. fossils, our
results seem to cluster specimens in different
paleodemes (Howell, 1999). In this sense, the
African early Pleistocene Nariokotome pale-
odeme (Howell, 1999) seems to be relatively
homogeneous until ca. 1 Ma, comprising also
KNM-OG 45500 and Daka BOU-VP-2/66. In
Eurasia, the Dmanisi paleodeme is not very dif-
ferent in frontal morphology from the African
Nariokotome paleodeme. Asian paleodemes
from Sangiran, Zhoukoutien, and Ngandong
seem to express a morphological trajectory that is
initially similar to the Early Pleistocene African
Eurasian morphology (Sangiran 17, associ-
ated with a low PC1 score in Fig. 4) and sub-
sequently becomes more derived (Zhoukoutien
and Ngandong, associated with higher PC1 val-
ues in Fig. 4) later in time. However, caution is
required in drawing such conclusions since we
are only sampling one or two specimens for each
paleodeme. Moreover, no full consensus exists
about the relationships among these paleodemes
(Openoorth, 1932; Weidenreich, 1951; Stringer,
1984; Wolpoff ez al., 1994; Delson ez al., 2001;
Widianto & Zeitoun, 2003; Zeitoun ¢t al., 20105
Schwartz & Tattersall, 2015; Tattersall, 2015;
Rightmire er al., 2019). Nevertheless, the high
variability expressed by H. erectus s.l. is often
linked to the great geochronological and asso-
ciated paleoenvironmental spread of the taxon,
spanning from the Early to Late Pleistocene of
Africa and Southeast Asia (Antdn et al. 2014).
The Sambungmacan 3 specimen is of par-
ticular interest in the context of our results.
Dated from a context possibly as late as 70-40 ka
(Yokoyama ez al., 2008), it shows a more derived
frontal morphology compared to the Ngandong
specimen, which comes from a context dated to
ca. 118-108 ka (Rizal ez al., 2020). Despite their
close origin and chronology, Sambungmacan 3
shows closer morphological affinities to the Jebel
Irhoud 1 and Skhul V specimens. Consistent

with previous observations (Delson ez al., 2001),
our results show that Sambungmacan 3 has a
relatively rounded frontal squama (i.e. high PC1
scores in Figs. 3,4), distinct from other H. erectus
s.l. fossils. These results might indicate a taxo-
nomic difference between earlier H. erectus and
Sambungmacan 3, which might be interpreted as
an “evolved lineage” of H. erectus. Previous works
have found that this specimen, as well as other
late Javan individuals from Ngandong, are at the
extreme of H. erectus variability (Weidenreich,
1951; Delson et al., 2001; Widianto & Zeitoun,
2003; Zeitoun et al, 2010; Baab, 2016), so
that some authors proposed that they might
represent a different taxon, H. sapiens soloensis
or H. soloensis (Openoorth, 1932; Widianto &
Zeitoun, 2003; Zeitoun et al., 2010). This view
is analogous to the debate on taxonomic diversity
in eastern Africa H. erectus s.l. fossils. Compared
to Zeitoun et al. (2010), our analysis did not
include the full fossil series from Ngandong and
Sambungmacan, nor the full available morphol-
ogy of these specimens. Our results, therefore,
might differ from theirs for this reason. Similar
to that study, however, we found Sambungmacan
3 to be closer to Jebel Irhoud 1 in our PCA plot
and to Skhul V in terms of Procrustes distance.
Future analysis should investigate further the
relationship between all the fossils from Java in
order to better assess morphological variation in
that series.

Interestingly, Sambungmacan 3 is also close
to the Aboriginal Australian individuals from the
comparative modern human sample in our study.
Genomic research on recent Southeast Asian
and Aboriginal Australian populations have
found evidence of genetic introgression from
Pleistocene populations, including Denisovans,
Neanderthals, and possibly a third hominin
group (Malaspinas ez al., 2016; Jacobs er al.,
2019; Mondal et al, 2019). Moreover, some
evidence suggests that Aboriginal Australians
may descend from the first modern humans
who dispersed into Oceania between 70 and
50 ka (Rasmussen ez al., 2011; Reyes-Centeno
et al., 2014). In light of this, it is interesting to
note that the Australian individuals sampled
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in our analysis plot closer to the hominin fos-
sils along PC1 and PC2 (crossed diamond in
Fig. 3) compared to the other modern humans
sampled. Moreover, Australians are particularly
close in Procrustes distances to Sambungmacan
3 and to other fossils. Although these similarities
could be due to bias in our sampling strategy, the
cranial phenotype is known to be linked to the
genotype such that genetic introgression events
may influence cranial morphology of modern
humans (Reyes-Centeno ez al., 2014; Gunz et
al., 2019). Therefore, future work should aim to
test the hypothesis that Sambungmacan 3 might
represent evidence of admixture between homi-
nin groups. The implication is that gene flow
is an important factor to consider in the high
morphological variation of H. erectus s.1., both
in the Early Pleistocene of eastern Africa at one
extreme and in the Late Pleistocene of Southeast
Asia and Oceania at the other extreme.

Limitations and future research directions

Our analyses are limited by two main fac-
tors. The first is that analysis of the frontal bone
shape alone might not be sufficient to capture
the phylogenetic relationships between different
fossil groups (Terhune ez al., 2007; Baab, 2016;
Schroeder et al., 2017). Future work should
therefore also analyze KNM-OG 45500’s tempo-
ral bone fragment in order to evaluate differences
and similarities to other fossils and to further
test the conclusions drawn from our analyses.
We note that while temporal bone morphology
has been suggested to be particularly important
in tracing population history in both modern
humans (Harvati & Weaver, 2006a; Smith ez a/.,
2007; Reyes-Centeno et al., 2017) and homi-
nins (Lockwood et al., 2004, 2005; Harvati &
Weaver, 2006b; Terhune et /., 2007), the frontal
bone has been suggested to better reflect phylo-
genetic relationships across hominoid taxa (von
Cramon-Taubadel & Smith, 2012). Second,
we were unable to include a number of impor-
tant specimens in our study, such as the pene-
contemporaneous Buia UA 31 specimen from
Eritrea (Macchiarelli ez 2/, 2004; Bruner et al.,
2016) or the later OH 12 specimen from Kenya

(Leakey, 1971). In addition, we were unable to
include the small-sized specimens from eastern
Africa (e.g. DAN5/P1 and KNM-ER 42700) or
from Southeast Asia (e.g. Ngandong and Liang
Bua 1 (Brown et al., 2004)), variably assigned
to H. erectus s.l. or to distinct taxa. The frontal
bones of all of these specimens either require fur-
ther reconstruction for appropriate comparison
or they were not available for this study. Future
work should therefore focus on a broader com-
parison, aiming for the comprehensive analysis
of incomplete specimens.

Conclusions

In summary, our results show that the
KNM-OG 45500 frontal bone exhibits affinities
to Early Pleistocene fossils from both Africa and
Eurasia in its form. In both its shape and size,
it is most similar to Early Pleistocene specimens
taxonomically assigned to H. erectus/ergaster.
Overall, our results concur with the original
attribution of KNM-OG 45500 to H. erectus s.1.
and similarly highlight how KNM-OG 45500
extends the taxon’s range of size variation for this
time period. Based on its small size, KNM-OG
45500 might be considered female, although the
relationship of size, shape, and sexual dimorphism
in H. erectus s.I. must be explored further. Finally,
the possibility that this specimen is part of a lin-
eage culminating in the South African H. naledi
remains open. It is therefore important to consider
KNM-OG 45500 in future research on the evolu-
tion of Pleistocene Homo, and the reconstruction
introduced here will allow its inclusion in future
studies. We expect that additional work with the
KNM-OG 45500 temporal bone, including more
comprehensive cranial reconstruction efforts, will
further shed light on the diversity of Pleistocene
hominins and clarify the H. erectus hypodigm.

Data sharing

The raw dataset and R code used can be pro-
vided by the corresponding author upon request.
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3D surfaces used cannot be provided due to
copyright restriction and license agreement with
institutions.
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