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a b s t r a c t

The main goals of this study were to evaluate the distinctiveness of Homo erectus neurocranial shape
relative to other closely related species, and assess the likelihood that particular fossils were correctly
attributed to H. erectus given how shape variation related to geography, time and brain size. This was
accomplished through analyses of several sets of landmarks designed to maximize the fossil sample,
including 24 putative H. erectus fossils. The question of taxonomic differentiation was initially assessed
for the type specimen (Trinil II) and morphologically similar Sangiran fossils and subsequently for
increasingly inclusive definitions of H. erectus. Results indicated that H. erectus fossils from China,
Indonesia, Georgia and East Africa shared a neurocranial shape that was distinct from that of other Plio-
Pleistocene Homo taxa, a pattern only partially accounted for by brain size. Early Indonesian H. erectus
formed a morphological “bridge” between earlier and later populations assigned to H. erectus from Africa
and Asia, respectively. These results were combined with discrete characters to create a more complete
species definition for H. erectus. There were two notable exceptions to the general pattern of H. erectus
uniqueness. The 0.8e1.0 Ma (millions of years ago) Daka calvaria from Ethiopia consistently grouped
with mid-Pleistocene Homo, including Bodo and Kabwe, rather than African or Asian H. erectus. In
addition, Daka also exhibited several traits derived for mid-Pleistocene Homo, and its scaling pattern
mirrored mid-Pleistocene Homo rather than H. erectus. Daka may have belonged to an “advanced”
H. erectus population close to the root of Homo heidelbergensis sensu lato (s.l.), or to an early population of
H. heidelbergensis s.l.. The 1.5 Ma KNM-ER 42700 specimen from Kenya exhibited a unique calvarial shape
distinct from H. erectus despite the exclusion of problematic landmarks from the frontal bone. These
unique aspects of shape were not present in two other subadult fossils, KNM-WT 15000 and D2700.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The taxonomic integrity and composition of Homo erectus has
been the subject of continuous debate since the erection of Pith-
ecanthropus erectus by Dubois (1894). The most restricted concep-
tion of H. erectus limits the species to fossils from Trinil and
Sangiran on the island of Java (Schwartz, 2004), while the most
inclusive definitions incorporate fossils typically assigned to the
species from Asia, Africa and Georgia, as well as fossils commonly
assigned to earlier Homo species (namely Homo habilis and Homo
rudolfensis; Lordkipanidze et al., 2013). It has even been suggested
that H. erectus is not a distinct taxon, and should be sunk into Homo
sapiens (Wolpoff et al., 1994). Most workers ascribe to either a
single H. erectus species that includes fossils from Indonesia
(including the younger Ngandong, Sambungmacan, and Ngawi
fossils), China, East Africa, and possibly South Africa (e.g.,
Rightmire, 1990; Ant�on, 2003; Baab, 2008b), or restrict H. erectus to
the Asian fossils and assign the African and probably the Georgian
fossils to the less derived Homo ergaster (e.g., Wood, 1994; Rosas
and Bermudez De Castro, 1998; Vekua et al., 2002). This plethora
of views reflects different species definitions and interpretations of
the evolutionary dynamics and relationships within Homo as well
as the complexity of operationalizing species definitions in the
paleontological record, all deeply entrenched systematics issues
that are unlikely to be resolved by any single analysis (for additional
reviews of H. erectus systematics, see Dunsworth andWalker, 2002;
Ant�on, 2003; Baab, 2014). Yet, some of the debate also relates to
whether H. erectus is a distinct taxon that can be defined relative to
other closely related and morphologically similar species, and how
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individual fossils or fossil samples relate to one another (based on
patterns of variation and covariation).

Several studies have addressed the degree of variationwithin the
broadly defined H. erectus hypodigm or the degree of difference
among subsets of this sample corresponding to temporal/
geographic groupings or proposed species boundaries (Kidder and
Durband, 2000, 2004; Villmoare, 2005; Terhune et al., 2007; Baab,
2008b). The results mostly (but not exclusively) support a single
species interpretation, but it was clear that the pattern of within
sample variation is complex. This study contributes to the current
debate by: (1) evaluating whether neurocranial shape alone can be
used to define and differentiate H. erectus, and (2) assessing how
different samples/specimens assigned to H. erectus relate to each
other and to other taxa in terms of vault shape. A related goal is to
describe and visualize shape differences between H. erectus and
other Plio-Pleistocene Homo taxa. The first goal is addressed by
examining increasinglymore inclusive definitions ofH. erectus sensu
lato (s.l.), beginning with just the geochronologically older Asian
fossils and ending with the most recent additions to the hypodigm
from the Caucasus and East Africa. It is important to evaluate if these
taxonomic assignments are correct as they collectively expand the
temporal and spatial bounds of H. erectus and impact our under-
standing of the evolutionary history of this species.

Common sources of intraspecific craniometric variation include
geography, diachronic evolutionary trends and allometric variation.
The second goal is therefore evaluated by asking whether the
pattern of morphological variation accords with the pattern of
geographic, temporal and size (specifically endocranial volume)
variation in the sample. In other words, are fossils that are similar in
their geographic origin, geochronological age, and brain size more
similar to one another than other fossils that are more distinct for
these parameters? Operationally, these patterns can only be
assessed on a broad scale as these three factors are not an exclusive
list of variables impacting intraspecific variation. To a more limited
extent, these patterns should also hold between species, such that
earlier members of H. erectus will more closely resemble early
Homo species than later and more derived species. However, the
magnitude of interspecific differences may be greater, as species
may diverge more strongly along these axes. Along these lines, a
major divergence from observed geographic, temporal and allo-
metric patterning may indicate a species-level distinction. Impor-
tant insights regarding the taxonomic validity and composition of
H. erectus should emerge from the integration of these results with
previous studies based on qualitative morphological descriptions.

Morphological definitions of H. erectus rely heavily on both
discrete cranial traits and aspects of cranial shape. However, it is
possible to improve the qualitative descriptions of cranial shape
using a geometric morphometric (GM) approach, which is specif-
ically designed to preserve shape throughout the analysis. This al-
lows for cranial shape to be treated as a continuous variable rather
than a series of discrete traits. Multivariate evaluation of shape
quantified by 3D landmarks avoids subjective decisions about
which aspects of shape are distinct features by analyzing the shape
of the cranium as a single, integrated unit. Further, it clarifies how
aspects of shape co-vary within or between groups and how this
patterning may correspond to taxonomic boundaries. Finally, a GM
approach may better capture the relatively subtle aspects of shape
that differentiate closely-related Plio-Pleistocene Homo species
(rather than the more visually apparent differences between
H. erectus and H. sapiens). Many species definitions for H. erectus
focus on differentiating it from modern H. sapiens (Wood, 1984;
Wolpoff et al., 1994), but including species that abut H. erectus
closely in time and that are more similar morphologically than
H. sapiens is a more conservative test of whether H. erectus cranial
shape is unique.
There are, however, disadvantages inherent in a GM approach to
defining species and assessing taxonomic assignments, and the
application of shape information to alpha taxonomy has been
criticized (Wood quoted in Switek, 2013). By evaluating overall
cranial shape rather than individual aspects of shape, incomplete
fossils are often excluded from the analysis, thus reducing sample
sizes. Also, by focusing on principal components of shape variation,
this study is biased in favor of large scale shape features rather than
small-scale differences in localized morphological structures.
Moreover, shape analyses are ill-suited for evaluating truly discrete
characters that are present or absent because capturing discon-
tinuous variation using a set of landmarks that must correspond
across taxa remains challenging (Bookstein, 2002; Klingenberg,
2008; Polly, 2008; G�omez-Robles et al., 2011). Finally, similarity
in shape reflects a variety of factors that may overprint a species-
specific pattern, including scaling effects and sexual dimorphism.
Therefore, the information obtained from shape analysis should be
married with information from other datasets to form a fuller
picture of the alpha taxonomy of H. erectus s.l..

To address the aims of this study, a series of comparative ana-
lyses of cranial shape amongHomo species was performed based on
different subsets of neurobasicranial landmarks. These subsets
were designed to include the maximum number of potential
H. erectus fossils. Twenty-two fossils assigned to H. erectus were
studied from Koobi Fora/Ileret, Bouri, Olduvai Gorge, Olorgesailie,
Dmanisi, Trinil, Sangiran, Sambungmacan, Ngawi, Ngandong and
Zhoukoudian, in addition to representatives of H. habilis,
H. rudolfensis, mid-Pleistocene Homo s.l., Homo neanderthalensis,
Homo floresiensis, and H. sapiens.

2. Background

2.1. Is Homo erectus morphologically distinct?

A central theme in this debate concerns whether H. erectus is
morphologically distinct from earlier and later Homo species. The
issue of sinking H. erectus into H. sapiens or, conversely, of sinking
earlier Homo species into H. erectus speaks to the fuzzy nature of
fossil species boundaries. Additionally, researchers have raised
concerns that H. erectus is a “grade,” morphologically intermediate
between H. habilis and mid-Pleistocene Homo, rather than a “good”
species with clear morphological boundaries (Andrews, 1984;
Stringer, 1984). Other important questions include how divergent
the various subsets of fossils assigned toH. erectus are, andwhat the
significance of these differences is. This studywill primarily address
the first issue (whether H. erectus is distinct), but will also provide
context relevant for addressing the other two questions.

The older African fossilsmay not exhibit the full suite ofH. erectus
traits, which blurs the boundary between early Homo andH. erectus.
There is also overlap between the cranialmorphologies of traditional
H. erectus fossils and mid-Pleistocene Homo fossils from Europe, Af-
rica and Asia (Wolpoff et al., 1994), and descriptions of fossils
currently assigned to Homo heidelbergensis s.l. (which itself may
consist of multiple species) often emphasized similarities to
H. erectus (e.g., Ndutu: Clark, 1976; Bodo: Conroy et al., 1978; Omo
Kibish II: Day and Stringer, 1982). In addition, the larger and possibly
geochronologically younger Ngandong (Solo) fossils have been var-
iably assigned to bothH. erectus and “archaicH. sapiens,” suggesting a
“fuzzy” boundary between these taxa.

These issues have continued to plague more recent additions to
the H. erectus hypodigm. The attribution of the ~1.8 Ma (millions of
years ago) fossils from Dmanisi, Georgia to H. erectus has been
challenged on the basis of morphological features shared with
H. habilis (Rosas and Bermudez De Castro, 1998; Gabunia et al.,
2000; Martin�on-Torres et al., 2008; Wood, 2011). At the other end



Table 1
Features often cited in H. erectus species definitionsa.

Frontal bone
Sagittal keel
Coronal keel
Sagittal and coronal keels contributing to a “4-sided hump” (cruciate
eminence)

Parietal bone
Sagittal keel (often with parasaggital flattening)
Angular torus

Occipital bone
Transverse occipital torus
Vertical separation of inion above endinion
Occipitomastoid crest
Lacks a true external occipital protuberance (has only a linear tubercle)

Temporal bone
Well-developedmastoid and supramastoid crests (sometimes separated by a
supramastoid sulcus)
A wide digastric fossa
Inwardly-angled tips of the mastoid processes
Thick tympanic bone
Less vertically oriented tympanic bone (more prone)
Thick petrosal crest with a prominent spine
Petrosal crest terminates medially in a tubercle (processus supratubarius/
infratubarius)
No styloid process
No postglenoid process
Presence of a processus vaginalis variable
Surface of petrous pyramid smooth
Long axis of petrosal bone is more antero-posteriorly angled than in humans
Flat articular tubercle medially
Entoglenoid formed by the tympanic squama (i.e., no sphenoid spine)
Fissure between the tympanic plate and the entoglenoid process medially
Mastoid fissure (between mastoid and tympanic plate)
Arborized sigmoid sinus

Sphenoid bone
No infratemporal crest
Restricted foramen lacerum

Generalized
Endocranial volume intermediate between apes and humans (both
absolutely and relatively)
Elevated cranial vault thickness

a Characters taken from: Dubois (1894), Black (1929, 1931), Weidenreich (1940,
1943, 1950), Santa Luca (1980), Schwartz (2004).
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of the spectrum, fossils recently attributed to H. erectus from the
Dakanihylo (“Daka”) member of the Bouri Formation in the Middle
Awash of Ethiopia (BOU-VP-2/66) and especially the Dandiero
(Buia) Basin in the Danakil Depression of Eritrea (UA-31) present
traits seemingly more derived than those seen in H. erectus (Ant�on,
2003). For the Buia cranium (~1.0 Ma), which was provisionally
assigned to H. erectus, these included vertical lateral cranial walls, a
high height: breadth ratio for the neurocranium, no frontal keel,
massive supraorbital tori and thinner parietal bones (Abbate et al.,
1998; Macchiarelli et al., 2004). The initial description of the
~1.0 Ma Daka cranium emphasizes the resemblance of this fossil to
the Buia fossil (Asfaw et al., 2002), and it too has parallel vault walls
and other derived features such as an arched temporal squama,
double-arched browridges, lack of a transverse occipital torus, and
a longer upper than lower scale of the occiput. Similarly, some
aspects of the Sambungmacan 3 (Sm 3) cranial morphology,
including its more globular neurocranium, steeper frontal bone and
less angled occipital, are atypical of classic H. erectus morphology
and could represent additional taxonomic diversity in Java (Delson
et al., 2001; M�arquez et al., 2001). There is no definitive geological
context for Sm 3, but is suggested to be of Middle Pleistocene age
(Kaifu et al., 2006).

Baab (2008a) raised concerns about the attribution by Spoor
et al. (2007) of KNM-ER 42700 to H. erectus. These concerns were
based on the finding that its cranial vault shape fell outside the
bounds of variation observed in other H. erectus fossils, and inter-
mediate between H. erectus and mid-Pleistocene Homo/H. nean-
derthalensis. Spoor et al. (2008) countered that the calvarial shape
of KNM-ER 42700 was affected by 1) minor plastic deformation
and/or 2) its older subadult or young adult status. Moreover, they
expressed concerns about the ability of 3D landmarks to distin-
guish among Homo taxa. The first of these concerns will be
addressed here by careful landmark selection and “mirroring”
landmarks from the undistorted side. It is also worth noting that a
recent analysis confirmed that the shape of the KNM-ER 42700
calvaria falls outside the H. erectus range of variation even after a
virtual reconstruction removing taphonomic distortion (Bauer and
Harvati, 2015). The second concern cannot be addressed entirely in
this study, but two other immature H. erectus fossils that are likely
younger than KNM-ER 42700 will also be examined to see whether
a similar set of shape differences characterizes this sample. The
power of 3D landmarks to differentiate among Homo taxa will also
be examined.

Regardless of species definition, there is an expectation that
paleontological species can be identified relative to other closely
related and potentially morphologically similar species. This
distinctiveness need not result from the presence of autapomor-
phies, but may instead be due to a unique combination of primitive
and shared derived features e the combination species definition
discussed byWood (1984). In fact, the loss of primitive features and
the addition of more derived features (which may be either unique
or sharedwith later species) through time is plausible ifH. erectus is
a temporally extensive species. Nevertheless, fossils at both ends of
the timespan need to hang together on the basis of sufficient shared
morphology as to be a cohesive entity. It is therefore valuable to
identify if, and in what ways, fossils assigned to H. erectus differ
from both earlier and later Homo species. Various authors have
addressed this question in the past based on qualitative de-
scriptions of cranial (and, to a more limited extent, mandibular,
dental and postcranial) morphology.

2.2. Defining and diagnosing Homo erectus

The following discussion focuses on the features of traditional
H. erectus species definitions codified by workers such as
Weidenreich (1943), Le Gros Clark (1955), Howell (1978), Rightmire
(1990) and Ant�on (2003), with particular attention paid to the
diagnostic value of traits with regard to differentiating H. erectus
from H. habilis and H. heidelbergensis s.l.. The emphasis is on fea-
tures affecting neurobasicranial shape. More localized (discrete)
traits often included in H. erectus species definitions are summa-
rized in Table 1. There is significant variation in the expression of
these features across and even within putative H. erectus sites, and
many of these traits are primitive for the genus Homo or are shared
derived characters with later Homo species. Very few features, if
any, are clearly diagnostic for H. erectus, but many may contribute
to a combination definition for the species.

The earliest descriptions ofH. erectus craniawere those of Dubois
(1894) andBlack (1929,1931). Dubois' (1894)descriptionof the Trinil
calotte (type specimen of Pithecanthrous [Homo] erectus) focused in
large part on comparisonswith apes andmodern humans,with only
a brief reference to the Neanderthal and Spy skulls. He noted several
features which remain relevant to defining H. erectus: elongated
vault that is higher than that of chimpanzees (Pan) in lateral view,
sharplyangled occipital bonewitha strongly inclinednuchal plane, a
transverse occipital torus, supraorbital tori (superciliary arches) less
developed than in Pan but more than in the typical Hylobates, less
post-orbital constriction than in Pan, and more extensive develop-
ment of the nuchal bone inferior to the inferior nuchal line than in
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apes. Dubois (1894) also described a bregmatic (or cruciate)
eminence (frontal, sagittal and coronal keels that meet at bregma)
and a feature that probably corresponds to an angular torus that is
continuous with the lateral transverse occipital torus.

Black (1929, 1931) described the first cranial remains of Sinan-
thropus pekinensis, the genus and species name he created for
fossils now assigned to H. erectus from Zhoukoudian, China. In
addition to some of the same features described above, he also
noted the flat superior border of the temporal squama, absence of
postglenoid and styloid processes, a supraorbital sulcus (described
as supraglabellar and more lateral depressions posterior to the
supraorbital torus), greatest cranial breadth across the prominent
supramastoid crests, laterally diverging vault walls inferior to the
parietal tuberosities and convergence of the parietals above the
squamosal suture, vertical separation between inion and endinion,
and a marked petrosal crest ending medially in a rounded tubercle
(probably corresponding to Weidenreich's processus supra-
tubarius/infratubarius; Black, 1931). He also discussed the elevated
cranial vault thickness (CVT) of the juvenile Zhoukoudian (Zkd) III
(but notes that the bones are thinner in Zkd II). He described the
glenoid fossa as deep and antero-posteriorly short but did not find
anything about the temporomandibular joint especially distinct
from the modern human form. Black (1931) found that Zkd III
differed fromKabwe (H. heidelbergensis), Neanderthals andmodern
humans in its particularly low cranial profile and narrow frontal
bone based on comparative linear dimensions and indices.

Weidenreich (1940, 1943, 1951) expanded on Black's original
description of Zhoukoudian H. erectus based on a larger sample, and
compared them to fossils of Indonesian Pithecanthropus.
Weidenreich (1951), aswell as Oppenoorth (1932a,1932b,1937), also
described the Ngandong fossils. Features identified by Weidenreich
(1943) arguably formed the core of most subsequent H. erectus def-
initions, which have been refined and expanded by many workers,
including: Le Gros Clark (1940,1955), MacIntosh and Larnach (1972),
Jacob (1975), Howell (1978), Howells (1980), Santa Luca (1980),
Andrews (1984), Rightmire (1984, 1990, 1998), Stringer (1984),
Wood (1984, 1991), Franciscus and Trinkaus (1988), Picq (1990),
Wolpoff et al. (1994), Ant�on (2003), and Kaifu et al. (2008).

The low and elongated vault in norma lateralis may differentiate
H. erectus from early Homo, but conflicting values for the altitudinal
index (height/length) complicate this interpretation (Wood, 1984;
Tobias, 1991; Lordkipanidze et al., 2006). Maximum cranial
breadth is usually across thewell-developed supramastoid crests in
H. erectus (or mastoid processes in some African H. erectus), above
which the walls converge superiorly. Weidenreich (1943) further
describes two inward “bends” in the coronal contour of the mid-
vault, one just above the supramastoid crest and one at the parie-
tal tuberosity. Some early Homo also exhibit maximum breadth
across the mastoid processes but have relatively vertically aligned
parietals (Tobias, 1991; Wood, 1991; Villmoare, 2005). Mid-
Pleistocene Homo fossils often have maximum breadth across the
supramastoid crests, but the walls of the vault are more vertical
(Br€auer, 2008; Stringer, 2012). Therefore, a well-developed supra-
mastoid crest may have originated during the evolution of
H. erectus, while the degree of medial convergence of the vault
walls could be autapomorphic for the species.

Black (1931) discussed the narrow frontal bone with a supra-
glabellar depression and more lateral depressions separating the
supraorbital torus and the bilateral frontal tuberosities present on
Zhoukoudian Skull III. Weidenreich (1943) described this as a single
tuberosity spanning between the temporal lines. In either case, the
particularly narrow frontal bone and frontal tuberosity are mostly
restricted to the Zhoukoudian fossils. The supraorbital sulcus is
variably expressed across fossils broadly assigned to H. erectus. The
supraglabellar depression, for example, is not present in most
Indonesian fossils. Moreover, a supraorbital and supraglabellar sul-
cus have been described for H. habilis (e.g., KNM-ER 1813: Wood,
1991) and are present in H. heidelbergensis fossils (Asfaw et al.,
2008). The generally flat and receding frontal squama is also not
clearly diagnostic relative to earlier or later taxa (Stringer, 1984;
Rightmire, 1988), and frontal curvature indices based on published
values evince substantial overlap among Plio-PleistoceneHomo taxa
(Lordkipanidze et al., 2006; Kaifu et al., 2008; Rightmire, 2008).

A projecting supraorbital torus is common to all Plio-Pleistocene
Homo and values for supraorbital thickness overlap between
H. erectus and later Homo (Rightmire, 2008). Nevertheless, shape
analyses have recovered differences in the frontal bone generally
and supraorbital region in particular between H. erectus and mid-
Pleistocene Homo (Baab, 2007; Athreya, 2009; Freidline et al.,
2012). Postorbital constriction was viewed by Wood (1984) as a
primitive retention shared with early Homo, but was actually
reduced in the African and Asian fossils assigned to H. erectus
relative to the early Homo (Lordkipanidze et al., 2006). However,
there was overlap among the early Homo, putative H. erectus
(including Dmanisi) and H. heidelbergensis ranges (Lordkipanidze
et al., 2006; Rightmire, 2008). Several of these features may be
influenced by brain size, including relative height of the vault,
postorbital constriction and brow ridge development.

The sharply angled occipital bone and longer nuchal than oc-
cipital plane differentiate some H. erectus s.l. from both earlier and
later Homo, but at least one mid-Pleistocene Homo fossil, Petralona,
is also highly angled, and some of the Dmanisi fossils have a more
rounded occipital contour (Lordkipanidze et al., 2006; Rightmire,
2008, 2013; Stringer, 2012). The parietal bone has been described
as longitudinally flatter and more rectangular (the four borders
being more similar in length) in outline than in modern humans
but more curved transversely (Weidenreich, 1943). These may be
primitive retentions (Andrews, 1984; Stringer, 1984), but published
values for the parietal sagittal arcs and chords (used to calculate the
parietal sagittal curvature) vary substantially across authors for the
same fossils, making it difficult to quantitatively assess sagittal
curvature from these values (Tobias, 1991; Lordkipanidze et al.,
2006; Kaifu et al., 2008; Rightmire, 2008).

The low, flat and postero-inferiorly sloping superior border of
the temporal squama was identified by Andrews (1984) as a
primitive retention shared with great apes. However, Terhune and
Deane (2008) found thatH. erectus had a temporal squama that was
lower relative to its length than in Australopithecus afarensis,
H. habilis and later Homo taxa, but taller than in African apes and
similar to Australopithecus africanus. Temporal squama shape may
therefore be autapomorphic for H. erectus within Homo (see also
Martınez and Arsuaga, 1997), although it is perhaps related to
overall vault shape (Terhune and Deane, 2008). The glenoid fossa
was described by Black (1931) as deep and antero-posteriorly short
but not substantially different from modern humans. Weidenreich
(1943), on the other hand, argued that the fossawas deeper relative
to its antero-posterior length than in humans or apes.

A more acute petrotympanic angle compared to modern
humans has long been part of the H. erectus species definition
(Weidenreich, 1943, 1951; Howell, 1978). This single angle captures
variation in the orientation of the tympanic and petrous elements
of the temporal bone. Weidenreich (1943) identified a more
sagittally oriented petrous pyramid in Asian H. erectus compared to
H. sapiens (though both were more coronal than in apes). Dean and
Wood (1982) confirmed this for African H. erectus by showing that
they had values at the upper end of the H. sapiens range (more
sagittally oriented), but nonetheless overlapped both this species
and early Homo (see also Tobias, 1991). The African H. erectus values
for tympanic angle also overlapped early Homo and H. sapiens in
this study. Lahr (1996) argued that a less coronally oriented



Table 2
Samples analyzed in this study.
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Table 3
Landmarks and definitions.

Landmark Definition

Inion Where superior nuchal lines merge in midsagittal plane
Lambda Apex of the occipital bone at its junction with the parietals, in the midline
Bregma Posterior border of the frontal bone in the midsagittal plane
Midline post-toral sulcus Minima of concavity on midline post-toral frontal squama
Glabella Anterior-most point on frontal bone in Frankfort horizontal
Nasion Junction of frononasal and internasal sutures
Dacryon Where lacrimo-maxilary suture meets the frontal bone
Supraorbital notch Greatest projection of notch into the orbital space, taken on the medial side of the notch
Orbitale Inferior-most point on margin of orbit
Frontomalare-temporale Where the fronto-zygomatic suture crosses the temporal line
Frontomalare-orbitale Where the fronto-zygomatic suture crosses the inner orbital rim
Mid-torus inferior Inferior margin of superior margin of orbit roughly at the middle of the orbit
Mid-torus superior Superior aspect of supraorbital torus, directly above mid-torus inferior on anterior aspect of torus
Anterior pterion Where coronal suture intersects spheno-frontal or spheno-parietal suture
Porion Uppermost point on the margin of the external auditory meatus
Auriculare Point vertically above the center of the external auditory meatus at the root of the zygomatic process
Frontotemporale Where the temporal line reaches its most anteromedial position on the frontal
Parietal notch Junction of parietomastoid and squamosal sutures
Asterion Point where the temporal line reaches its most antero-medial position on the frontal
Opisthion Midline point at the posterior margin of the foramen magnum
Tympanomastoid junction Where tympanic tube and mastoid fissure meet laterally
Stylomastoid foramen Posterior border of sylomastoid foramen
Postglenoid process Infralateral-most point posterior to glenoid fossa and anterior to ectotympanic tube (postglenoid tuberosity or crest)
Inferior entoglenoid Most inferior point on the entoglenoid pyramid
Lateral articular fossa Superior-most point on the lateral margin of the articular eminence
Temporo-sphenoid suture Point where temporo-sphenoid suture passes from squama to cranial base (often on infratemporal crest)
Metopion Midway between glabella and bregma in midline, calculated a posterieri
Mid-temporal squama Point midway between glabella and bregma in midline, calculated a posterieri
Mid-parietal Midway between bregma and lambda in midline, calculated a posterieri
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tympanic bone distinguished Ngandong H. erectus from H. sapiens.
In contrast, Martınez and Arsuaga (1997) described H. erectus (as
well as early Homo) as having more coronal tympanic bones
compared to their modern human and African (and some of their
Eurasian) mid-Pleistocene Homo sample. Additional analysis using
a single set of measurements andmore thorough sampling of fossils
is necessary to establish the utility of this trait in delineating among
fossil Homo species.
́

3. Material and methods

3.1. Samples

The analyses presented here include fossils usually assigned to
the following species: H. sapiens, H. neanderthalensis, H. erectus s.l.,
H. floresiensis, H. habilis, and H. rudolfensis. Mid-Pleistocene Homo
fossils were also examined, which may belong to H. heidelbergensis
s.l., or to several species, such as H. heidelbergensis and Homo rho-
desiensis or even the enigmatic “Denisovans.” They will be referred
to here as mid-Pleistocene Homo for simplicity. Original fossils
were examined when available and casts when the originals were
not accessible, as summarized in Table 2.

The fossils were subjected to several analyses designed to
address two questions: (1) Is the calotte/calvarial shape ofH. erectus
distinct from other closely related Homo species? (2) How do
different fossils attributed to H. erectus expand the magnitude and
direction of variation in this group? These questions were
addressed through interspecific comparisons of increasingly in-
clusive samples of fossils attributed to H. erectus. The most
restricted definition ofH. erectus examined herewas that consisting
of just the Trinil and Sangiran fossils, because Trinil II is the type
specimen of H. erectus and the Sangiran fossils are the most com-
parable in their geography, geochronology and, possibly,
morphology (cf. Schwartz, 2004). Subsequently, individual fossils
or fossil samples were added based on spatial, geochronological
and historical considerations as indicated by the dashed lines in
Table 2. An analysis of the frontal bone performed to investigate the
fragmentary Olorgesailie fossil, KNM-OL 45500, is presented in
Supplementary Online Material (SOM).

The majority of fossil specimens are adults, with the exception
of D2700 from the Eurasian H. erectus site of Dmanisi, KNM-ER
42700 from Ileret, KNM-WT 15000 from West Turkana, and
possibly Zkd 3. The D2700 subadult fossil has an unfused spheno-
occipital synchondrosis and M3s that are erupted but not in oc-
clusion (Vekua et al., 2002; Rightmire et al., 2006). Previous in-
vestigations demonstrated that its cranial shape was within the
range of other H. erectus (Baab and McNulty, 2009) and its neuro-
cranium was within the range of the expected shapes for an adult
H. erectus of the equivalent size (Baab, 2008b). KNM-ER 42700 was
described as a subadult or young adult based on the spheno-
occipital synchondrosis being two-thirds fused (Spoor et al.,
2007). Age estimates for KNM-WT 15000 range from 7.5 to 15
years of age based on dental and epiphyseal development (as
reviewed by Graves et al., 2010). The adult status of Zkd 3 is un-
certain (Black, 1929, 1931; Weidenreich, 1943; Mann, 1971; Ant�on,
2001), but previous geometric morphometric analysis of
Asian H. erectus indicated that this specimen fits well within the
range of cranial morphology exhibited by other Zhoukoudian fossils
(Baab, 2010).
3.2. Landmark acquisition and superimposition

Three-dimensional cranial landmarks were acquired using a
Microscribe 3D digitizer. The full landmark protocol has been
described elsewhere (Baab, 2007), and different subsets of this
protocol have been analyzed previously (Baab and McNulty, 2009;
Baab, 2010; Baab et al., 2010, 2013). Landmark definitions are in
Table 3. Six separate landmark superimpositions were performed
by generalized Procrustes analysis (Rohlf and Slice, 1990), one for
each of the landmark sets described below.
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3.3. Estimation of missing landmarks

Bilateral landmarks missing on one side due to damage or
distortion of the original were estimated based on the position of its
antimere (if present) using reflected relabeling (Gunz et al., 2009).
In a few cases, midline landmarks were estimated based on sur-
rounding morphology or by reference to closely related specimens
that preserved a similar morphology in the surrounding (local)
region. Details of this approach have been described previously for
Kabwe (Broken Hill), Zkd 5, and KNM-ER 1813 (see Baab and
McNulty, 2009 for more details), and are described here for the
Ceprano and Petralona fossils.

The Ceprano calvaria is a crucial fossil to include in the
comparative analyses due to its mix of primitive, H. erectus-like
features and more derived traits. To do so, the mid-parietal land-
mark was estimated for Ceprano based on the Zkd 5 morphology
because both fossils presented a similar curvature of the remaining
portion of the midsagittal suture and the superior median plane of
the occipital bone after superimposition. The mid-parietal land-
mark was positioned midway between bregma and lambda as
identified in Ceprano. It is unfortunate that Zkd 5 is the closest
anatomical match as this specimen has plaster bridging a gap that
begins slightly before bregma and extends to ~50% of the length of
the parietal in the median plane. Therefore, the minimum land-
mark analyses were also re-run without the mid-parietal landmark
to assess the effect of including this landmark in the analysis.

To further increase the sample size for mid-Pleistocene Homo,
the tympanomastoid landmark was estimated for Petralona.
Because there was no curve that incorporated this landmark,
tympanomastoid was estimated as the average position of this
landmark in 22 Plio-Pleistocene Homo crania. Using the average
position for all Homo avoided biasing the analysis in the direction of
any particular taxon, but this method of landmark estimation was
judged inferior to those approximations discussed above because it
was not possible to use the original morphology of Petralona as a
guide.
Table 4
Composition of landmark sets.

Landmark

Trinil Maximum Fossils

Inion X X
Lambda X X
Bregma X X
Midline post-toral sulcus X X
Glabella X
Nasion
Dacryon
Supraorbital notch X X
Frontomalare-temporale X
Frontomalare-orbitale X
Mid-torus inferior X
Mid-torus superior X
Anterior pterion X
Porion X
Auriculare X
Frontotemporale X X
Parietal notch X
Asterion X
Opisthion
Tympanomastoid junction X
Stylomastoid foramen
Postglenoid process X
Inferior entoglenoid X
Lateral articular fossa
Temporo-sphenoid suture X
Metopion X
Mid-temporal squama X
Mid-parietal X X
3.4. Corrections for distortion in fossils

A number of the hominin fossils included in the analyses have
suffered some degree of postmortem taphonomic deformation. In
order to minimize the effects of this distortion, several strategies
were employed. For one, landmarks were excluded from regions of
localized displacement and reflected from the opposite side if
preserved. Examples of this include KNM-ER 1813 where the left
supraorbital torus landmarks were reflected from the right side,
KNM-WT 15000 where the right lateral supraorbital torus land-
marks as well as right parietal notch and asterion were reflected
from the left side, and KNM-ER 3883 where the left basicranial
landmarks and left porion, parietal notch, and asterion were
mirrored from the right side (see Wood [1991] for discussion of
distortion in this fossil). Asfaw et al. (2008) document relatively
minor distortion in the Daka fossil, most of which was localized
rather than systemic. The landmarksmost likely to be affectedwere
the right fronto-temporale, fronto-orbitale, and the superior and
inferior torus landmarks. No specific corrections were made
because this distortion was judged unlikely to affect landmark
placement to a great degree.

The mis-alignment of the frontal bone in KNM-ER 42700 (Spoor
et al., 2008) appears to have mainly affected the right side and
midline of the frontal bone (see also Bauer and Harvati, 2015).
Therefore, bilateral frontal bone landmarks (e.g., frontomalare
orbitale, frontomalare temporale, frontotemporale, anterior pte-
rion) were reflected from the left while the midline landmarks
(glabella, post-toral sulcus) were excluded from analysis. The right
side of the cranial base is also offset more anteriorly than the left
side, so the postglenoid process, temporosphenoid, and tympano-
mastoid on the right were also reflected from the left.

3.5. Landmark sets

The first landmark set was restricted to the calotte in order to
allow for the inclusion of the type specimen of H. erectus, Trinil II
Analysis

Maximum Landmarks OH 9 42700 Bodo

X X X
X X
X X X
X X X
X X X
X X

X
X X X
X X X X
X X X X
X X X
X X X
X X X
X X X
X X X X
X X X X
X X X
X X X
X X X
X X X
X
X X X X
X X X
X
X X X
X X
X X X
X X
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(Trinil analysis; Table 4) (Dubois, 1894). The first step in this anal-
ysis was to assess whether the particular set of landmarks pre-
served on Trinil II was sufficient to delineate a H. erectus calotte
shape that is distinct from other Homo species, and whether San-
giran fossils share the Trinil morphology (as suggested by Schwartz,
2004). If so, the more complete S 17 and S 2 fossils can be used as
proxies for the morphology of the type specimen in subsequent
analyses. The Trinil analysis includes a large sample of putative
H. erectus fossils (Table 2), but the restricted landmark set can
provide only limited information about the H. erectus cranial
morphology. Thus, two additional analyses allow for comparison of
overall calvarial shape. The first of these maximizes the fossil
sample size while the second maximizes the density of landmark
coverage and therefore the amount of morphology captured
(termed the maximum fossils analysis and the maximum land-
marks analysis, respectively; Tables 2 and 4).

Two landmark sets were designed to include key H. erectus or
potential H. erectus fossils that did not preserve the landmarks in
the maximum fossils analysis. One set of landmarks was designed
to include the OH 9 fossil (OH 9 analysis; Tables 2 and 4). OH 9 is
often viewed as the African fossil with the greatest resemblance to
the Asian H. erectus sample and was also included by Asfaw et al.
(2002) and Gilbert et al. (2008) in the same paleodeme as the
Daka fossil for their cladistic analyses. The second was restricted to
landmarks present on the KNM-ER 42700 fossil from Kenya (42700
analysis; Tables 2 and 4), which also allowed for the inclusion of
KNM-WT 15000. This is a significant addition as both fossils are
from Kenya, are subadult individuals, and are of a similar
geochronological age (KNM-ER 42700: 1.55 Ma; KNM-WT 15000:
1.51e1.56Ma) (Brown andMcDougall, 1993; Spoor et al., 2007). The
final set of landmarks captured the shape of the frontal bone and
the lateral aspect of the temporal bone to allow for inclusion of the
Bodo fossil (Bodo analysis; Tables 2 and 4). Bodo provides a con-
servative test of whether H. erectus and mid-Pleistocene Homo can
be distinguished on the basis of cranial shape, as it is one of the
oldest mid-Pleistocene Homo fossils.

3.6. Statistical analyses

Each set of landmarks was subjected to a standard principal
components analysis (PCA), which summarizes the main axes of
variation across the entire sample. Both fossils andmodern humans
were analyzed in the maximum fossils analysis to provide a broad
taxonomic context. Only the fossils were analyzed in the other
analyses as including H. sapiens in the analysis reorients the axes in
a way that could mask distinctions among the extinct groups.

A convex hull was drawn around the most restrictive (i.e.,
exclusive) definition of H. erectus e the Trinil and Sangiran fossils e
and was then extended to accommodate each addition to the
hypodigm as outlined in Table 2. In some instances, the fossils
addedwerewithin the distribution of previously included fossils. In
this case, the convex hull was not extended. A shaded convex hull
was also used to delineate the mid-Pleistocene Homo sample.
Principal component (PC) scores were regressed on the natural
logarithm of endocranial volume (EV) when axes reflected taxo-
nomic variation to explore whether the aspects of shape separating
groups could be attributed to simple scaling effects or whether a
species deviated from a common size-shape trajectory. This rep-
resents a difference from the more common practice of regression
scores on the logarithm of centroid size. Endocranial volume was
used because cranial superstructures and cranial vault thickness
affect the centroid size values. However, the natural logarithm of
centroid size was used rather than EV for the analysis that included
modern humans, as EVs were not available for the recent human
sample.
Although PC axes are statistical constructs that are not a priori
biologically meaningful, it is probable that the most variable as-
pects of morphology in an interspecific sample of primarily adult
specimens will align with taxonomic differences. However,
between-group principal components analyses (BG-PCA), which
emphasize differences among groups rather than among in-
dividuals, were also performed. In a BG-PCA, only the group aver-
ages are used to calculate PCs, and the full sample is then projected
onto these components (axes; Mitteroecker and Bookstein, 2011).
Between group-PCA was chosen in preference to canonical variates
analysis as this is more appropriate for analyses involving small
samples and large numbers of variables (Mitteroecker and
Bookstein, 2011). Two BG-PCAs were performed for the 42700
and Bodo landmark sets which contained a good balance between
sample sizes, landmark coverage and focal fossils. One BG-PCA was
based on five a priori groups: early Homo (H. habilis and
H. rudolfensis), Neanderthals, mid-Pleistocene Homo, African/
Georgian H. erectus and Asian H. erectus (see Table 1). The second
BG-PCA was the same, except the two early Homo species were
separated (only relevant to the Bodo analysis) and fossils assigned
to H. erectus were divided into the following temporo-geographic
groups: early Indonesian, late Indonesian, Chinese, African, and
Georgian. Daka and KNM-ER 42700 were not categorized a priori in
either of these analyses and were not included in the calculation of
the axes.

Daka and KNM-ER 42700 were not assigned to a group a priori
because results from the standard PCAs demonstrated significant
morphological differences between these two fossils and the other
African fossils assigned to H. erectus. Results were summarized by
an unweighted pair-group average (UPGMA) cluster analysis of
Euclidean distances based on the four non-zero eigenvectors that
completely described differences among the five groups.

Using the same two landmark sets, the pairwise Procrustes
distances among fossils assigned to H. erectus, mid-Pleistocene
Homo, and H. neanderthalensis were calculated. The range of
interspecific values based on distances among fossils assigned to
these three species (but not within each group) was presented.
Then, different subsets of intraspecific distances were calculated:
distances within the mid-Pleistocene Homo group (including the
distance between the two Neanderthal fossils), distances among all
fossils assigned to H. erectus (with the exception of KNM-ER 42700
and Daka), distances among just the Asian fossils assigned to
H. erectus and distances among just the African/Georgian fossils
assigned toH. erectus. Distances of the Daka fossil to fossils assigned
toH. erectus fromAfrica and Georgia, to fossils assigned toH. erectus
from Asia and to mid-Pleistocene Homo were also presented.
Finally, distances from KNM-ER 42700 to the African/Georgian
fossils assigned to H. erectus were computed.

4. Results

4.1. Trinil landmark set: PCA

Part of the H. erectus hypodigm was distinct from other Homo
species based on the restricted anatomical regions preserved in
the H. erectus type specimen (Trinil II). The Asian fossils assigned
to H. erectus, as well as KNM-ER 3733 and KNM-ER 3883 were
differentiated from mid-Pleistocene Homo, early Homo (H. habilis
and H. rudolfensis) and H. neanderthalensis on PCs 1 and 4 com-
bined (Fig. 1). The Trinil and Sangiran fossils occupied a central
position within the Asian H. erectus scatter while the Zhoukoudian
and Turkana Basin fossils were isolated at the positive end of PC 1.
The younger Indonesian and some Dmanisi fossils (D2700 and
D3444) extended the range in the opposite direction (the negative
end of PC 1). The former scored high on PC 4, thus separating them
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from other species, while the latter scored lower on PC 4 and thus
overlapped the distribution of mid-Pleistocene Homo and
H. habilis. The Dmanisi fossils were distinct from these species on
PC 2. Daka was positioned close to the mid-Pleistocene Homo/
H. habilis cluster on PCs 1, 2 and 4. KNM-ER 42700 scored lower
than all H. erectus fossils on PC 4 and was not associated with any
of the taxonomic clusters in the subspace spanned by PCs 1 and 4.
Size did not account for a significant proportion of the variance on
PC 1 or 4.

The second PC strongly contrasts KNM-ER 42700, and, to a lesser
extent, D3444, from the remainder of the sample (SOM Fig. 1). All
fossils assigned to H. erectus were distinct from H. habilis/
H. rudolfensis on PC 3 except D2280 (Dmanisi) (SOM Fig.1). KNM-ER
3733 and D3444 also plotted close to early Homo on this compo-
nent. Size accounted for 19% (p ¼ 0.02) and 32% (p < 0.01) of
variance in PC 2 and 3 scores, respectively. The scaling relationship
on PC 2 is strongly influenced by the low score of the small KNM-ER
42700 fossil; the significant relationship between PC 2 score and
size disappears when it is excluded from the regression. This sug-
gests that shape differences between KNM-ER 42700 and other
Homo species do not follow size-shape trends seen in the genus
Homo generally.

4.2. Maximum fossils landmark set: PCA

Landmarks included in this analysis captured overall cranial
vault shape, with the exception of the nuchal plane of the occipital
bone. When extinct Homo taxa were analyzed alongside recent
H. sapiens, there was an archaic-to-derived trajectory of cranial
shape variation along a combination of PCs 1 and 2wherein the sole
representative of H. habilis, KNM-ER 1813, was contrasted with
modern humans. H. erectus, mid-Pleistocene Homo and Neander-
thals were arrayed between them, with H. erectus positioned
closest to H. habilis (Fig. 2). The direction of maximal interspecific
differentiation was roughly orthogonal to the direction of maximal
intraspecific variation for all groups except Neanderthals, which
were, however, represented by only two specimens.

Daka consistently clustered with the mid-Pleistocene Homo and
H. neanderthalensis groups; Sm 3 approached this distribution but
did not overlap it. The two Neanderthals scored slightly lower than
any other fossils except KNM-ER 1813 (H. habilis) on PC 3 (not
figured). PC 4 can also be viewed as an archaic-to-derived trajec-
tory, but only within the fossil taxa. In this context, the shape of the
D3444 vault was more similar to Asian H. erectus than other
Dmanisi fossils and Sm 3 and Daka overlapped the mid-Pleistocene
Homo/Neanderthal distributions.

Regressions of the first and third components on the logarithm
of centroid size were statistically significant, but the amount of
variance explained by size on PC 3 was trivial (R2 ¼ 0.04, p < 0.01).
The relationship on PC 1 (R2 ¼ 0.11, p < 0.01) was also weak, and
modern humans consistently scored higher than fossil hominins
even when centroid sizes overlapped.

Excluding the H. sapiens sample resulted in clearer distinction
among the extinct groups. H. habilis and most fossils attributed to
H. erectuswere separated from themore derivedHomo taxa on PC 1,
although the later Indonesian H. erectus sample approached the
mid-Pleistocene Homo range (Fig. 3). In contrast, the sole H. habilis
fossil, KNM-ER 1813, was very distinct from the remainder of the
archaic Homo sample on the second component. The Afro-Georgian
portion of the H. erectus sample was positioned closer to H. habilis
than was the Asian portion, with most later Indonesian and
Zhoukoudian fossils being equidistant from H. habilis. The third
component separated the late Indonesian from the Zhoukoudian
and Turkana Basin fossils, while PC 4 distinguished the mid-
Pleistocene Homo sample from Neanderthals (SOM Fig. 2). All
Dmanisi fossils scored low on PC 4.

The somewhat extreme position of the Zkd 5 cranium on PC 2
could be affected by its reconstruction, as the large frontal bone
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fragment does not directly articulate with the posterior neuro-
cranium (the two pieces were discovered during separate excava-
tions in the 1930s and 1960s [Weidenreich, 1943; Qiu et al., 1973]).
For example, a rotation of the two elements to create a slightly
greater height and less receding frontal squama might bring its
shape closer to the remainder of the H. erectus sample. However,
other elements of shape captured by PC 2, such as the wider mid-
vault relative to the temporomandibular joint or the greater ante-
roposterior distance between asterion and inion, are unlikely to be
affected by the reconstruction.

Twenty eight per cent of variance in PC 1 scores (p ¼ 0.01),
which distinguished between most fossils assigned to H. erectus
(except Daka) and later Homo taxa, was accounted for by differ-
ences in EV. At the same EV, H. erectus consistently scored higher
than Neanderthals and particularly mid-Pleistocene Homo. This
patternwas most marked for the Zhoukoudian H. erectus and least
apparent for D3444 and Sm 3. Daka behaved like the more derived
Homo fossils rather than H. erectus. The second component, which
separated H. habilis from other Homo fossils, also reflected allo-
metric variation (R2 ¼ 0.39, p < 0.01). Superficially, this suggests
that some of the differences in shape between H. habilis and
H. erectus are related to the larger size of the latter. However,
KNM-ER 1813 (H. habilis) scored much higher than predicted for
its size. The two Neanderthals and SH 5 (Sima de los Huesos) to a
lesser extent also score higher on PC 2 than predicted by their
brain size. Therefore, a common allometric scaling effect cannot
explain the shape differences between H. erectus and other Homo
taxa.

As discussed in Materials and methods above, the analysis was
re-run without the mid-parietal landmark since its estimation in
Ceprano may be problematic. The same basic patterns emerged,
with H. habilis scoring very high on PC 2, in particular contrast to
Zkd 5, and H. erectus differed from later Homo species along PC 1.
The most notable difference was the higher scores on PC 2 for most
mid-Pleistocene Homo/Neanderthal/Daka fossils, with the excep-
tion of Ceprano. One result of this shift was to bring the Dali and
Kabwe fossils closer to Ceprano.
4.3. Maximum landmarks landmark set: PCA

The maximum landmarks analysis included an additional three
bilateral and two midline landmarks which more completely
captured frontal, temporal and occipital morphology. The primary
axis of variation differentiated early Homo from mid-Pleistocene
Homo and Neanderthals, with most fossils assigned to H. erectus
occupying an intermediate position between these two extremes
but closer to the latter (Fig. 4A). A large proportion of the variance
in scores along the first axis was attributable to size differences
(R2 ¼ 75%; p < 0.01) (Fig. 4B). While the mid-Pleistocene Homo
fossils scored higher than similarly-sized H. erectus, this difference
was negligible for SH 5 (European mid-Pleistocene Homo). Daka
and D3444 had larger positive residuals, while KNM-ER 1813 and
3733 had larger negative residuals, indicating that not all early
H. erectus fossils are characterized by a similar scaling relationship.
A regression line based on only fossils assigned to H. erectus (with
the exception of Daka) further highlights that both earlier and later
Homo species differ from the allometric trajectory within this
group.

The sole Sangiran fossil (S 17) occupied an intermediate position
along PCs 1 and 2 among fossils assigned to H. erectus (and there-
fore lower on PC 2 than the other species). The other Asian fossils
extended the H. erectus range toward mid-Pleistocene Homo on PC
1 and even further away from the rest of the Homo sample on PC 2.
Most African and Georgian fossils extended the range toward
H. habilis, but D3444 extended the H. erectus range much higher on
PC 2. Daka was positioned very close to the mid-Pleistocene Homo
range on PCs 1 and 2. Size accounted for less than 10% of shape
differences on PC 2, but showed a clear distinction between large
H. erectus and mid-Pleistocene Homo (as well as Daka). D3444 also
scored higher than predicted for its brain size. The third component
(13.2%) further distinguished KNM-ER 1813 from otherHomo fossils
and separated the single Neanderthal fossil (La Chapelle-aux-
Saints) from themid-PleistoceneHomo sample. Both of these fossils
were most strongly contrasted on this axis from the Dmanisi fossils
and S 17. The relationship with size was not statistically significant.
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4.4. OH 9 landmark set: PCA

The ordination along the first two PCs of the OH 9 landmarks
bore resemblances to that of the maximum landmarks analysis
discussed above despite the absence of midline landmarks from the
superior vault. The primary axis of variation contrasts KNM-ER
1813 (H. habilis) and mid-Pleistocene Homo/Neanderthals, with
most fossils assigned to H. erectus positioned between these ex-
tremes but closer to the latter (Fig. 5). Again, S 17 was positioned
centrally within the scatter of potential H. erectus fossils. Other
Asian fossils scored low on PC 2 and some scored closer to more
derived Homo on PC 1. African and Georgian fossils were positioned
between S 17 and H. habilis. OH 9 (as well as KNM-ER 3883 and
D2280) clustered near to S 17 while KNM-ER 3733 and the other
Dmanisi fossils scored higher on PC 2. Daka was positioned close to
mid-Pleistocene Homo on PCs 1 and 2. OH 9 had the highest score
on PC 3, but was again closest to other African H. erectus (not
shown). Variation along PC 1 was related to overall size (R2 ¼ 0.70;
p < 0.01). The regression analysis was very comparable to that
reported for the previous analysis (Fig. 4B), with OH 9 plotting very
close to S 17.

4.5. 42700 landmark set: PCA

Principal components 1 and 3 together provided the greatest
separation among the taxonomic clusters (Fig. 6) and the first
component again contrasted H. habilis and mid-Pleistocene Homo/
H. neanderthalensis, with most H. erectus arrayed between these
endpoints. The two Sangiran fossils were not as centrally posi-
tioned on PC 1 as in the maximum landmarks or OH 9 analyses due
to their higher scores. The Zhoukoudian and particularly the
younger Indonesian fossils extended the putative H. erectus range
toward later Homo on PC 1 and away from other Homo fossils on PC
3. The African and Georgian fossils scored higher on the third
component than the Asian fossils with the exception of Zkd 12.
D3444 and KNM-WT 15000 overlapped Asian H. erectus on the first
component, while KNM-ER 3733, KNM-ER 3883, D2280 and D2700
extended the range toward H. habilis on this component. Daka
overlapped the mid-Pleistocene Homo range on PCs 1e3. KNM-ER
42700 plotted close to mid-Pleistocene Homo in the subspace
spanned by PCs 1 and 3, but exhibited fairly extreme scores on PCs
2, 3 and 4 (especially PC 2). KNM-WT 15000 generally occupied a
more central position, but was at the opposite extreme to KNM-ER
42700 on PC 2 (not figured). This is significant as both of these
fossils are approximately the same geochronological age and both
are immature individuals. Omo 2 overlapped the edge of the Asian
H. erectus range. Size accounted for 47% (p < 0.01) of the variance in
PC 1 scores, but there was substantial dispersion around the
regression line. In general, fossils assigned to H. erectus had higher
scores than mid-Pleistocene Homo when their EVs overlapped in
size. However, D3444, Daka, Sm 3 and, particularly, KNM-ER 42700
had lower scores.

As discussed above, some of the frontal bone landmarks were
excluded from this analysis due to plastic deformation of the frontal
bone. While frontomalare temporale, frontomalare orbitale and
frontotemporale were recorded only from the left side, where
distortion appeared minimal (and mirrored to the right side), it
remains possible that these landmarks were still affected by the
plastic deformation that affected the rest of this region. Thus, the
PCA was re-run without these three landmarks. The Homo species
were fairly well separated in the subspace of PCs 1 and 2. Although
KNM-ER 42700 overlapped both H. erectus and mid-Pleistocene
Homo on PC 1, it was isolated by its uniquely high score on PC 2,
in contrast to LB1 (H. floresiensis; SOM Fig. 3). The two
H. neanderthalensis crania were also more distinct on the first
component because the relatively high and wide vault of La
Chapelle-aux-Saints was emphasized by this particular set of
landmarks.

4.6. Bodo landmark set: PCA

The Bodo analysis included landmarks from the frontal and
temporal bones that addressed the shape of these bones as well as
their position and orientation relative to one another. Overall, the
Bodo analysis resembled the maximum fossils analysis already
presented, in that the first axis separated theH. erectus samples and
later Homo, while early Homo (in this case H. habilis and
H. rudolfensis) were distinguished along the second axis. Daka
overlapped the mid-Pleistocene Homo range on both axes. It
differed, however, in that the two Neanderthals were inserted be-
tween H. erectus and mid-Pleistocene Homo on PC 1. S 17 occupied
an intermediate position along PC 2 but had a higher position on PC
1 than many putative H. erectus fossils. Most African and Georgian
fossils extended the range toward early Homo on PC 2. The Chinese
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H. erectus were strongly contrasted with later Homo while Ngan-
dong/Sambungmacan were more clearly contrasted with early
Homo. The latter group did not approach mid-Pleistocene Homo/
Neanderthals, as they did in other analyses.

Size had a moderate influence on the position of fossils along
both axes (PC 1: R2¼ 0.17; p¼ 0.04; PC 2: R2¼ 0.34; p< 0.01). On the
first axis, mid-Pleistocene Homo and Daka scored well above the
regression line (and therefore higher than comparably sized
H. erectus) while most Zhoukoudian fossils and Ng 6 scored lower
than predicted by this scaling relationship. IndonesianH. erectus and
Dali scored higher-than-predicted for their size on PC 2 while early
Homo, Bodo and Neanderthals scored particularly low for their size.
In other words, groups occupying the extremes of PC 1 or PC 2 had
large residuals from the size-shape regression line for that axis.

4.7. UPGMA clustering

As a way of examining between group variation, three sets of
UPGMA trees were generated for the 42700 landmark set, which
captured mid- and posterior vault morphology and the Bodo
landmark set, which captured frontal and temporal bone
morphology. The three sets of trees were based on: 1) scores from
the standard PCA (i.e., individual variation), 2) scores from a BG-
PCA based on eight (42700 landmark set) or nine (Bodo landmark
set) a priori groups, and 3) scores from a BG-PCA based on five a
priori groups. In the second case, the trees reflect variation among
taxa as it relates to the shape differences among the a priori
identified groups.

The distances among individuals and clusters increased as more
groups (or single individuals) were the basis of analysis, and fossils
were more likely to cluster in the “wrong” taxon in the analysis of
individuals. H. erectus formed a single cluster in the five-group PCA
(Fig. 8 a,d) but was split into two clusters in the other analyses. The
late Indonesian H. erectus fossils formed a cluster that was more
similar to late Homo than other H. erectus based on the 42700
landmarks (Fig. 8 b,c), perhaps related to allometric trends. All
Indonesian and Georgian fossils assigned to H. erectus form a
cluster that was more similar to later Homo taxa when the Bodo
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landmarks were used (Fig. 8 e,f), a pattern unlikely to be related to
size. Mid-Pleistocene Homo and the Daka fossil were in the same
cluster, linked to a Neanderthal cluster, in most analyses (Fig. 8).
KNM-ER 42700 also clustered with the former group in the trees
based on the BG-PCAs but was on its own branch in the tree based
on individuals (Fig. 8 aec). Many of the temporogeographic clusters
within H. erectus s.l. (i.e., paleodemes) were consistently recovered,
including the later Indonesian fossils, the Georgian fossils and
KNM-ER 3733/3883. Interestingly, S 17 grouped with the Georgian
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fossils and S2 with the Zhoukoudian fossils in all analyses except
the 5-group BG-PCA (Fig. 8 b,c, e,f), thus confirming their
morphologically intermediate position within the larger H. erectus
s.l. sample. The major division among fossils assigned to H. erectus
in the 42700 trees was broadly along size-lines, with the exceptions
of Daka, Sm 3, and KNM-WT 15000 that clustered with the larger
Indonesian fossils.

4.8. Magnitude of shape distances

The patterns of pairwise Procrustes distances based on the
42700 and Bodo landmark sets were similar. The median inter-
specific Procrustes distance was higher than any of the median
intraspecific values (Fig. 9). The median intraspecific H. erectus
value was higher than the median intraspecific value calculated for
the later Homo species, which was likely driven by the higher
within African/Georgian and between Asian and African/Georgian
distances, as the within Asian distances were lower. There was,
however, extensive overlap in the ranges of inter- and intraspecific
distances.

It is apparent that KNM-ER 42700, despite being from the same
geographic region and general time period as the African fossils
assigned to H. erectus, and despite the inclusion of the KNM-WT
15000 juvenile in the sample, is very distinct from this group.
The distances of Daka to members of mid-Pleistocene Homo were
very low, lower than from Daka to fossils assigned to H. erectus. The
median distance of Daka to African/Georgian H. erectus was higher
than the distance to Asian fossils based on the 42700 landmarks,
but the pattern was reversed using the Bodo landmarks. This latter
result is probably due to the more extreme positions of the Zhou-
koudian fossils on PC1 and the Ngandong/Sambungmacan fossils
on PC 2 in the Bodo PCA. This difference presumably related to
differences in landmark composition as the 42700 landmark set
was missing many landmarks from the frontal bone while the Bodo
analysis was primarily frontal bone landmarks.
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5. Discussion

5.1. Distinctiveness of H. erectus cranial shape

A major goal of this study was to assess the distinctiveness of
H. erectus on the basis of neurocranial shape. H. erectus differed
frommodern humans due to themore globular shape of the human
cranial vault with a relatively long and vaulted parietal bone, more
vertical frontal squama, diminutive supraorbital torus, minimal
constriction behind the orbits, high temporal squama, narrower
occipital bone, antero-inferiorly angled occipital plane, wide mid-
vault, and narrow cranial base. This characterization of the hu-
man neurocranium accords well with previous descriptions (Day
and Stringer, 1982; Lieberman et al., 2002; Bruner et al., 2003;
Trinkaus, 2006; Mounier et al., 2011), but did not capture features
such as parietal bossing.

The H. erectus s.l. sample examined here was also consistently
and widely separated from early Homo on the basis of its relatively
antero-posteriorly longer and vertically shorter cranial vault, long
and flat frontal bone, greater posterior projection of inion, less
inferiorly projecting entoglenoid process and greater breadth of the
neurocranium compared to both the supraorbital torus and the
cranial base. Very few studies have addressed the distinction be-
tween the cranial vault of early Homo and H. erectus, although
Wood (1991) noted the evolution of a longer cranium in H. erectus
(and H. sapiens) relative to early Homo. Other features that separate
the two taxa include localized traits such as an angular torus or a
prominent petrotympanic crest with a process supratubarious, and
aspects of the facial skeleton (e.g., broader nasal bones and a more
convex lateral malar; Turner and Chamberlain, 1989; Rightmire,
1990; Ant�on, 2004) not captured by the landmarks used here.

The distinction between fossils assigned to H. erectus and later
Homo, particularly mid-Pleistocene Homo, was also apparent, but
the ranges of the two groups more closely approached each other
and there was some overlap among these groups in the individual
PCAs and UPGMA clustering based on individual variation. How-
ever, the separation between these groups was clearer when the
frontal bone was considered (e.g., the maximum landmarks and
Bodo analyses). In all cases, the 1.0e0.8 Ma Daka fossil grouped
with mid-Pleistocene Homo. Moreover, some of the overlap was
due to Omo 2, a fossil assigned here to mid-Pleistocene Homo
(Br€auer, 2008; Rightmire, 2008) but whose taxonomic affinities are
uncertain. McDougall et al. (2005) assigned Omo 2 to early
H. sapiens based on their inference that it derived from the same
stratigraphic level as the more modern-looking Omo 1 fossil, and
was therefore dated to ~195 ka (thousands of years ago). Omo 2
was, however, a surface find and its archaic morphology has been
documented in several studies (Friess, 2003; Rightmire, 2008;
Gunz et al., 2009). The interpretation of this result is uncertain
given its unknown geological age and the fact that Omo 2 was only
complete enough to include in one analysis. This result could
indicate morphological overlap between species, the presence of
“an archaic, late-surviving lineage, present alongside anatomically
modern humans” (Rightmire, 2008: 12), or that this landmark set
was insufficient to distinguish among taxa.

H. erectus (with the exception of Daka) differed from mid-
Pleistocene Homo in its more postero-inferiorly angled (i.e., less
vertical) and shorter occipital plane, less superiorly expanded vault,
more inferiorly projecting entoglenoid process, longer and lower
temporal squama, greater postorbital constriction and relatively
narrower vault at mid-temporal squama. The supraorbital torus
was also flatter across its superior margin, narrower medio-
laterally and thinner (supero-inferiorly) at mid-torus. Consistent
with these observations, characterizations of mid-Pleistocene
Homo frequently include references to its high, arched temporal
squama, laterally expanded and more vertical parietals, a less
angled occipital and strong supraorbital tori (e.g., Rightmire, 2007;
Br€auer, 2008; Stringer, 2012). However, there is considerable vari-
ation in the expression of these features and overlap between
H. erectus andmid-PleistoceneHomo in individual traits (Rightmire,
2008; Mbua and Br€auer, 2012). For example, Rightmire (2008)
observed a number of traits that differed between H. erectus and
mid-Pleistocene Homo, but the ranges of the two taxa often over-
lapped (e.g., relative brain size, postorbital narrowing, occipital
proportions and angulation and possibly cranial base flexion). The
analyses presented here indicate that overall neurocranial shape
distinguishes between H. erectus and mid-Pleistocene Homo even if
individual measurements overlap, and this was particularly
apparent in the frontal bone. Compared to Neanderthals, the vault
was lower and the supraorbital torus was straighter (less arched
over each orbit). The H. erectus vault was also wider posteriorly but
more constricted posterior to the orbits.

5.2. Scaling

Differentiation of fossils assigned to H. erectus and to later Homo
taxa occurred on PC 1 and was always correlated with endocranial
volume. This relationship was especially strong (R2� 0.70) when
early Homo was also differentiated from putative H. erectus along
this axis (in a direction opposite to later Homo). Even when early
H. erectus was distinguished from early Homo and later Homo on
orthogonal axes, endocranial volume accounted for a significant
proportion of variation on both axes. In both cases, most H. erectus
(with the exception of D3444) had residuals from the regression
line in the opposite direction to mid-Pleistocene Homo. Increased
endocranial volume was related to features including a decrease in
postorbital constriction, a more robust supraorbital torus, a rela-
tively wider mid-vault, and a more inferiorly positioned posterior
temporal squama (parietal notch). Therefore, the shape variation
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among taxa and within the H. erectus sample was correlated with
differences in endocranial volume, but differently signed residuals
from the regression line in H. erectus and mid-Pleistocene Homo
indicated that changes in endocranial volume are insufficient to
explain all shape differences between these groups. In other words,
brain size increases in the H. erectus sample led to different cranial
shape evolution than did brain size increases in mid-Pleistocene
Homo.

5.3. Spatiotemporal variation in the H. erectus sample

Regional and chronological variation in the H. erectus sample
was apparent in several analyses, but the analysis of Procrustes
distances confirmed that intraspecific differences were of a lesser
magnitude than interspecific ones. To some extent, intraspecific
variation is better assessed in an analysis restricted to H. erectus
fossils, as the PC axes here are influenced by interspecific variation.
What is of interest in this study is how different temporo-
geographically circumscribed populations assigned to H. erectus
relate to one another in the context of interspecific variation.

The Sangiran fossils are a useful starting point for thinking about
alpha taxonomy of H. erectus because they were similar to Trinil II
(the less complete type specimen), positioned close to the center of
the distribution of the fossils assigned toH. erectus, and consistently
differed from the otherHomo taxa (see also Schwartz, 2004). Adding
the Zhoukoudian fossils to this most conservative definition of
H. erectus generally expanded the directionof shape variability away
from other Homo fossils. The late Indonesian fossils (e.g., Ngandong
and Sambungmacan) further increased shape variation in the group,
usually in the direction of laterHomo along PC 1 but further from all
other fossils along PC 2. The greater affinity of later Indonesian
fossils and mid-Pleistocene Homo along PC 1 is due in part to the
larger size of both groups of fossils despite some shape divergence
between the two groups at overlapping sizes. Portions of the Asian
H. erectus hypodigm, either from later Indonesian sites or from
Zhoukoudian, were often isolated along either PC 1 or 2, confirming
previous analyses that have highlighted distinctions among the
Asian paleodemes (Ant�on, 2002; Kidder and Durband, 2004; Kaifu
et al., 2008; Zeitoun et al., 2010). The shape differences that distin-
guished these populations were not clearly related to variation in
endocranial volume and may instead result from genetic drift
caused by geographic isolation and/or local adaptation of the
spatially widespread H. erectus populations (Ant�on, 2002).

Included in the later Indonesian fossils were Ngawi and Sm 3,
both more recent additions to the hypodigm. The Ngawi fossil fell
comfortably within the H. erectus range of variation and showed
affinities to other H. erectus fossils from Ngandong and Sambung-
macan, in linewith previous descriptions and analyses of the Ngawi
fossil (Sartono, 1991; Widianto et al., 2001; Widianto and Zeitoun,
2003; Durband, 2006). Sm 3 generally fell at the edge of the
H. erectus distribution in the direction of the mid-Pleistocene Homo
sample due to its more globular neurocranium, but was more
closely aligned with H. erectus in frontal bone shape (Fig. 7; SOM
Fig. 4). Sm 3 was very distinct from H. sapiens in its 3D calvarial
shape in the present study despite having a (2D) midsagittal profile
intermediate between fossil Homo and H. sapiens (Delson et al.,
2001) and a median frontal squama profile like that of recent
humans (Bruner et al., 2013). Importantly, it was always near the
Ngandong, Sm 1 and Ngawi fossils in morphospace (see also Ant�on
et al., 2002), and likewise shares many discrete traits with these
groups (Delson et al., 2001; Ant�on et al., 2002). There is thus no
compelling evidence from this study to exclude any of these fossils
from a species that includes Sangiran/Trinil.

The addition of KNM-ER 3733, 3883 and OH 9 extended the
shape variation toward early Homo and away from both of the later
Homo species as well as the Zhoukoudian and later Indonesian
fossils assigned to H. erectus. This basic pattern is consistent with
previous work that has emphasized the more primitive and
generalized nature of early African H. erectus and the more distinct
and derived morphology of Asian H. erectus, and is also an expected
result if early African H. erectus is near the stem of the species. The
closer resemblance of KNM-ER 3733 and 3883 to early Homo was
also due in part to their small size. The larger OH 9 fossil was more
similar to S 17, which was similar in size and possibly geochrono-
logical age (Larick et al., 2001; but see; Hyodo et al., 2011) despite
its geographic distance. KNM-WT 15000 grouped with H. erectus
but had a higher vault and less projecting occipital bone than other
Turkana BasinH. erectus, presumably related to its immature status.
Importantly, the Sangiran/Trinil fossils bridged the gap between
older but more geographically distant fossils from Africa and more
geographically proximate but geochronologically younger fossils
from Asia. The other African fossils considered here (Daka and
KNM-ER 42700) defy the basic patterns just described and are
discussed subsequently.

Of the three Georgian fossils considered, D2280 and D2700
generally fell in or near the range of variation of the H. erectus
sample, and overlapped the Koobi Fora fossils on the first few
components. Despite favorable comparisons with early Homo
(Gabounia et al., 2002; de Lumley et al., 2006), these fossils were
more similar in overall vault shape to the Koobi Fora H. erectus, and
on higher components often grouped with Indonesian H. erectus
(e.g., PC 3 in SOM Fig. 2). Of the three Dmanisi fossils, D2700 was
the most similar to early Homo, but was morphologically closer to
H. erectus than early Homo. Therefore, although they introduce
additional variation, they behaved as expected for small and
geochronologically older members of the species positioned be-
tween Africa and Asia. Similarities to both African and Asian
(particularly Sangiran) H. erectus have been noted elsewhere with
regard to both the crania and mandibles from Dmanisi (Br€auer and
Schultz, 1996; Rosas and Bermudez De Castro, 1998; Rightmire
et al., 2006).

D3444 showed more affinities with mid-Pleistocene Homo than
did the other African/Georgian fossils. This was a result of a more
vertical occipital plane, less posteriorly projecting inion (due in part
to its low transverse occipital torus) and a more robust supraorbital
torus. Despite these similarities, D3444 clustered with H. erectus,
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and specifically with other Georgian fossils, and retained primitive
features lost in more derived Homo, including a low squamosal
suture, inferiorly projecting entoglenoid process, a narrower mid-
vault, marked postorbital constriction, sagittal keeling on the pa-
rietals, and a reduced foramen lacerum (Lordkipanidze et al., 2006).
When the frontal bone and the mid- and posterior vault were
evaluated separately (SOM Figs. 3 and 4), D3444 was more clearly
associated with H. erectus, suggesting it is the shorter and higher
vault that drives its convergence on the mid-Pleistocene vault
shape. Thus, both D3444 and Sm 3 approached the condition of
mid-Pleistocene Homo more closely than their geographic con-
temporaries, but they did so in different ways. In common with
later Homo, both had relatively short and tall vaults, but D3444 also
had a more robust supraorbital torus and proportionately shorter
frontal bone (antero-posteriorly), whereas Sm 3 had greater
breadth across the mid-vault and less constriction across
frontotemporale.

Taken as a whole and in conjunction with evidence from
discrete traits, the Dmanisi sample should probably be included in
H. erectus, with the recognition that these fossils expand variation
in H. erectus, and not always in the direction of early Homo. Some
features of D3444 would then be interpreted as individual varia-
tions that superficially converge on the mid-Pleistocene Homo
condition. In fact, some of these features are likely related e the
proportionately shorter frontal bone and less projecting inion
together result in a shorter vault, which, when scaled to the same
size as other H. erectus, appears relatively tall. Given that D3444
and the newly described D4500 are the most robust of the five
Dmanisi crania and quite different in shape from one another, it is
unlikely that either pattern can be entirely attributed to sexual
variation.

This study was not designed to address the question of multiple
species, but some of the results are nevertheless relevant to this
question. The results described above accord with descriptions of
H. erectus as a species that shared a “total morphological pattern”
(sensu Le Gros Clark, 1959) distinct from other species, with
intraspecific variation in qualitative and metric traits across its
range (e.g., Weidenreich, 1951; Rightmire, 1990; Ant�on, 2003; Kaifu
et al., 2008). The fact that median distance among fossils assigned
to H. ergaster (excluding KNM-ER 42700 and Daka) was lower than
the median interspecific distance is compatible with a single spe-
cies model. Previous studies have shown that the magnitude of
shape variation in H. erectus is within the bounds of some single
neontological species despite its greater time depth, but exceeds
others (Kramer,1993; Villmoare, 2005; Baab, 2008b), particularly in
the temporal bone (Terhune et al., 2007). Perhaps more important
is the fact that the Trinil/Sangiran fossils were equally distant from
other Asian fossils as early African ones sometimes assigned to
H. ergaster. The relationship among paleodemes of H. erectus cor-
responded with geographic, temporal and allometric differences,
common sources of intraspecific variation. For example, the early
and late Indonesian fossils differed from early African/Georgian
fossils in the same direction. The greater distance of the latter can
be explained by their larger size and/or longer genetic isolation.

This interpretation is not without some problems. UPGMA
clusters based on individual variation failed to uncover a single
H. erectus clade, indicating very real variation within this sample.
Interestingly, the UPGMA analysis highlighted different patterns of
geographic clustering based on the mid- and posterior vault versus
the frontal and temporal regions. This could reflect a complex
pattern of population history or mosaic evolution of the vault. In
neither case were the divisions among populations along tradi-
tional H. ergaster e H. erectus sensu stricto (s.s.) lines. The 42700
landmark set was more heavily weighted toward the posterior
cranium, including the occipital bone, which is a less reliable
indicator of modern human population history than several other
cranial bones (von Cramon-Taubadel, 2009). The Bodo landmark set
included information from only the frontal and temporal bones,
both good indicators of human population history, and possibly
hominin phylogeny more generally (von Cramon-Taubadel, 2009).
Therefore, the Bodo landmark set may be a better indicator of
population history. In this context, different evolutionary scenarios
may be invoked to explain the Indonesian/Georgian and the Afri-
can/Zhoukoudian clusters including ancestoredescendant re-
lationships and gene flow, but homoplasy cannot be ruled out.
More explicit population genetic models may help to discern be-
tween these scenarios.

Although the median within-group distance for H. erectus was
less than the interspecific distance, the ranges overlapped sub-
stantially (Terhune et al., 2007), and it was higher than the intra-
specific distance for later Homo species. H. erectus also occupied a
greater region of morphospace than the equally geographically
diverse mid-Pleistocene Homo sample, possibly due to its greater
time depth or stronger population structure or, alternatively,
because it contains more than one species. Finally, neurocranial
shape is only one aspect of anatomy that needs to be considered.
For example, the vault shape of LB 1 overlapped H. erectus but its
mandible and dentition differ in meaningful ways from this species
(e.g., Brown and Maeda, 2009).

Therefore, although the early African/Georgian fossils differed
only subtly from later Asian ones in their vault shape, these results
do not specifically refute the two species solution. If H. ergaster is
recognized because discrete traits indicate it is ancestral to later
Homowhereas Asian populations were an evolutionary “dead end”
(e.g, Wood, 1984), then the Georgian sample could be assigned to
H. ergaster based on the extensive overlap in neurocranial shape.
Cranial vault shape did not support the idea that some African
fossils represent H. ergaster and others H. erectus s.s. (e.g., OH 9
[Wood, 1994]) nor that Daka bridged the two species and thus
blurred this particular species boundary (Asfaw et al., 2002).

5.4. Consideration of problematic fossils

Two African fossils, Daka and KNM-ER 42700, are more prob-
lematic as members of H. erectus, even broadly defined, and thus
deservemore careful consideration. Including Daka inH. erectus not
only expands the range of variation encompassed by H. erectus, but
effectively erases the boundary between H. erectus and later Homo
species such as H. heidelbergensis s.l. or H. rhodesiensis in Africa.
Daka exhibited a tall cranial vault relative to cranial length, a pro-
portionally shorter frontal bone with wide, tall and arched supra-
orbital tori, a less posteriorly projecting inion, and proportionally
greater breadth at mid-vault and frontotemporale relative to the
posterior vault. Rightmire (2013) recently performed an analysis
aimed at assessing patterns of covariation within the cranium and
their relationships to endocranial volume and ectocranial di-
mensions in H. erectus (including Daka) and mid-Pleistocene Homo.
Although difficult to compare directly to the results presented here,
it appears that while Daka conformed to the H. erectus condition in
most aspects, it differed from H. erectus in its relatively tall cranial
vault above porion (relative to cranial length and breadth) and its
thick supraorbital torus (relative to overall cranial size), in agree-
ment with some of the results presented here.

Asfaw et al. (2002) used a cladistic analysis of 22 characters to
evaluate the position of a paleodeme (sensu Howell, 1999) that
consisted of Daka, OH 9, and the Buia cranium from Eritrea. The
result of the latter analysis (and several other variants presented in
Gilbert et al. [2008]) did not support separate African and Asian
H. erectus clusters. Together, these results led Asfaw et al. (2002:
317) to argue that “the ‘Daka’ calvaria's metric and morphological
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attributes centre it firmly within H. erectus. Daka's resemblance to
Asian counterparts indicates that the early African and Eurasian
fossil hominids represent demes of a widespread palaeospecies.”
While it is true that the cladistic analyses did not support a division
between H. erectus s.s. and H. ergaster, these analyses also did not
support a separation between H. erectus s.l. and fossils attributed to
more derived Homo species and therefore cannot be read as
unambiguously supporting the assignment of Daka to H. erectus.
The use of paleodemes may also mask important variation among
individuals (Manzi et al., 2003), and the analysis may have been
strongly influenced by the inclusion of endocranial volume (Ant�on,
2003). Clustering based on phenetic distances derived from pres-
ence/absence data for 22 H. erectus and mid-Pleistocene Homo
fossils grouped Daka with the East Turkana H. erectus, but also
indicated that Daka was distinct from the typical H. erectus pattern
in the direction of mid-Pleistocene Homo (Manzi et al., 2003).
However, the assessment of character states for some fossils was
problematic (e.g., postorbital constriction [Gilbert et al., 2003]).

Although the Daka calvaria undoubtedly shares anatomical
features withH. erectus, a number of these are also retained in some
members of mid-Pleistocene Homo, including midline keeling of
the frontal bone, an angular torus and greatest width in the
supramastoid/mastoid region (Rightmire, 1996, 2008; Mbua and
Br€auer, 2012). Moreover, some traits seen in Daka, such as more
vertical parietal walls with parietal bossing, a vertical occipital
plane, a longer upper than lower scale of the occiput, a sphenoid
spine, and a high arched temporal squama (Asfaw et al., 2008;
Gilbert et al., 2008), are typically considered derived for mid-
Pleistocene Homo relative to H. erectus (Rightmire, 1996, 2007,
2008; Terhune and Deane, 2008; Rightmire, 2009; Stringer, 2012).
Although Asfaw et al. (2008) compared the arched condition of the
supraorbital tori in Daka to that seen in KNM-ER 3733, the tori of
the latter is much less vertically expanded and the superior margin
is flatter. The tori of Daka more closely resembles the condition in
certain mid-Pleistocene Homo, including Kabwe, Saldanha,
Ceprano, Bodo, and Petralona. The presence of derived features in
an African fossil that may pre-date the documented time range of
H. heidelbergensis or H. rhodesiensis by as little as 200 thousand
years (Bodo is ~0.6 Ma and Daka was found in deposits 1.0e0.8 Ma)
is perhaps not entirely surprising. Yet, analyses of discrete features
have come to conflicting conclusions regarding the phylogenetic
position of Daka eMounier et al. (2011) found that Daka fell within
the H. erectus s.l. clade and was most similar to OH 9 and KNM-ER
3883 based on distances calculated from discrete traits while Argue
(2015) argued that Daka grouped with mid-Pleistocene Homo,
particularly Bodo and Ceprano, based on cladistic analysis of cranial
traits.

The relatively small endocranial volume of 992e995 cm3 for the
Daka calvaria (Asfaw et al., 2002; Gilbert et al., 2008) is lower than
those recorded for mid-Pleistocene Homo, which range from 1100
to 1430 cm3 (Rightmire, 2013). However, the Sal�e fossil from
Morocco, also proposed to be an early member of mid-Pleistocene
Homo (Hublin, 1985, 2001), has a comparably small endocranial
volume of 930e960 (Jaeger, 1975) or 880 cm3 (Holloway, 1981). The
analyses presented here include most well-preserved H. erectus
fossils, including fossils with endocranial volumes that overlap the
mid-Pleistocene Homo range, yet the Daka calvaria is the only focal
fossil to consistently group with mid-Pleistocene Homo. A value of
~995 cm3 is plausible if Daka belonged to an early population of
H. heidelbergensis s.l. or H. rhodesiensis that was descended from
African H. erectus, whose documented endocranial volumes range
from ~727 to 1067 cm3 (Holloway, 1975, 1978).

The overlapping calvarial shape shared between Daka and
members of mid-Pleistocene Homo can be interpreted as an
example of individual variation that converged on the mid-
Pleistocene Homo pattern in a population otherwise more similar
to H. erectus. Although convergences in cranial shape do occur, the
presence of both a more derived cranial shape and cranial non-
metric traits suggests that the resemblance of Daka to mid-
Pleistocene Homo reflects evolutionary change in that direction
rather than convergence. Most likely, Daka was a member of an
“advanced” population of H. erectus that was ancestral to a later
Homo species (e.g., H. heidelbergensis or H. rhodesiensis) and whose
cranial shape strongly foreshadowed that group or an early mem-
ber of a later Homo species that includes individuals like Bodo and
Kabwe that were studied here, as well as Saldanha and Ndutu that
were too incomplete to include.

KNM-ER 42700, the 1.5 Ma fossil from Kenya, did not cluster
with other small early Pleistocene fossils from Africa or Georgia.
Instead, this fossil often occupied a distinct region of shape space
that did not overlap with other hominin taxa (Fig. 6 and SOM Fig.1),
and was more likely to converge on the more derived Homo species
rather than early Homo due to its higher cranial vault with reduced
constriction behind the supraorbital tori. Issues of distortion in the
landmark set were minimized in this analysis, but still confirmed
an earlier analysis that did not adjust for distortion in the fossil
(Baab, 2008a), as well as an analysis that corrected for deformation
by performing a virtual reconstruction of the calvaria (Bauer and
Harvati, 2015). Therefore, deformation is unlikely to explain the
position of this fossil outside of the range of H. erectus calvarial
shape.

It remains possible, however, that the seemingly unusual
morphology of KNM-ER 42700 is attributable to its immature sta-
tus. Two other juvenile/subadult fossils assigned to H. erectus,
D2700 and KNM-WT 15000, did not behave similarly to KNM-ER
42700 in this analysis. D2700 generally clustered with other
Georgian fossils. KNM-WT 15000 appeared more similar to Asian
H. erectus than did other African fossils from the Turkana Basin on
PC 1 (Fig. 6), and was particularly similar in its position to D3444.
Themore rounded vault of KNM-WT 15000was likely due in part to
its particularly young age (~8 years of age based on enamel his-
tology [Dean et al., 2001]) and minimally developed cranial su-
perstructures. The spheno-occipital synchondrosis of KNM-ER
42700 is 2/3 fused and it was originally described as a young adult
or late subadult (Spoor et al., 2007). Based on this evidence, KNM-
ER 42700 was older than D2700 (whose synchondrosis was less
fused), which was itself likely older than KNM-WT 15000 based on
M3 eruption (Rightmire et al., 2006). The immature status of KNM-
ER 42700 is an unlikely explanation for the distinctiveness of its
calvarial shape compared to other small early Pleistocene H. erectus
unless the spheno-occipital synchondrosis is a poor indicator of
age. Additional research regarding ontogenetic shape change in
H. erectus and the true developmental age of the KNM-ER 42700
fossil could further clarify this issue.

The original description of KNM-ER 42700 included a multi-
variate analysis of linear dimensions and a comparison of discrete
features among Plio-Pleistocene Homo and this fossil. Specific traits
listed in support of its H. erectus attribution were keeling on the
frontal and parietal bones, a medio-laterally narrow mandibular
fossa, coronally oriented tympanic and sagittally oriented petrous
parts of the temporal bone, a short occipital scale, and close
approximation of opisthocranion and lambda. As discussed previ-
ously, additional work is necessary to establish the utility of either
the petrous or tympanic angles in differentiating among fossil
Homo taxa. More problematic is the fact that early African and
Georgian fossils assigned to H. erectus have previously been
described as having a “glenoid fossa … wide mediolaterally”
(Ant�on, 2003, p. 137) and opisthocranion is nearly coincident with
inion (not lambda) in H. erectus (e.g., Weidenreich, 1943; Wood,
1984). Therefore, only two (midline keeling and short occipital
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scale) or perhaps three (orientation of the petrous and tympanic) of
the listed characters support the initial attribution of KNM-ER
42700 to H. erectus. Assuming that KNM-ER 42700 is truly an
older subadult or young adult, then its calvarial shape argues
against its inclusion in H. erectus. Combined with the ambiguous
discrete character evidence, it remains “… preferable to assign
KNM-ER 42700 to Homo sp. in order to emphasize the uniqueness
of this fossil's morphological pattern” (Baab, 2008a: 745).

6. Conclusions

H. erectus retained a characteristic cranial form for a period of
over one million years and across a geographic range that extended
from East Africa to Eurasia and the Far East. This study has
demonstrated that this cranial shape is in part intermediate be-
tween earlier Homo species and more derived species such as
H. heidelbergensis or H. rhodesiensis but is in part also unique,
particularly in the Asian members of the species. Recent additions
to the species from Sambungmacan, Ngawi, and Dmanisi expanded
the range of variation but generally showed the greatest affinities to
other H. erectus fossils that were geographically and temporally
proximate. Additions to H. erectus from Africa did not show
particular affinities to H. erectus. The Daka fossil more closely re-
sembles mid-Pleistocene Homo in overall vault form, and also ex-
hibits a number of more derived discrete traits with this species,
while KNM-ER 42700 remains a morphological outlier relative to
the Plio-Pleistocene Homo fossils analyzed here.

Acknowledgements

I gratefully acknowledge the curators and staff of the American
Museum of Natural History, Aristotle University of Thessaloniki,
ARKANAS, Duckworth Collection at the University of Cambridge,
Gadja Mada University, Lembaga Ilmu Pengetahuan Indonesia
(LIPI), Muse�e de L'Homme, National Museums of Ethiopia, National
Museums of Kenya, National Museum of Tanzania, COSTECH, Nat-
ural History Museum (London), Naturalis Museum, Museum of
Comparative Zoology, Peabody Museum at Harvard University,
Soprintendenza per i Beni Archeologici del Lazio, University of Cape
Town, and the Institut de Pal�eontologie Humaine for allowing me
access to fossil and comparative samples. Three anonymous re-
viewers provided valuable insights that improved this manuscript.
Grant support was provided by NSF (BCS 04-24262, DGE 03-33415,
and DBI 96-02234), the L.S.B. Leakey Foundation, and the Sigma Xi
Foundation. This is NYCEP morphometrics contribution # 94.

Supplementary Online Material

Supplementary online material related to this article can be
found at http://dx.doi.org/10.1016/j.jhevol.2015.11.004.

References

Abbate, E., Albianelli, A., Azzaroli, A., Benvenuti, M., Tesfamariam, B., Bruni, P.,
Cipriani, N., Clarke, R.J., Ficcarelli, G., Macchiarelli, R., Napoleone, G., Papini, M.,
Rook, L., Sagri, M., Tecle, T.M., Torre, D., Villa, I., 1998. A one-million-year-old
Homo cranium from the Danakil (Afar) Depression of Eritrea. Nature 393,
458e460.

Andrews, P., 1984. An alternative interpretation of the characters used to define
Homo erectus. Cour. Foursch. Senck. 69, 167e175.

Ant�on, S.C., 2001. Cranial growth in Homo erectus. In: Minugh-Purvis, N.,
McNamara, K.J. (Eds.), Human Evolution Through Developmental Change. Johns
Hopkins University Press, Baltimore, pp. 349e380.

Ant�on, S.C., 2002. Evolutionary significance of cranial variation in Asian Homo
erectus. Am. J. Phys. Anthropol. 118, 801e828.

Ant�on, S.C., 2003. Natural history of Homo erectus. Yearb. Phys. Anthropol. 46,
126e170.

Ant�on, S.C., 2004. The face of Olduvai Hominid 12. J. Hum. Evol. 46, 335e345.
Ant�on, S.C., M�arquez, S., Mowbray, K., 2002. Sambungmacan 3 and cranial variation
in Asian Homo erectus. J. Hum. Evol. 43, 555e562.

Argue, D., 2015. Variation in the Early and Middle Pleistocene: The phylogenetic
relationships of Ceprano, Bodo, Daka, Kabwe and Buia. In: Behie, A.M.,
Oxenham, M.F. (Eds.), Taxonomic Tapestries: The Threads of Evolutionary,
Behavioural and Conservation Research. ANU Press, Canberra, pp. 215e248.

Asfaw, B., Gilbert, W.H., Beyene, Y., Hart, W.K., Renne, P.R., WoldeGabriel, G.,
Vrba, E.S., White, T.D., 2002. Remains of Homo erectus from Bouri, Middle
Awash, Ethiopia. Nature 416, 317e320.

Asfaw, B., Gilbert, W.H., Richards, G.D., 2008. Homo erectus cranial anatomy. In:
Gilbert, W.H., Asfaw, B.T. (Eds.), Homo erectus. Pleistocene Evidence from the
Middle Awash, Ethiopia. University of California Press, Berkeley, pp. 265e328.

Athreya, S., 2009. A comparative study of frontal bone morphology among Pleis-
tocene hominin fossil groups. J. Hum. Evol. 57, 786e804.

Baab, K.L., 2007. Cranial shape variation in Homo erectus. Ph.D. Dissertation, City
University of New York.

Baab, K.L., 2008a. A re-evaluation of the taxonomic affinities of the early Homo
cranium KNM-ER 42700. J. Hum. Evol. 55, 741e746.

Baab, K.L., 2008b. The taxonomic implications of cranial shape variation in Homo
erectus. J. Hum. Evol. 54, 827e847.

Baab, K.L., 2010. Cranial shape in Asian Homo erectus: geographic, anagenetic, and
size-related variation. In: Norton, C.J., Braun, D.R. (Eds.), Asian Paleoanthro-
pology: From Africa to China and Beyond. Springer, New York, pp. 57e79.

Baab, K.L., Freidline, S.E., Wang, S.L., Hanson, T., 2010. Relationship of cranial
robusticity to cranial form, geography and climate in Homo sapiens. Am. J. Phys.
Anthropol. 141.

Baab, K.L., McNulty, K.P., 2009. Size, shape, and asymmetry in fossil hominins: the
status of the LB1 cranium based on 3D morphometric analyses. J. Hum. Evol. 57,
608e622.

Baab, K.L., McNulty, K.P., Harvati, K., 2013. Homo floresiensis contextualized: A
geometric morphometric comparative analysis of fossil and pathological hu-
man samples. PLoS One 8, e69119.

Baab, K., 2014. Defining Homo erectus. In: Henke, W., Tattersall, I. (Eds.), Handbook
of Paleoanthropology. Springer, Heidelberg, pp. 1e28.

Bauer, C.C., Harvati, K., 2015. A virtual reconstruction and comparative analysis of
the KNM-ER 42700 cranium. Anat. Anzeiger 72, 129e140.

Black, D., 1929. Preliminary notice of the discovery of an adult Sinanthropus skull at
Chou Kou Tien. Bull. Geol. Soc. China 8, 15e32.

Black, D., 1931. On an adolescent skull of Sinanthropus pekinensis in comparison
with an adult skull of the same species and with other hominid skulls, recent
and fossil. Paleont. Sin. New Ser. D 7, 1e144.

Bookstein, F.L., 2002. Creases as morphometric characters. In: MacLeod, N.,
Forey, P.L. (Eds.), Morphology, Shape, and Phylogeny. CRC Press, New York,
pp. 139e174.

Br€auer, G., 2008. The origin of modern anatomy: by speciation or intraspecific
evolution? Evol. Anthropol. 17, 22e37.

Br€auer, G., Schultz, M., 1996. The morphological affinities of the Plio-Pleistocene
mandible from Dmanisi, Georgia. J. Hum. Evol. 30, 445e481.

Brown, P., Maeda, T., 2009. Liang Bua Homo floresiensis mandibles and mandibular
teeth: A contribution to the comparative morphology of a new hominin species.
J. Hum. Evol. 57, 571e596.

Brown, F.H., McDougall, I., 1993. Geologic setting and age, The Nariokotome Homo
erectus Skeleton. Harvard University Press, Cambridge, pp. 9e20.

Bruner, E., Manzi, G., Arsuaga, J.L., 2003. Encephalization and allometric trajectories
in the genus Homo: Evidence from the Neandertal and modern lineages. Proc.
Natl. Acad. Sci. USA 100, 15335e15340.

Clark, R.J., 1976. New cranium of Homo erectus from Lake Ndutu, Tanzania. Nature
262, 485e487.

Conroy, G.C., Jolly, C.J., Cramer, D., Kalb, J.E., 1978. Newly discovered fossil hominid
skull from the Afar depression, Ethiopia. Nature 475, 67e70.

Day, M.H., Stringer, C.B., 1982. A reconsideration of the Omo Kibish remains and the
erectus-sapiens transition. In: de Lumley, M.-A. (Ed.), Homo erectus et la Place de
l'Homme de Tautavel parmi les Hominid�es Fossiles, Premi�ere Congr�es Inter-
national de Pal�eontolgie Humaine. UNESCO Colloque International du Centre
National de la Recherche Scientifique, Vol. 2. Pr�etirages, Nice, pp. 814e846.

de Lumley, M.-A., Gabounia, L., Vekua, A., Lordkipandize, D., 2006. Les restes
humains du Plioc�ene final et du d�ebut du Pl�eistoc�ene inf�erieur de Dmanissi,
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