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New reconstruction of DAN5 cranium (Gona,
Ethiopia) supports complex emergence of
Homo erectus

Karen L. Baab 1 , Yousuke Kaifu 2, Sarah E. Freidline 3,Michael J. Rogers4 &
Sileshi Semaw5

The African Early Pleistocene is a time of evolutionary change and techno-
behavioral innovation in human prehistory that sees the advent of our own
genus, Homo, from earlier australopithecine ancestors by 2.8-2.3 million years
ago. This was followed by the origin and dispersal of Homo erectus sensu lato
across Africa and Eurasia between ~ 2.0 and 1.1Ma and the emergence of both
large-brained (e.g., Bodo, Kabwe) and small-brained (e.g.,H. naledi) lineages in
the Middle Pleistocene of Africa. Here we present a newly reconstructed face
of the DAN5/P1 cranium from Gona, Ethiopia (1.6-1.5Ma) that, in conjunction
with the cranial vault, is a mostly complete Early Pleistocene Homo cranium
from the Horn of Africa. Morphometric analyses demonstrate a combination
of H. erectus-like cranial traits and basal Homo-like facial and dental features
combined with a small brain size in DAN5/P1. The presence of such a mor-
phological mosaic contemporaneous with or postdating the emergence of the
indisputable H. erectus craniodental complex around 1.6Ma implies an intri-
cate evolutionary transition from early Homo to H. erectus. This finding also
supports a long persistence of small-brained, plesiomorphic Homo group(s)
alongside other Homo groups that experienced continued encephalization
through the Early to Middle Pleistocene of Africa.

The oldest fossils assigned to our genus are ~2.8 million years old
(Myr) from Ethiopia and signal a long history of Homo evolution
in the Rift Valley1–3. There is evidence of multiple Homo lineages
in Africa by 2.0–1.9 million years ago (Ma) and an archaeological
and paleontological record of expansion to more temperate
habitats in the Caucasus and Asia between 2.0 and 1.8 Ma4 (Fig. 1).
The last appearance datum for the more archaic Homo habilis
species (or “1813 group”) is ~1.67 (OH 13) or ~1.44Ma, if KNM-ER
42703 is correctly attributed to H. habilis5, which is uncertain6.
The archetypal early African Homo erectus fossils from Kenya (i.e.,
KNM-ER 3733, 3883; and the adolescent KNM-WT 15000) already
present a suite of traits that distinguish them from early Homo
taxa by 1.6–1.5 Ma, including larger brains and bodies, smaller

postcanine dentition, more pronounced cranial superstructures
(e.g., projecting and tall brow ridges), a relatively wide midface
and nasal aperture, deep palate, and projecting nasal bridge1,6–11.
The only evidence for H. erectus sensu lato in Africa before 1.8 Ma
are fragmentary or juvenile fossils12–14, while fossils expressing
both ancestral H. habilis and more derived H. erectus s.l. mor-
phological traits are only known from Dmanisi, Georgia at
1.77 Ma15,16. Thus, H. erectus emerged from basal Homo between
2.0 and 1.6 million years ago, but when, where (Africa or Eurasia),
and how it occurred remain unclear. An expanded fossil record
also documents significant variation in endocranial volume17,18

and craniofacial6,8 and dentognathic morphology19,20 throughout
the Early Pleistocene, which extends to the Middle Pleistocene
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with the addition of small-brained Homo lineages to the
human tree.

The initial announcement of DAN5/P1 assigned it to H. erectus
on the basis of derived neurocranial traits21. Subsequent analyses of
neurocranial shape and endocranial morphology confirmed affinity
withH. erectus but also noted similarities to early (pre-erectus)Homo
fossils such as KNM-ER 181317,18. Only limited information about the
partial maxilla and dentition was presented in the original
description21. Yet, facial and dental traits are increasingly important
in early Homo systematics, given overlap in brain size among closely
related hominins6,8,22. The DAN5/P1 fossil is a rare opportunity to
evaluate neurocranial, facial, and dental anatomy in a single Early
PleistoceneHomo fossil and thus has significant implications for this
discussion.

Here we present a new cranial reconstruction of the 1.6–1.5Myr
DAN5/P1 fossil from Gona, Ethiopia. This study demonstrates that the
small-brained adult DAN5/P1 fossil (598 cm3 21) presents a previously
undocumented combination of early Homo and H. erectus features in
an African fossil.

Results
DAN5/P1 cranial reconstruction
Physical and virtual reconstructions of the DAN5/P1 neurocranium
were presented previously17,21. The face reconstruction, which is new,
involves 3D surface models generated from micro-computerized
tomographic (µ-CT) scans of the left and right maxillae (hemi-
palates), left infraorbital fragment of the maxilla, left zygomatic frag-
ment containing the frontal process, right P3, and left P4-M3 (the left P3

was recovered, but not µ-CT scanned) (Fig. 2a, b). The right P3 was

originally misidentified as a right P4 21 (Supplementary Note 1). The
preserved fragments of the face were joined together along sutures
(e.g., left infraorbital and zygomatic) or postmortem breaks (e.g., left
infraorbital and hemi-palate) and the teeth were positioned with
reference to dental alveoli and interdental wear facets (Fig. 2c, d and
Supplementary Fig. 1). The reconstruction applied standard virtual
reconstruction techniques (e.g., repositioning and reflection of ele-
ments and landmark-based superimposition23) to fit together the five
bony fragments and five postcanine teeth. There were many anato-
mical constraints which limited the way in which these fragments
could be assembled. For example, the frontal process of the infra-
orbital fragmentmust be oriented to articulatewith the frontal bone at
the frontomaxillary suture, but the fragment must also align with the
contours implied by the maxilla (including the zygomatic root) with
which it was originally continuous. Its final position must also
accommodate the zygomatic bone along the zygomaxillary suture.
Such considerations applied to each element. The facewas then hafted
onto the neurocranium toproducea largely complete cranium (Fig. 2e,
f); an alternative reconstruction with a more posteriorly positioned
face was also generated (Supplementary Fig. 2).

Face morphology
In lateral view, the face is gently sloping anteriorly from below the
projecting supraorbital torus, with a concave “nasocanine contour”
(sensu24) (Fig. 2f). Many face dimensions in DAN5/P1 overlapwith early
Homo and early H. erectus from Africa and Eurasia (Table 1), but the
superior facial and nasal heights of DAN5/P1 are absolutely short
compared to African H. erectus and similar to, e.g., OH 24 (H. habilis)
and D4500 (Dmanisi H. erectus).
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Fig. 1 | EarlyHomo andHomo erectus timeline between 2.0 and 1.0Ma andmap
of key sites inAfrica and southern Eurasia.The solid bars of the timeline indicate
well-established first and last appearance data; the horizontal stripes indicate
possible extensions of the time range based on fragmentary or juvenile fossils.
Diagonal lines signal earlier archaeological presence in those regions. The question
mark indicates a possible date of <1.49Ma for theMojokerto, Indonesia site cf.22–25.
The horizontal gray bar represents the time range associated with DAN5/P1. Colors

on the map indicate presence of fossils matching taxa or geographic groups of H.
erectus as indicated in the timeline. Surface renderings of the best-preserved
regional representatives of archaic or small-brainedHomo fossils (beginning at top
and continuing clockwise): D2700, KNM-ER 1813, KNM-ER 1470, KNM-ER 3733, SK
847, OH 24, KNM-WT 15000, and DAN5/P1. All surface renderings visualized at FOV
0° (parallel). Map was generated in “rnaturalearth” package68 for R.
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The supraorbital torus is vertically thick and projecting with a
continuous post-toral sulcus; this morphology is typical of H. erectus.
The height of the torus at mid-orbit is within the range of other small
African fossils assigned to H. erectus (Supplementary Table 9). The
strong arching of the torus contributes to the circular orbit. An arched
torus is variably expressed in small-brainedHomo fossils (e.g., KNM-ER
1813 and KNM-OL 45500; Supplementary Figs. 3 and 4). The inferior
orbital margin is sharp and the frontal process of the zygomatic faces
more anteriorly than antero-laterally. The ratio of cheekheight to facial
length in DAN5/P1 is similar to both H. habilis and early H. erectus
(Table 1). Its nearly vertical midface with weakly everted nasal margins
resembles early Homo and D2700 more so than other H. erectus25 and
differs from themore rounded form inKNM-ER3733 andKNM-ER3883
(Supplementary Fig. 3). The well-developed maxillary sulcus seen in
DAN5/P1 (Supplementary Fig. 5a) is more common in H. erectus than
early Homo. The position of the anterior border of the maxillary
zygomatic process at the P3/P4 level in DAN5/P1 ismore anterior than in
adult H. erectus, but was described similarly for H. naledi26. The nasal

aperture does not show the widening typical of African H. erectus
(Table 1). Nasal breadth is similar in DAN5/P1 and the earlyHomoKNM-
ER 1805 fossil, but DAN5/P1 has a shorter nasal height and taller
alveolar clivus than KNM-ER 1805. The subnasal clivus transitions
smoothly to the nasal floor with no spinal or lateral crests; cresting is
common formost earlyHomo /H. erectus fossils aswell asH. naledi, but
low topography of the nasal sill is documented in the adolescent KNM-
WT 15000 and the Dmanisi sample27,28. There is a blunt anterior nasal
spine, with no indication of anterior projection as in H. naledi28,
although this region could be damaged.

The palate is large relative to endocranial volume, which aligns
DAN5/P1 with early Homo and basal H. erectus from Eurasia, rather
than East African H. erectus (Table 1). The DAN5/P1 palate has parallel
molar rows and the preserved anterior alveoli suggested vertically
oriented incisor roots (Supplementary Fig. 5c). However, it does not
resemble the long, narrow dental arcade implied by the reconstruc-
tion of the OH 7 H. habilis specimen6. Its palate depth is in the range
of H. erectus and at the high end of variation for early Homo. The

Fig. 2 | DAN5/P1 facial fragments and face reconstruction. Original fossil frag-
ments of face: a right and left hemimaxillae,b left infraorbital region and left frontal
process of the zygomatic bone. c Inferior and d anterior-oblique views showing
surface renderings of original pieces in anatomical position after removal ofmatrix
via segmentation and virtual reconstruction of face. Colors serve to highlight
individual fragments manipulated in the reconstruction process. Arrow indicates
the left zygomatic root, which was displaced during the fossilization process (seen

in a) and re-positioned with reference to the corresponding morphology on the
right during the virtual reconstruction (seen in (d); Supplementary Fig. 1). e Ante-
rior and f lateral views of cranial reconstruction in Frankfort Horizontal after
duplicating and reflecting pieces across themidline and positioning face on cranial
vault. All surface renderings visualized at FOV 0° (parallel). Photographs copyright
M. Rogers.
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incisive canal opens well behind the central incisors, which is pri-
mitive for the genus Homo16.

The nasoalveolar clivus is moderately prognathic and the
squared-off anterior maxilla has a stout, rounded canine jugum that
forms the “corner” of the palate. The canine alveolus housed a short,
conical canine root. While short canine roots are said to be aH. erectus
feature8, root length is variable and not fully characterized in Pleisto-
ceneHomo. For example, both OH 65 (earlyHomo)29 and D2700 (early
H. erectus) fossils have longer canine roots. The canine jugumdoes not
contribute to the lateral nasal aperture as it does in the Dmanisi sam-
ple,H. floresiensis, some earlyHomo (e.g., OH 24), and some AfricanH.
erectus (KNM-ER 3733). The DAN5/P1 clivus projects slightly beyond
the level of the canine jugum in lateral view, which is typical for early
Homo and early H. erectus1. The maxillary flexion, maxillary sulcus,
canine jugum, moderately prognathic subnasal clivus, and more
anterior origin of the maxillary zygomatic process in DAN5/P1 differ
from the condition described for ATE7-1, a Spanish fossil recently
assigned to H. aff. erectus30. A thin crest extends superiorly from the

jugum toward the zygomatic root and demarcates a deep, round fossa
between the lateral body of the maxilla and the anterior zygomatic
process (Supplementary Fig. 5b). A similar morphology was described
for the early Homo fossil A.L. 666-11 and the fossa is also seen in some
Dmanisi fossils. The maxillary sinus extends into the zygomatic pro-
cess laterally and the frontal process of the maxilla superiorly and
septa partition the sinus anteriorly. More detailed discussion of the
maxillary sulcus and its relationship to surrounding features can be
found in Supplementary Note 2 and comparisons of DAN5/P1 to less
complete hominins are detailed in Supplementary Note 3.

Some description of the teeth was provided in the original
announcement21. We also present additional description (Supple-
mentary Note 1), photographs (Supplementary Fig. 6) and crown
dimensions (Supplementary Table 8).

Cranial shape and midface topography
Analysis of cranial (face and vault) shape using 3D landmarks
demonstrates a broadly archaic-to-modern trajectory of shape

Table 1 | Endocranial volume, superior facial length, and scaled palatal/dental dimensions. Brackets indicate uncertainty or
estimation involved in measurement

Taxon &
Region

Fossil EV Superior
Face Height

Min Cheek
Ht/Sup
Face Ht

Nas Brd/
Sup
Face Ht

Ext Pal
Brd/√EV

Pal
Len/
√EV

P3
Area/
√EV

M2
Area/
√EV

Sources (Authors refers
to data collected by
authors of current study)

E Africa DAN5/P1 598 ~72 0.43 0.37 2.94 2.25 3.78 6.98 Ref. 21 & Authors

Early Homo (Homo habilis)

E Africa KNM-
ER 1805a

[582] 71 – 0.39 [2.94–3.15] – 3.86 7.42 Refs. 12,69,70 & Authors

E Africa KNM-
ER 1813c

478 66 0.41 0.35 2.97 2.61 4.26 7.80 Refs. 12,70,71 & Authors

E Africa OH 13b [673] – – – [2.54] [2.31] 3.79 6.86 Refs. 12,70,72

E Africa OH 24 590 [67] [0.36] [0.40] 2.76 2.26 – – Refs. 12,71 & Authors

Early Homo (Homo rudolfensis)

E Africa KNM-
ER 1470

752 [90] [0.44] [0.3] 2.92 – – – Refs. 12,69

E Africa KNM-ER
62000b

– [67] – – – – – – Ref. 5

Homo erectus

E Africa KNM-
ER 3733

878 83 0.40 0.43 2.23 1.65 3.56 6.07 Refs. 12,16,70,73

E Africa KNM-WT
15000b

909 78 0.38 0.45 2.22 1.76 3.37 4.72 Refs. 16,28,74 & Authors

S Africa SK 847a – 84 0.37 [0.30] – – – – Refs. 12,75

Eurasia D2282 650 – – – 2.67 2.12 – 5.93 Refs. 27,41,76 & Authors

Eurasia D2700b 612 69 0.41 0.41 2.59 2.22 4.03 6.43 Refs. 27,76

Eurasia D4500 546 74 0.41 0.42 3.08 2.91 4.72 8.44 Refs. 27,41

SE Asia Sangirand [908] – – – [2.95–3.12] [2.82] 3.57 7.06 Refs. 69,70,77

SE Asia Sangiran 17 1004 [82] [0.46] [0.37] 2.34 1.74 – 4.50 Refs. 12,27,69,70

SE Asia Skull IX 870 – – – 2.17 – – 4.95 Refs. 70,78

Mid-Pleistocene Homo

E Africa Bodo 1250 88 0.39 0.49 [2.32] [1.70] – – Refs. 69,79 & Authors

S Africa Kabwe 1429 90 0.32 0.33 2.12 1.51 – 4.82 Refs. 73,79,80 & Refs.

Homo naledi

S Africa LES1e [610] 76 – 0.29 [2.59] [1.95] 3.53 6.14 Refs. 81,82 & Authors

S Africa DH1 560 – – – 2.58 – 3.45 6.39 Refs. 81,82

Homo floresiensis

SE Asia LB1 426 [55] [0.31] [0.38] 2.52 2.47 3.14 4.90 Refs. 48,70,83
aThere is uncertainty regarding the species allocation of KNM-ER 1805 and SK 847. KNM-ER 1805 also suffered taphonomic damage and facial measurements may be affected. Palate breadth was
measured as the distance to the midline on the better-preserved side, doubled.
bThese fossils are subadults; adult estimates of EV are provided.
cPalate breadth of KNM-ER 1813 was estimated from the virtual reconstruction described in ref. 71
dThe smaller value for Ext Pal Brd/√EV in Sangiran 4 is based on palate breadth in the unreconstructed maxilla, while the larger value is based on the reconstructed maxilla.
eSuperior facial length and palate breadth were estimated by the authors from the virtual reconstruction presented in Supplementary Fig. 2.
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differences along Principal Component (PC) 1. Low-scoring earlyHomo
have a relatively smaller vault and longer, more prognathic face and
clivus and a transversely flatter cheek compared to more derived
Homo species on PC 1 (Fig. 3). There is separation of H. erectus and H.
floresiensis from other Homo species, particularly Middle Pleistocene
Homo andH. habilis, on PC 2. The second PC reflects the characteristic
long, low vault that is wide inferiorly in H. erectus (and H. floresiensis),
combined with relatively tall orbits, vertically shorter face below the
orbits, and a long palate with moderate alveolar prognathism. The
third PC mostly reflects unique anatomy of Neanderthals. DAN5/P1 is
within the H. erectus range of variation and plots close to the adoles-
cent (KNM-WT 15000) and subadult (D2700) H. erectus fossils in the
subspace of PCs 1 and 2 and close toD2700 onPC 3 aswell. As a group,
these three fossils score lower than otherH. erectus fossils and overlap
H. habilis on PC 1, implying a higher face to neurocranium ratio

compared to KNM-ER 3733. DAN5/P1 is the nearest neighbor for sev-
eralH. erectus fossils in full shape space and is itself most similar to the
subadultH. erectus fossil KNM-WT 15000. Of the adult fossils, DAN5/P1
is closest to KNM-ER 1813 in full shape space. The DAN5/P1 alternative
reconstruction yields substantially similar results, while our recon-
struction of the less complete LES1H. naledi fossil is aligned with early
Homo (Supplementary Note 4; Supplementary Figs. 7 and 8).

We observe good taxonomic resolution based on a separate ana-
lysis of the midface, with the strongest contrasts between “early Homo“
(e.g., H. habilis) and Neanderthals on PC 1 (Fig. 4). The majority of the
early Homo and H. erectus fossils separate from each other along PC 1
andDAN5/P1 is within the earlyHomo range on this component. The one
Indonesian and two Kenyan fossils assigned toH. erectus have higher PC
1 scores, while the D2700 fossil from Dmanisi is close to both H. habilis
and geologically younger members of H. erectus. Low-scoring

b
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Fig. 3 | Principal component analysis of 3D cranial shape in DAN5/P1 and a
comparative sample of Pleistocene Homo (n = 20). Ordinations of a PCs 1 and 2
and b PCs 1 and 3 with inset showing landmarks used in analysis (Supplementary
Data 1). Convex hulls indicate group membership. Colors are as follows: Early
Homo = orange, H. erectus = red, H. floresiensis = pink, Mid-Pleistocene Homo =
magenta, H. neanderthalensis= purple and early H. sapiens = light blue. The black
star represents DAN5/P1. Arrows in a point in the direction of nearest neighbors in
full shape space (colored =within-group neighbors and black dashed=between-

groupneighbors).DAN5/P1 ismost similar to the juvenileKNM-WT 15000H. erectus
fossil. Shape differences from the negative (left) to positive (right) ends of the PC
axes are shown as warpings of the DAN5/P1 surface and are illustrated parallel to
each axis. Specimen abbreviations: prefix K KNM-ER, prefix WT KNM-WT, S17
Sangiran 17, Zkd_T Zhoukoudian recon, Petr Petralona, Kabw Kabwe, SH5 Sima de
losHuesosV, Ferr La Ferrassie, Chap LaChapelle aux Saints, Sc1 Saccopastore 1, Sk5
Skhul V, prefix Q Qafzeh, JI1 Jebel Irhoud 1. Source data are provided as a Source
Data file.
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individuals like DAN5/P1 have transversely flat midfaces, an anterior
origin of the zygomatic process, a more sloped subnasal clivus and a
narrower, non-projecting nasal region. The face is shallower antero-
posteriorly and the anterior palate is wider and more squared off. PC
2 serves to highlight unique aspects of the early modern human face,
particularly compared to H. naledi. H. habilis, H. erectus, and DAN5/P1
havemore intermediate scores. This third PC contrasts themore sloping
face and shorter subnasal clivus of H. naledi compared to the taller and
more upright face with a projecting nasal bridge of H. erectus, H. flor-
esiensis and KNM-ER 1805 (an early Homo fossil of uncertain species
attribution). DAN5 scores lower than all H. erectus on PC 3 and near to
OH24 andKNM-ER 1813 (bothH. habilis). DAN5/P1 is closest in full shape
space to KNM-ER 1813 (H. habilis), but also quite similar to OH 24, the
subadult D2700, and the adolescent KNM-WT 15000. Further develop-
ment of the face in the adolescent KNM-WT 15000 fossil would have
made itmore like KNM-ER 3733, placing it further fromDAN5/P1 on PC 2
as an adult (Supplementary Note 4; Supplementary Fig. 8).

Dental analyses
Morphological descriptions of individual teeth are provided in
Supplementary Note 2. In this section, we report results of the
following metric analyses: crown size analyses based on com-
puted crown area, tooth size apportionment analyses (TSA) that
examine the relative mesiodistal (MD) and buccolingual (BL)
diameters within each tooth row and normalized Elliptic Fourier
Analyses (EFA) of the crown contour of each postcanine tooth.
The computed crown areas (MD × BL: Fig. 5 and Supplementary
Table 8) for the DAN5/P1 molars fit comfortably in the range of H.
habilis. Both computed and measured crown base areas reveal
that M3 is largest, followed by M1 in DAN5/P1 (Supplementary
Table 8). DAN5/P1 does not display the M1 < M2 size sequence
typical of H. habilis, but this morphology is shared with L894-1
and is not unique among our H. habilis sample. The molars,
particularly the M1 and M3 are at the high end of variation for both
African and Dmanisi early H. erectus (5). There is a clear trend for
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Fig. 4 | Principal component analysis ofmidface surface shape (topography) in
DAN5/P1 and other PleistoceneHomo fossils (n = 24).Ordination of a PCs 1 and 2
andb PCs 1 and 3,with inset showing surface landmarks and semilandmarks used in
analysis (Supplementary Data 1). Convex hulls indicate group membership. Colors
are as follows: EarlyHomo = orange,H. erectus= red,H. floresiensis= pink,H. naledi:
brown, Mid-PleistoceneHomo =magenta,H. neanderthalensis= purple and earlyH.
sapiens = light blue. The black star represents DAN5/P1. Arrows in a point toward
nearest neighbors in full shape space (colored if within the same group and black

dashed if between members of different groups). Shape differences from the
negative (gray) to positive (semi-transparent aqua) ends of c PC 1, d PC 2, and e PC
3 shown as surface warpings based on the DAN5/P1 face. Specimen abbreviations:
prefix K KNM-ER, prefixWTKNM-WT, S17 Sangiran 17, Petr Petralona, KabwKabwe,
Arago Arago 21, SH5 Sima de los Huesos V, Ferr La Ferrassie, Chap La Chapelle aux
Saints, Gibr Gibraltar 1, Guat Guattari, Shan1 Shanidar 1, Q6 Qafzeh 6, Floris Flor-
isbad, JI1 Jebel Irhoud 1. Source data are provided as a Source Data file.
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premolar size reduction from early Homo to H. erectus, but the
premolars of DAN5/P1 are small even in comparison with early
African, Georgian, and Indonesian H. erectus.

The TSA analysis for size-corrected MD and BL crown
dimensions of P3‒M3 (Fig. 6a) and P4‒M3 (Supplementary Fig. 9)
mostly discriminates between H. habilis and H. erectus, reflecting
the proportionally small P3, relatively MD elongated and narrow
P4, MD short M1, and large M3 in the former. DAN5/P1 and D4500
have the highest PC 1 scores, but also the most extreme PC
2 scores in the sample. DAN5/P1 differs from D4500 along PC 2 in
having particularly narrow premolars bucco-lingually, whereas
the M1 is proportionally smaller in D4500 (Fig. 6b). Overall, DAN5/

P1, D4500, and H. naledi group with H. habilis, whereas one early
Homo specimen, OH 65, and D2700 group with African and
Indonesian H. erectus. A previous study also suggested that OH
65 shows affinities with H. erectus in dental arcade shape6, which
may reflect large intra-specific variation.

Premolar crown contours differ between early Homo and Early
Pleistocene H. erectus from East Africa and Indonesia. Namely, early
Homo is characterized by MD long premolars, whereas H. erectus has
MD short premolar crowns (PC 1), and DAN5/P1 clusters with the for-
mer in this respect (Fig. 7a, b). Molar crown contours tend to separate
African and Indonesian samples, but do not effectively distinguish H.
habilis from H. erectus in East Africa (Fig. 7c–e). Specifically, MD long
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(Africa) versus short (Indonesia) crown of M1 and M3 (PC 1), and rec-
tangular (Indonesia) versus rhomboid (Africa) crown of M2 (PC 2)
characterize the two regional samples, and DAN5/P1 always clusters
with the African sample. The shape of the M3 in DAN5/P1 is most
comparable to early Homo rather than H. erectus fossils from Africa.
Taken together, DAN5/P1 shows affinitieswith earlyHomo, includingH.
habilis, in premolar andM3 crown shape; its M1 andM2 crown contours
are not taxonomically informative.

Discussion
The DAN5/P1 reconstruction fromGona, Ethiopia, is a complete Early
PleistoceneHomo cranium from northeast Africa (only the sixth from
Africa; Fig. 1) and provides a high level of detail regarding midface
morphology. DAN5/P1 is, to our knowledge, the first African fossil to
exhibit a mixture of H. erectus and early Homo features. Some facial
and possibly dental traits in DAN5/P1 appear to be derived for H.
erectus sensu lato (e.g., deep palate, maxillary sulcus, projecting
brow ridge, canine jugum, small premolars), corroborating previous
work from the neurocranium (see also refs. 17,21) (Supplementary
Table 10). Yet, the DAN5/P1 fossil, like the Dmanisi sample, blurs the
boundaries between earlyHomo taxa (particularly “classic”H. habilis)
and H. erectus. DAN5/P1 overlaps H. habilis and early Georgian H.
erectuswith regard to endocranial volume17,18, relative palate size, and
dental dimensions (Figs. 2–4). For example, the M1 and M3 areas of
DAN5/P1 are within the range of earlyHomo and earlyH. erectus from
the Eurasian site of Dmanisi, but among the largest or exceed the
values in African H. erectus (Fig. 5). Aspects of facial architecture,
including the transversely flat infraorbital region, non-projecting
nasal region, and anterior origin of the zygomatic process, are ple-
siomorphic in DAN5/P1 compared to contemporaneous H. erectus
fossils from Kenya, confirmed by direct superimposition of the

DAN5/P1 and KNM-ER 3733 faces (Supplementary Fig. 10). Alto-
gether, this suggests that DAN5/P1 better reflects the basal AfricanH.
erectus morphology than the archetypal and roughly con-
temporaneous Kenyan H. erectus fossils (Supplementary Table 11),
such as KNM-ER 3733 and KNM-WT 15000.

The evolutionary contrasts in brain size and face morphology
embodied by the broadly contemporaneous DAN5/P1 and Kenyan
fossils, KNM-ER 3733 and KNM-WT 15000 (Supplementary
Figs. 10 and 11) imply complex population structure rather than simple
coexistence of two different lineages in the African Early Pleistocene. It
is likely that the contrasts documented here signal between-
population variation (assuming a single H. erectus species) in eastern
Africa at 1.6–1.5Ma. This view is consistent with previous depictions of
H. erectus as a polytypic species across its temporo-spatial range9,31,32.
The unique rift basin landscape of the East African Rift System,
alongside the potential low population density of early Pleistocene
hominins, could lead to population separation between the Horn of
Africa and Lake Turkana lineages33,34. In this scenario, the Horn of
Africa group retained the more archaic morphology of the population
dispersing from Africa ~1.9Ma, whereas the Kenyan group underwent
greater in situ evolution. The more fragmentary Ethiopian H. erectus
record may support this north-south division, but the larger-brained
BSN/P1 H. erectus fossils from younger deposits at Gona (1.26Ma)
implies subsequent population replacement or in situ evolution
(Supplementary Discussion). Other interpretations are, of course,
possible. For example, an expanded fossil record could reveal high
within-population variation (but see ref. 35 or interbreeding could
result in the mosaic of ancestral and more derived features (Supple-
mentary Discussion).

Assuming that the ages for DAN5/P1 (1.6–1.5Ma), KNM-ER 3733
(~1.6Ma), and OH 13 (H. habilis; ~1.67Ma) are correct, the nearly

Fig. 6 | Tooth size apportionment (TSA) analysis for size-corrected MD and BL
crowndimensions of P3-M3 (n = 12). aOrdinationof PC 1 and PC2 of size corrected
MD and BL dimensions for P3‒M3 (TSA). Description of changes along each PC are
basedonPC loadings ≥ |0.6|.bVisual representation of loadings in this PC subspace
at the position corresponding to DAN5/P1. White lines represent negative loadings
(relatively smaller dimensions) and black lines represent positive loadings (rela-
tively larger dimensions), with thickness corresponding to strength of the loading.
c Occlusal views of left postcanine teeth in DAN5/P1 to scale (adherent bone

masked inM1 photograph). Convex hulls indicate groupmembership. Colors are as
follows: Early Homo = orange, H. erectus = red, H. naledi = brown. A square differ-
entiates “Sangiran Lower” H. erectus. The black star represents DAN5/P1. Small
symbols represent individual fossils. Specimen abbreviations: S4 Sangiran IV, L894
L894-1. Large symbols are group averages for early African H. erectus (EAf_erec),
“Sangiran Upper” H. erectus (USang_erec), and H. naledi (H_nal) (Supplementary
Table 3 and Supplementary Data 1). Photographs courtesyG. Suwa. Source data are
provided as a Source Data file.
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complete adult cranium of DAN5/P1 not only supports the late survival
of basal Homo facial and dental morphologies but also highlights the
piecemeal nature of H. erectus craniodental evolution. Limitations on
dating precision do not entirely preclude a chronologywhereDAN5/P1
is geologically older than KNM-ER 3733 (Supplementary Discussion).
While this can be accommodated within the evolutionary scenario
described above, it could also signal rapid anagenetic evolution
between the Gona and Koobi Fora populations. DAN5/P1 also presents
similarities to the Middle Pleistocene H. naledi species, including a
small brain, flat nasal region, anterior origin of the zygomatic process
and distinct occipital protuberance (Figs. 3 and S4f) despite its larger
cheek teeth (Fig. 5a). These resemblances are interesting, but insuffi-
cient to support a specific evolutionary connection between these
geographically and temporally distant groups. Nevertheless, DAN5/P1
confirms the presence of small-brained Homo fossils in Africa during
the Early to Middle Pleistocene14,32,36–38, and future research should

clarify the evolutionary importance of the resemblances between
DAN5/P1 and H. naledi.

The Gona evidence, along with that from Dmanisi, hints that key
behavioral/technological innovations may precede major morpholo-
gical transformations. Diverse lines of evidence point to a broadened
dietary range and access to animal resources at both Gona21 and
Dmanisi39,40. Moreover, both Mode 1 (simple cores and flakes) and
Mode 2 (Acheulean) stone tools are documented at DAN521. Yet, the
endocranial volume of DAN5/P1 and the Dmanisi fossils showminimal
expansion over earlyHomo18 and both DAN5/P1 and D4500 have large
molars, including unreduced M3s41 (Fig. 6), and similar scaling of face
to neurocranium as in early Homo (Fig. 2). While acknowledging high
error associatedwith bodymass estimates from cranial variables42, the
relationship between orbital dimensions and body mass in hominoids
suggests that DAN5/P1 was smaller than well-known contemporaries
from Kenya—KNM-ER 3733 and 3883 and KNM-WT 15000—and more
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similar to adults from Dmanisi (Supplementary Fig. S11). The fossil
pelvis BSN49/P27 also confirms the presence of a small-bodied homi-
nin at Gona 400-700 thousand years after DAN5/P143,44. Although
speculative, this pattern implies a dissociation between some mor-
phological changes traditionally associated with H. erectus, and the
shift to higher quality foods in the diet and initial appearance of
Acheulean technology.

The DAN5/P1 fossil confirms that the emergence ofH. erectuswas
not a simple story. The DAN5 site documents hominins with a com-
bination of ancestral and more derived craniofacial/dental features
who made both Mode 1 and Mode 2 stone tools21. The current study
also adds data to the ongoingdebate about the birthplaceofH. erectus.
Although some researchers suggest a Eurasian origin because of the
earlier occurrence of H. erectus-like cranial features in Georgia45, the
basal H. erectus morphology in DAN5/P1 is compatible with local evo-
lution of H. erectus in East Africa.

Methods
Sample
Data were collected from the DAN5/P1 specimen (from the original
micro-CT scans and two virtual reconstructions built from the surface
renderings based on the same scan data). The cranial fragments and
teeth of DAN5/P1 were µCT-scanned by T. Sasaki (Kyoto University
Museum) at theNationalMuseumof Ethiopia in 2015 on a SkyScan 1173
benchtop scanner at 100 kV and 31–63mA with a rotation step of
0.4–0.6. The final resolution was 140μm/pixel. Surface renderings of
the cranial pieces and individual teeth were generated from the
µCT scans in Avizo 3D 2021.1 (Thermo Fisher Scientific; hereafter
“Avizo”). In addition to the virtual reconstruction of DAN5/P1 descri-
bed here, the hominin sample for the comparative analyses included
fossils assigned to early Homo, H. erectus sensu lato from Africa and
Eurasia (including a virtual reconstruction of KNM-ER 3733, Supple-
mentary Fig. 12), Middle Pleistocene species (including a virtual
reconstruction of the small-brained H. naledi LES1, Supplementary
Fig. 12, and H. floresiensis), and early H. sapiens (modern humans)
(Supplementary Tables 1–3). The comparative sample of Pleistocene
hominins included original fossils, virtual reconstructions and
research quality casts (Supplementary Tables 1–3; Supplementary
Fig. 2), including scandata from theGeorgianNationalMuseum,Kenya
National Museums, American Museum of Natural History and Ethio-
pian National Museum.

All individuals were adult with the exception of two subadult
specimens—the early adolescent KNM-WT 15000 and the older ado-
lescent D270016—included to expand the small earlyH. erectus sample.
The Indonesian H. erectus sample is from Sangiran, Java, which we
divide into two chronological subsamples, “Sangiran Lower” and
“Sangiran Upper,” given the demonstrated differences in their tooth
crown size and cranio-dental morphology22,46. We exclude KNM-ER
42703 from the East African dental sample because of the severe tooth
wear as well as taxonomic uncertainty of this specimen6. Taxonomic
status for OH 65 is uncertain6, but we include it in H. habilis as ori-
ginally proposed29. The late Middle Pleistocene H. naledi from South
Africa and H. floresiensis from Indonesia are included because of their
small brain size and suggested affinities with both H. habilis and H.
erectus47,48.

Virtual reconstruction of DAN5/P1 face
Standard virtual reconstruction techniques were applied to the DAN5/
P1 face and cranial reconstruction as reviewed by ref. 23. This involved
reflecting missing elements from one side to the other, super-
imposition of mirrored elements, and repositioning of elements. The
following Geomagic Wrap 2024.3.1 (Oqton; hereafter “Geomagic”)
tools were utilized: “Duplicate,” “Mirror,” “Manual Registration” for
initial superimposition with additional refinement using ‘Global
Registration’ or manual repositioning using “Object Mover.”

The matrix cementing the left zygomatic root fragment to the
palate on that side21 was manually segmented and removed in Avizo,
isolating the two pieces, but also revealing a small fragment that was
displaced medially and anteriorly. This was also segmented out sepa-
rately. Subsequent steps were performed in Geomagic. The right
hemipalate was duplicated, mirrored, and aligned with the left palate
based on the hard palate contours and dental alveoli (I1, I2, P3, and P4)
(Supplementary Fig. 1a–c). Next, the left zygomatic root was super-
imposed onto the mirrored right side using local anatomical features
(e.g., the vertical crest extended from the canine alveolus, the
depression immediately posterior to this crest, the P3 buccal alveolus,
and the anterior root of the zygomatic process; Supplementary Fig. 5).
The alveolar bone that intervenes between neighboring teeth from the
canine to M1 is preserved on the neighboring regions of the palate and
zygomatic root, respectively, further confirming the anatomical
validity of this repositioning (Supplementary Fig. 1). The small frag-
ment of displaced bone was re-positioned by sliding it posteriorly and
laterally to align with the broken edge of the zygomatic root fragment
(green in Supplementary Fig. 1).

The right and left hemi-palates were then aligned along the
median plane to produce a smooth contour of the subnasal clivus and
roof of the palate. Both hemi-palates were duplicated and reflected
across the midline to produce a more complete palate, into which the
left P4 and M1 were positioned based on congruence of the roots and
dental alveoli (Fig. 2). The P3 crown and complete M2 and M3 were
added to the model based on alignment of corresponding inter-
proximal wear facets and root orientation. The left infraorbital frag-
ment of the maxilla was aligned with the superior border of the left
zygomatic process, and the zygomatic fragment was further joined to
this piece along the zygomaxillary suture (Supplementary Fig. 1d, e).
The left infraorbital and zygomatic pieces and all teethwereduplicated
and reflected across the midline to create a maximally complete sur-
face (Supplementary Fig. 2a–f).

The face was hafted to the cranial vault by aligning the preserved
lateral orbital wall across the frontozygomatic suture (Supplementary
Figs. 1 and 2) on the left and refined bymaintaining continuity between
the frontal process of themaxilla and the root of the nose and ensuring
a reasonable orientation of the occlusal plane. The position of the face
is broadly consistent with the expected orthogonal relationship of the
posterior maxillary plane and neutral horizontal axis of the orbit
(basedon the estimatedpositionof the junctionof anterior andmiddle
cranial fossae). The final reconstruction yields amostly complete nasal
aperture, orbital margin, infraorbital region, anterior palate, and den-
tal arcade.

Anatomical features constrained many aspects of the recon-
struction. While some virtual reconstructions produce multiple
reconstructions to account for uncertainty, the complex topography
of the fossil fragments constrains their positioning along multiple
axes, limiting alternative arrangements that can satisfy well-
established anatomical relationships. For example, the incisive canal
is preserved on the medial surface of both hemipalates. This confirms
good preservation of the median plane on both sides. The inter-
maxillary suture on the subnasal clivus is also clearly visible on the
right and left fragments, where the bone rises to a gentle ridge on
either side, further constraining the position of the right and left sides
of the palate. As noted above, the left maxillary zygomatic root frag-
ment was initially aligned using the mirrored right side as a guide, but
the correct alignment of the canine and premolar alveoli, which are
preserved on both the hemipalate and zygomatic root fragment,
provides further validation (Supplementary Fig. 1a–c).

Similar considerations were used in the final positioning of the
infraorbital fragment (Supplementary Fig. 1d). The medial border
preserves the lateral nasal aperture, which should align in the same
sagittal plane as the inferior lateral nasal wall preserved more poster-
iorly on the left hemipalate. The small fragment of the lateral nasal
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aperture preserved on the right maxilla further dictated the medio-
lateral position of the infraorbital fragment. The angulation of this
piece in the sagittal plane was determined by the requirement that it
meet the frontal bone at the frontomaxillary suture superiorly and be
superimposed with the mirrored right inferior nasal aperture infer-
iorly. There is a narrowprojection of bone on the inferior border of the
infraorbital fragment that appears to fit between the left hemipalate
and zygomatic root fragment.Wepropose that this confirms that there
is a natural join between the infraorbital fragment and the hemipalate/
zygomatic root inferiorly. The current reconstruction produces a
smooth contour from the infraorbital fragment to the subnasal con-
tour, whereas other alignments would require flexion from the infra-
orbital plane to the subnasal clivus inferiorly.

Finally, the lateral positioning of the zygomatic fragment was
limited by the presence of the orbital portion of the frontal bone,
which articulates with the zygomatic bone on the lateral orbit wall.
Simultaneously, its medial positioning was limited by the presence of
the maxilla with which it also forms an articulation (zygomaxillary
suture). This latter articulation also proscribes how anterior or lateral
facing the zygomatic fragment can be as it must align with this suture.
Moreover, the zygomatic bone preserves the orbital surface, which
must be at the same vertical level as the orbital surface of the maxilla
more medially. Additionally, the degree to which the zygomatic frag-
ment is ‘hinged’ along the relatively straight zygomaxillary suture is
constrained by the requirements that the frontal process aligns with
the course of the lateral supraorbital torus, while the frontal process of
the maxilla must be oriented to intersect with the frontal bone at the
frontomaxillary suture.

The biggest source of uncertainty in the current reconstruction
is the hafting of the face on the vault, which we addressed with an
alternative reconstruction (see next section). Smaller uncertainties
are associated with the relative orientation of the left and right palate
and the placement of M2 and M3, which are less constrained than the
P3-M1 positions (limitations are also addressed in Supplementary
Discussion).

Alternative reconstruction of DAN5/P1
We present an alternative reconstruction for DAN5/P1 that positions
the face more posteriorly with respect to the neurocranium (Supple-
mentary Fig. 2i). In order to match the corresponding surfaces of the
lateral orbit wall on the face and vault, the facewas also shifted slightly
inferiorly. The overall impression is not very different, but the vertical
face height is greater and less prognathic overall, with a taller orbit and
deeper nasal root, and the supraorbital torus projects farther forward
ahead of the inferior orbit. Further posterior shifting of the face
requires additional downward movement to prevent the frontal and
zygomatic bones fromoverlapping in the lateral orbit, which produces
a disproportionately tall orbit that seems unlikely. Even in the original
reconstruction, the orbital index (height/breadth) of 0.92 is equal to
thehighest values reported forH. erectus and earlyHomo, and a further
inferior shift of the face would increase orbit height and create an
unusual orbit shape. We re-ran the cranial principal component ana-
lysis (PCA) using the alternative reconstruction. The alternative
reconstruction did not change the part of the face included in the
midface topography analysis.

Strategies for mediating taphonomic distortion
Taphonomic distortion in the KNM-ER 3733 fossil was corrected by
first performing a retrodeformation via the procedure described by
ref. 49 in the R statistical environment v. 4.5.050 and then manually
repositioning the left zygomatic bone to reduce the gap between the
zygomatic and frontal bones at the fronto-zygomatic suture in Geo-
magic (Supplementary Fig. 12a–f). The surface renderings were gen-
erated from CT scans provided by the Department of Earth Sciences,
NationalMuseums of Kenya. We used a virtual reconstruction of KNM-

WT 1500051 that corrected previously described asymmetry of the face
andmisalignment of the face and vault. The LES1 (H. naledi) cranium is
not fully reconstructed physically, but scans of the calvaria, left tem-
poral/occipital piece, maxilla, and nasals provided by J. Martin, and a
small piece of the anterior left temporal bone from theMorphosource
calvaria scan (Morphosource ID: 000084599; ark:/87602/m4/
M84599) were articulated andmirrored across the midline. The nasals
were articulated with the frontal and then duplicated and mirrored
across themidline. Themaxilla articulated with the nasal bones after a
small superolateral rotation of the infraorbital piece. The right inferior
nasal border and infraorbital region were then duplicated and mir-
rored to the right side, completing the reconstruction (Supplementary
Fig. 12g–l).

Early Homo fossils are rare and poorly preserved, including the
original KNM-ER 1470 and OH 24 fossils from Koobi Fora, Kenya, and
Olduvai Gorge, Tanzania, respectively. Right posterior vault and cra-
nial base landmarks (e.g., asterion and postglenoid process) were
reflected from the better-preserved left side in KNM-ER 1470 to avoid
the more distorted right side. We used thin-plate spline (TPS) to esti-
mate the position of landmarks in the regions affected by crushing of
the superior vault in OH 24 (bregma, coronale, and opisthion). These
“solutions” to the problem of taphonomic damage are imperfect, but
the benefits of including rare African early Pleistocene fossils outweigh
the disadvantages.

Linear craniofacial dimensions
Linear dimensions were acquired from the 3D model of the DAN5/P1
cranial reconstruction in Geomagic and used to generate shape ratios
scaled by endocranial volume or superior face length (Table 1).

Landmark acquisition
Three-dimensional (3D) landmarks for the cranial analysis (Supple-
mentary Table 4) and both landmarks and semilandmarks for the
midface topography analysis (Supplementary Table 5) were collected
from original fossils or casts of Pleistocene Homo fossils (Supple-
mentary Tables 1 and 2 and Supplementary Data 1). The cranial land-
marks were primarily acquired using a Microscribe 3D or Microscribe
MX 3D digitizer and from surface renderings generated from CT, µCT,
or surface scan data in a smaller number of cases, including the 3D
model of the DAN5/P1 cranial reconstruction, using Avizo. All data for
the midface analysis were collected from surface renderings in Land-
mark Editor52. After imputing missing landmark data (see below), the
curve and surface semilandmarks were slid byminimizing the bending
energy of a TPS deformation between each specimen and the sample
mean shape (separately for the cranial and mid-face datasets). After
sliding, all landmarks and semilandmarks were symmetrized and
converted to shape variables using generalized Procrustes analysis for
each dataset independently.

This was followed by principal components analysis of the
superimposed cranial landmarks (41 total) or midface landmark/sem-
landmarks (12 and 81 total, respectively). We present PC ordinations
overlaid with nearest neighbor connections calculated in full shape
space. For the midface analysis, the KNM-ER 1805 fossil was projected
onto the PC axes calculated from the remainder of the sample, as it
suffered some taphonomic damage. Loadings on PCs were used to
“warp” the surface of the DAN5/P1 surface rendering to visualize shape
change in the cranium and midface analyses. Landmark and semi-
landmark data were processed and analyzed in RStudio v. 1.4.171753

primarily using “Morpho” v. 2.1254 and “geomorph” v. 4.0.1055,56

packages for R ordinations were produced with “ggplot2” v. 4.0.057.

Missing landmark estimation
Landmark estimation was considered on a case-by-case basis and tai-
lored solutions were used in some cases (discussed below). Otherwise,
landmarks were estimated using standard protocols58. Missing
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bilateral landmarks and semilandmarks were estimated by mirroring
the preserved side (reflected relabeling) in the “Morpho” package for
R. Missing landmarks and semilandmarks lacking a bilateral counter-
part were estimated by deforming the sample average onto the defi-
cient configuration using TPS interpolation in the “geomorph”
package for R (Supplementary Tables 6 and 7). In the cranial analysis,
the TPS procedure was performed for the H. sapiens and non-H.
sapiens (i.e., archaic) samples separately. In addition, four landmarks
were included in the cranial TPS procedure to improve these estimates
(frontomalaretemporale, parietal notch, canine-P3 interdental, M1–M2
interdental) but dropped before GPA and subsequent cranial shape
analyses. Five or fewer unique landmarks were estimated for any one
fossil in the cranial analyses. The average percentage of missing data
was 6.9% (s.d. 2.8%) for the cranial analysis and 8.2% (s.d. 10.1%) for the
midface analysis (Supplementary Tables 6 and 7).

Some minimal landmark estimation was deemed necessary to
fully capture the face shape of DAN5/P1 in the cranial analysis. The
nasoalveolar clivus and anterior palate of DAN5/P1 was superimposed
with a surface model of the A.L. 666-1 maxilla, which was better pre-
served anteriorly, to establish the likely position of alveolare (Sup-
plementary Fig. 2f). A small segment of well-preserved buccal alveolar
bone between the P4 andM1 was isolated and repositioned betweenM2

and M3 to acquire the M2-M3 inter-dental landmark (Supplementary
Fig. 2h). A second paired landmark, zygomaxillare inferior, captures
the transverse orientation of the cheek in this fossil. The landmark was
imputed using the TPS method based on reference to the rest of the
non-H. sapiens cranial sample and its reasonableness was validated by
comparison to the surface model of the face reconstruction. A similar
approach of reconstructing alveolar bone for recording inter-dental
landmarks was applied to the KNM-ER 3733 virtual reconstruction
described previously. Likewise, a local alignment of the naseoalveolar
clivus and anterior palate of OH 24 andA.L. 666-1was used to establish
the position of prosthion for the former.

With regard to the cranial analysis, LES1 is the most complete
cranium available for H. naledi, which is of special interest given its
similarly small endocranial volume and previously noted similarity to
early Homo and H. erectus. However, the LES1 reconstruction (Sup-
plementary Fig. 12g–l) would require TPS estimation of six unique
landmarks, including all midline landmarks from the posterior neu-
rocranium (opisthion, inion and lambda), which does not meet the
criterion for inclusion in Fig. 2. The DH1 (H. naledi) vault, which was
similar in morphology to LES1, was used to estimate the position of
these midline points (Fig. S12k, l) in LES1 and the landmark config-
uration was projected onto the previously calculated axes from Fig. 3
and presented below.

For the midface analysis, two fossils require special mention.
KNM-ER 3733 is the sole adult African H. erectus with a reasonably
complete facial skeleton and LES1 is the onlyH. nalediwith a preserved
face. However, the face is damaged and requires estimation of a
number of landmarks and semilandmarks in both cases (Supplemen-
tary Table 7). The nature of damage in KNM-ER 3733 allows for pri-
marily interpolation among existing regions, but it remains the case
that some error is introduced during the missing data estimation. For
LES1, most missing data was located on the lateral maxilla and frontal
process of the zygomatic. However, the FMTand FMO landmarks were
present on the frontal bone and helped to anchor the height and
breadth of the upper face. We performed a direct comparison of the
DAN5/P1 and KNM-ER 3733 surfaces after scaling the latter to 86%of its
original size (based on centroid size from the mid-face analysis) to
validate topographic differences.

Assessing facial maturation in KNM-WT 15000
The young adolescent KNM-WT 15000 would have undergone addi-
tional facial development given its un-erupted third molars, based on

analogy with extant hominoids59. We computed linear regressions of
the Procrustes shape coordinates on the natural logarithm of centroid
size in ontogenetic samples of Pan troglodytes (n = 12) and recent H.
sapiens (n = 81) using the “RRPP” package v. 2.1.060,61 for R. We then
used these two regressions to predict the adult shape of KNM-
WT15000 by “growing” the fossil along each trajectory to the mean
size of an adult chimp and human, respectively (developmental
simulation62). This assumes a similar pattern of face development inH.
erectus and either P. troglodytes orH. sapiens. Themidface topography
analysis was re-run with the estimated adult face shape of KNM-
WT 15000.

Body mass estimation
Body mass was estimated in DAN5/P1, LB1, KNM-WT 15000, D4500,
D3444, and D2700 based on the published least square regression
equations based on hominoid data for orbital height and orbital area
(height × breadth) as outlined in ref. 63. These were among the most
reliable predictors among the cranial dimensions evaluated in that
study. This was combined with estimates for other fossil hominins
from the same ref. 63 and plotted alongside bodymass estimates from
supero-inferior femoral head diameter (or the equivalent acetabular
diameter) presented in ref. 64 for additional context.

Dental analyses
Dental measurements of DAN5/P1 were based on 3D surface models
produced from the CT scan (Supplementary Data 1). Prior to mea-
surement, slight distortion of the glued connections in the right P3

crown had been virtually restored using Avizo 3D 2021.1 (Thermo
Fisher Scientific). MD and BL diameters of the teeth of DAN5/P1 were
obtained using MeshLab 2022.02, while the same measurements for
the comparative specimens were collected using a digital caliper
(Mitsutoyo Inc.) and recorded to the nearest 0.1mm. PCA of size-
adjusted MD and BL diameters of the P3‒M3 or P4‒M3 crowns was used
to investigate the “TSA” in the tooth row. The size-adjustment of the
variables was done by dividing each measurement by the geometric
mean of all the dimensions considered (MDs and BLs for P3‒M3 or P4‒
M3). This method follows the previous study65 but differs from that
study in that, for PCA, we use variance-covariance matrix rather than
correlationmatrix for the already size-adjusted variables. Visualization
of TSA for DAN5/P1 and D4500 in the subspace of PCs 1 and 2 was
calculated by first scaling the PC 1 and 2 eigenvectors by the PC 1 and
2 scores for DAN5/P1 and D4500, respectively; line thickness in Fig. 6b
is then proportional to the sum of the scaled eigenvectors for each
fossil.

Occlusal crown contours of maxillary premolars and molars were
analyzed by normalized (i.e., size-standardized) EFA. Crown contours
of DAN5/P1 were extracted from their 3D surface models as viewed
from infinite distance, using Avizo and Geomagic. Those for the
comparative specimenswere taken from standardized photographs of
high-quality plaster casts. A 100mm macro lens was used for the
photography to minimize parallax effect as detailed elsewhere66. In
cases where interproximal wear on a tooth was minimal and the ori-
ginal occlusal contour could be assessed confidently with reference to
the surrounding unworn enamel, we manually reconstructed the
contour. The contours were taken from the better-preserved side.
Comparisons were made on the images from the right teeth or hor-
izontally flipped images of the left teeth. The crown contour of each
tooth was captured with a tooth placed so that its cervical line is
horizontal (whenever a marked enamel extension was present, it was
not taken into account to orientate the cervical reference plane). To
compute normalized elliptical Fourier descriptors (EFDs), each pre-
molar crownwas aligned along the long axis of itsfirst ellipse, and each
molar crown was aligned along its MD axis. EFDs and PCAs of the
normalized EFDs were conducted using the software SHAPE v. 1.367.
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Data availability
The DAN5/P1 fossils are curated at the National Museum of Ethiopia
(accession code: DAN5/P1). The original surface renderings and 3D
reconstruction ofDAN5/P1 generated for this study are available under
restricted access because additional permission must be obtained
from the National Museum of Ethiopia and the Ethiopian Heritage
Authority (EHA, formerly ARRCH); data requests should be addressed
to K.L.B., S.S., and M.J.R. (emails in Supplementary Note 5). Likewise,
virtual reconstructions of KNM-ER 3733 generated for the current
study and KNM-WT 15000 (published previously) are available by
request from K.L.B. after receiving a data user agreement from the
National Museums of Kenya. The virtual reconstruction of LES1 gen-
erated for the current study is available by request to K.L.B. after
receiving permission from University of Witwatersrand. Scan data for
other fossil hominins typically requires a data sharing agreement with
the institution curating the original (or cast) of that fossil (listed in
Supplementary Tables 1–3). Please contact K.L.B. (cranial analyses),
S.F. (face analyses), or Y.K. (dental analyses) for more information
(emails in Supplementary Note 5). The landmarks and dental dimen-
sions generated in this study are available in the Supplementary Data
file. Source data are provided with this paper.
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