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Thetwo fossil human crania from Apidima, southern Greece, wer e discovered in 1978 but
have remained enigmatic due to their incomplete nature, taphonomic distortion and lack of
ar chaeological context and chronology. Here, we virtually reconstructed them, produced
their first exhaustive compar ative descriptions and analyses, and dated them with the U-
seriesradiometric method. Apidima 2 datesto >170 ka and conformsto a Neanderthal-like
mor phological pattern. In contrast, Apidima 1 datesto >210 ka and presents a mixture of
modern human and ancestral features. Results suggest the presence of two late Middle
Pleistocene human groups at this site, representing an early Homo sapiens population,
followed by a Neanderthal one. Our findings support multiple dispersals of early modern
humans out of Africa, and highlight the complex demographic processes that char acterized

Pleistocene human evolution and modern human originsin South East Europe.
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South East Europe is considered a major dispersal corridor, and one of the principal European
Mediterranean glacial refugia . As such, the region’s human fossil record is proposed to be
more diverse than that of more isolated and less hospitable areas of Europe, reflecting the
complexities of repeated dispersals, late survivals and admixture of human groups '*. This
hypothesis has been difficult to test, as paleoanthropological finds from the Balkans are
relatively scarce. The two fossil human crania from Apidima, Mani (Southern Greece) 4 are
among the most important finds from the region, yet remain little known. Here, we applied the
U-series dating method to elucidate their chronology and depositional history. We virtually
reconstructed both specimens, correcting for taphonomic damage, and consequently conducted
their first exhaustive comparative description and morphometric analyses.

Chronology

The Apidima specimens were discovered in 1978 in a block of breccia wedged high
between the cave walls of Apidima Cave A (Extended Data Fig. 1), during research by the
Museum of Anthropology, University of Athens School of Medicine. >*>® Due to the lack of
associated context, their geological age has been difficult to assess. Attempts to date the site
radiometrically proved inconclusive ’. However, geomorphology indicates a Middle-Late
Pleistocene age, with a bracket between 190-100 ka proposed as the most likely for the
deposition of the “skull breccia’ *. Previous work calculated a minimum age of ca. 160 ka by U-
series dating of an Apidima 2 bone fragment, suggesting a most likely time of deposition around
190 ka (transition between MIS 7 and MIS 6) °.

We analyzed three samples from the ‘skull breccia’, selected from fragments produced
when cleaning the specimens from the matrix, with the U-series method. These included human

bone fragments (subsamples 3720A, B, Apidima 2; and subsamples 3754, 3755, Apidima 1) and
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four unidentified bone subsamples (3757A-C, 3758, see Supplementary Information, section 1).
Our analyses show that both crania are older than the solidification of the matrix at around 150
ka. Despite their depositional proximity, Apidima 1 gained its uranium in a significantly
different environment than Apidima 2, during an accumulation event in MIS7 (around 210 ka),
while the U-uptake process of Apidima 2 took place in MIS 6 (around 170 ka) (Methods,
Supplementary Information, section 1). The crania and associated bones were therefore probably
trapped on the surface of the talus cone, Apidima 1 at around 210 ka and Apidima 2 at around
170 ka, and were brought to their final position before the cementation and solidification of the
sedimentary matrix at ca. 150 ka (Methods).

Mor phological Description and Compar ative Analyses

Apidima 2 (Fig. la-c, Extended Data Fig. 2) is the more complete and better known of
the crania, and has previously been considered an early Neanderthal or Homo heidelbergensis
#3589 Tt preserves an almost complete face and most of the vault (Supplementary Information,
section 2), but is taphonomically distorted. We produced four virtual manual reconstructions by
two observers following two different criteria from a CT scan of the original specimen (Extended
Data Figs. 3-4; Methods).

Apidima 1 (Fig. 1d-f) preserves the posterior cranium (Supplementary Information,
section 2). It shows no distortion, therefore its virtual reconstruction consisted of mirror imaging
the better-preserved side (Fig. 1e; Methods, Extended Data Fig. 5). It has been assumed to share
the same taxonomic attribution as Apidima 2 (e.g. ).

Apidima 2 shows Neanderthal-like features: a continuous, thick and rounded supraorbital
torus with no break between the glabellar, orbital and lateral regions; lack of break in plane

between the glabellar and lateral regions in superior view; anterior position of the nasal root;
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inflated infraorbital region; bi-level morphology of the inferior nasal margin; and rounded ‘en
bombe’ cranial profile in posterior view (Figs. 1a-c, Extended Data Figs. 2, 6, 7c-d). Most
standard measurements (Supplementary Table 2) align it with Neanderthals. We conducted
comparative geometric morphometric analyses of the face and neurocranium (Methods; Analyses
1-2, Fig. 2, Extended Data Table 1, Supplementary Tables 4-5), treating the Apidima 2
reconstructions and their mean configuration as individuals, projected into the PCA. In both
PCAs they plotted closest to Neanderthals or between Neanderthals and MPE. Linear
discriminant analyses (LDA) classified them as Neanderthal (except reconstruction 2, classified
as MPE only in Analysis 1; Extended Data Table 1). The overall shape of the Apidima 2
reconstruction mean was closest to Gibraltar 1 in Procrustes distance (PD) in the face, and to Spy
1 in the neurocranium, both Neanderthals.

In contrast, Apidima 1 does not show Neanderthal features; its linear measurements fall
mainly in the region of overlap between taxa (Supplementary Information, section 2,
Supplementary Table 3). It lacks a Neanderthal-like rounded ‘en bombe’ profile in posterior view
(Figs. 1d, Extended Data Fig. 7a-b). The widest part of the cranium is relatively low on the
parietal; the parietal walls are nearly parallel and only slightly converge upwards, plesiomorphic

10,11

morphology common in Middle Pleistocene Homo ™ . It does not show the occipital plane

convexity and lambdoid flattening associated with Neanderthal occipital ‘chignons’. Rather, its
midsagittal outline is rounded in lateral view, a feature considered derived for modern humans '
(Fig. le, Extended Data Fig. 7b). The superior nuchal lines are weak with no external occipital
protuberance. Unlike some Middle Pleistocene specimens, the occipital bone is not steeply

angled and lacks a thick occipital torus, (Figs. 1d-e, Extended Data Fig. 7a). A small, very faint,

depression is found above inion (length ca. 12 mm, height ca. 4.55 mm; Extended Data Fig. 7a).

6
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Although suprainiac fossae are considered derived for Neanderthals '°, similar depressions occur
among modern humans and in some African early H. sapiens'*. The Apidima 1 depression does
not present the typical Neanderthal combination of features. It is far smaller ° and less marked
even than the ‘incipient’ suprainiac fossae of MPE specimens from Swanscombe and Sima de los
Huesos, being closest in size to the small supranuchal depression of the Eliye Springs MPA
cranium '°. Apidima 1 therefore lacks derived Neanderthal morphology, instead showing a
combination of ancestral and derived modern human features.

We conducted a geometric morphometric analysis of the Apidima 1 neurocranium and its
midsagittal profile (Analyses 3 and 4; Fig. 3; Extended Data Table 1; Supplementary Tables 6-
7). In both analyses Apidima 1 clearly clustered with H. sapiensin the PCAs and was classified
as H. sapiens by the LDA (posterior probability 100 % and 93.4 %, Analyses 3 and 4,
respectively; Extended Data Table 1). Its overall shape was closest to Nazlet Khater 2 (Analysis
3) and Dolni Véstonice 3 (Analysis 4), both modern humans. We calculated a neurocranial shape
index based on the dataset from Analysis 3 following '’, using our Neanderthal and a modern
African sample (n=15; Methods) and projecting Apidima 1 and all other specimens onto this axis
(Fig. 3¢). H. sapiens, both fossil and recent, are clearly separated from all archaic samples in this
index. Apidima 1 fell within the range of fossil H. sapiens and just outside that of modern
Africans, away from Neanderthals and MP samples. Interestingly, the MPA crania from Jebel
Irhoud, Morocco, considered early representatives of the H. sapiens lineage '*, plotted with
Neanderthals. The same analysis for the midsagittal profile dataset produced similar results
(Extended Data Fig. 8).

We compared the Apidima specimens for their common preserved anatomy. While

broadly similar in bi-auricular breadth, Apidima 2 is larger in its maximum cranial breadth,
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reflecting its ‘en bombe’ outline in posterior view (Extended Data Figs. 6, 7c). Apidima 1 is
shorter antero-posteriorly and more rounded in lateral view (Extended Data Fig. 9). The analysis
of a restricted dataset of shared neurocranial landmarks and semilandmarks (Analysis 5; Fig. 4,
Extended Data Table 1, Supplementary Table 8) shows results similar to Analyses 1-4. The
Apidima 2 reconstructions fell with or close to Neanderthals along PC1-2 and were classified as
Neanderthal (Extended Data Table 1). Their mean was closest in overall shape to Saccopastore 1,
an early Neanderthal. Apidima 1 plotted closest to the H. sapiens convex hull, was classified as
H. sapiens (posterior probability 92%, Extended Data Table 1), and was closest to Nazlet Khater
2, a modern human, in PD.

Implicationsfor Human Evolution in South-east Europe

Our assessment of the overall features, linear measurements and shape analyses of the
face and neurocranium of Apidima 2 support a Neanderthal or early Neanderthal attribution,
consistent with its chronological age of >170 ka under the ‘accretion hypothesis’ "°. In contrast,
Apidima 1 lacks derived Neanderthal features despite postdating the establishment of the distinct
Neanderthal morphology '°. Instead it shows a rounded posterior cranium, considered derived for
modern humans 2. This morphology cannot be explained by ontogenetic age, sexual dimorphism
or interindividual variability. Although these factors might produce attenuated Neanderthal
characteristics, they should not result in a complete lack of Neanderthal occipital features 2",
nor in the presence of derived modern human traits. It might be hypothesized that Apidima 1
represents an early stage of the Neanderthal lineage, when facial morphology was established but

derived features of the posterior cranium were not ™

. However, Apidima 1 differs not only from
similarly dated early Neanderthals (e.g. Saccopastore, Biache-St-Vaast), but also from earlier

specimens from Sima de los Huesos, Swanscombe, and Reilingen, which exhibit Neanderthal-
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like occipital features "°. It also differs from MPE specimens like Petralona (Northern Greece) or
Ceprano, which show angulated occipitals and thickened tori, features absent in Apidima 1.
While the Steinheim MPE specimen appears somewhat rounded in lateral view, it is heavily
damaged, having suffered multidirectional distortions and erosion, making its morphology and

taxonomic attribution uncertain "%,

Apidima 1, therefore, does not fit in the ‘accretional’ scheme of Neanderthal evolution 9
proposed as the main explanatory model of human evolution in Europe. Rather, its combination
of ancestral and derived modern human features and overall shape are consistent with an early
modern human taxonomic attribution. If this interpretation is correct, it documents the earliest
known presence of HOmo sapiens in Eurasia, indicating that early modern humans dispersed out
of Africa starting much earlier, and reaching much further, than previously thought. It also
suggests that contact with the Neanderthal lineage may also have occurred during the Middle
Pleistocene, as postulated from ancient DNA evidence ». Together, the Apidima crania suggest a
complex pattern of population dispersal and possible replacement for southern Greece not unlike

that proposed for the Levant ***°2¢

, a potential source area for the population represented by
Apidima 1. In such a scenario, early modern humans present in the region in the late Middle
Pleistocene were replaced by Neanderthals, whose subsequent presence in southern Greece is
well-documented 2"**%_ The latter were themselves replaced by Upper Paleolithic modern
humans, whose earliest appearance in the region, as documented by Upper Paleolithic lithic
industries, dates to approximately 40 ka ***'*2. Our results highlight both the scarcity of our

knowledge of the human fossil record in South-East Europe and the importance of this region in

understanding Pleistocene human evolution and modern human origins.

9
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As we completed this paper, we noted the publication of a new study of the Apidima 1 and 2
partial crania **. The authors of that study conclude that the two crania represent a transitional
population between European Homo erectus and Neanderthals, a conclusion that is not supported

by our more comprehensive analyses.
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Figure 1. Apidima 2 and 1. Apidima 2, panels: a, Frontal view. b, Right lateral view. c, Left
lateral view. Apidima 1, panels: d, Posterior view. €, Lateral view. f, Superior view. Scale = 5

cm.

Figure 2. PCA of Apidima 2 (Analyses 1-2): a, Analysis 1, PCA of Procrustes-superimposed
facial landmarks, PC1 vs PC2. H. sapiens, blue triangles (n= 19), Neanderthals, red stars (n= 6),
MPE, yellow squares (n = 3), MPA, purple squares (n = 3). PC1 shape changes shown below the
plot reflect the modern human flat, small-browed face (positive) vs the forward projecting, large
nose and large browridge of Neanderthals (negative). b, Analysis 2, PCA of Procrustes-
superimposed neurocranial landmarks and semilandmarks, PC1 vs PC2. H. sapiens (n = 25),
Neanderthals (n = 8), MPE (n = 3), MPA (n=15), Apidima reconstructions, black polygons,
Apidima reconstruction mean configuration, black star. PC1 shape changes: modern human-like
rounded braincase (positive) vs low braincase with large arching browridges (negative).

Specimen abbreviations in Supplementary Table 9.

Figure 3. Apidima 1 (Analyses 3-4). a, Analysis 3, PCA of Procrustes-superimposed
neurocranial landmarks and semilandmarks, PC1 vs PC2. H. sapiens (n = 23), Neanderthals (n=
6), MPE (n=4) and MPA (n=15). PC1 shape changes shown below the plot: round, high,
relatively narrow (negative) vs low, elongated, wide cranium (positive). b, Analysis 4. PCA of
Procrustes-superimposed midsagittal neurocranial landmarks and semilandmarks, PC1 vs PC2.
H. sapiens (n = 27), Neanderthals (n= 10), MPE (n=5) and MPA (n=6). PC1 shape changes
reflect the relative contributions of the parietal / occipital bones to the midsagittal profile. PC2

shape changes shown next to the plot reflect round, high (positive) vs flat, elongated profiles
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(negative). C, Neurocranial shape index (Analysis 3). Violins extend from the minimum to the
maximum value; boxes show the 25-75 % quartiles and lines the median. Samples as in Fig. 3a,

symbols as in Fig. 2; recent Africans, green dots (n = 15).

Figure 4. Apidima 1 and 2 combined PCA (Analysis5). PCA of Procrustes-superimposed
neurocranial landmarks and semilandmarks shared between Apidima 1 and 2. PC1 vs PC2. H.
sapiens (n = 23), Neanderthals (n= 6), MPE (n=4) and MPA (n=15). Shape changes along PC1
(below the plot) reflect relatively narrow and high crania with curved parietal midsagittal
outlines in modern humans (positive) vs relatively wide, low crania with flat parietal midsagittal
profiles (negative). Positive PC2 scores reflect relatively curved parietals combined more

posterior parietal notch relative to auriculare. Symbols as in Fig. 2.

METHODS

Depositional context. The crania were discovered in 1978 encased in a small block of breccia
(65 cm x 45 cm x 35 cm) ** wedged between the walls and near the ceiling of Apidima Cave A
(Extended Data Fig. 1). Bartsiokas et al.” calculated a minimum age of ca. 160 ka for a bone
fragment from Apidima 2 by U-series dating, thus constraining the upper limit of this range, and
proposed a most likely time of deposition around 190 ka (transition between MIS 7 and MIS 6) °.
The breccia block is interpreted as a remnant of an eroded steep talus cone that originally fanned
out of the cliffs in front and above the cave (Extended Data Fig. 1c) °. The talus had to be graded
to a previously existing dryland surface, implying that sea level was much lower for most of the

time of its formation, most likely during a glacial period.
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The U-series results (Supplementary Information, section 1) show that both human
samples are older than the solidification of the matrix at around 150 ka. This completely concurs
with common sense. Apidima 1 accumulated its uranium in a significantly different environment
than Apidima 2, during an accumulation event in MIS7 (around 210 ka) while the U-uptake
process of Apidima 2 took place in MIS 6 (around 170 ka). The crania and associated bones were
probably trapped on the surface of the talus cone, first Apidima 1 at around 210 ka and later
Apidima 2 at around 170 ka. The two crania were then brought into their final position at a later
time, before the cementation and solidification of the sedimentary matrix at ca. 150 ka. Water
preferentially infiltrating along cave walls often produces sediment dissolution and down-
washing, and formation of open spaces between the cave walls and the sedimentary fill. These
sedimentary traps are later filled with collapsed material from the overlying sedimentary
sequence. The location of the finds, between the walls of Apidima Cave A, wedged near the
ceiling, suggest a similar scenario where bone material from Apidima 2 could be dislocated in a
sedimentary trap from the overlying sequence and mix with Apidima 1 remains, that also entered
the trap at a later stage. The bones seem to have been thoroughly mixed, perhaps by a mudflow
creeping down the sedimentary trap before consolidating at ca. 150 ka.

CT scanning and virtual manual reconstruction.

The Apidima 1 and 2 crania were scanned at the First Department of Radiology of the National
and Kapodistrian University of Athens using a multidetector CT scanner (Philips, Best, The
Netherlands). The scanning parameters were as follows: tube voltage 120 kV, tube current-time
product 599 mAs, 16 x 0.75 collimation, 0.8 mm slice thickness, slice increment 0.4 mm, field of

view 249 mm, matrix 768 x 768, pitch 0.44, rotation time 0.75 s, convolution kernel detailed
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(D), and ultra high focal spot resolution. The CT scans of both individuals show isotropic pixel
sizes of 0.31 and 0.32 mm respectively.

Apidima 1 and 2 were virtually reconstructed by A.M.B. and C.R. In all cases, the
reconstruction was manual and based on the preserved anatomical features. All reconstruction
steps were carried out in the software environment of Avizo (Visualization Sciences Group).
Prior to the multiple reconstructions of Apidima 2, each fragment was segmented separately to
allow independent movement during the virtual reconstructions (Extended Data Figs. 3-4).
Several thin and tiny fragments could not be segmented in a reproducible way due to minimal
differences in the grey values of bone and sediment matrix and were thus excluded from the
reconstructions. In total, 66 fragments were segmented. It was possible to segment fragments of
the posterior neurocranium with semi-automated processes, as there were sufficient density
differences between bone and matrix in this area. Facial fragments were mostly segmented
manually slice by slice, due to small differences in density between bone and matrix, combined
with a low thickness of the fragments.

Four independent reconstructions of Apidima 2 were carried out by A.M.B. and C.R.,
each using two different protocols (for comparison, see *°). Independent of the protocol used,
matrix-filled cracks were not closed completely in the reconstructions, in order to account for
possible alterations of the edges of the fragments. No reference cranium was used during the
reconstructions of Apidima 2, in order to exclude the risk of driving the results in the direction of
the chosen reference specimen.

A shared feature of vertebrate crania is approximate bilateral symmetry. The first
protocol was based on this principle and had the goal to restore this symmetry. The anterior right

part of the neurocranium was chosen as a starting point, as it presented a low amount of
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taphonomic deformation. Fragments of the right neurocranium were reconstructed according to a
biologically meaningful position relative to each other. All reconstructed fragments of the right
side were duplicated and mirrored along the midsagittal plane onto the left side. This mirrored
duplicate was used as reference for the reconstruction of the fragments from the distorted left
side of the neurocranium. The reconstructed left side of the brain case was subsequently mirrored
to the right side to reconstruct the missing right temporal bone. Following the same procedure,
the area close to the midsagittal plane on the right and a part of the supraorbital region on the left
were reconstructed (shown as grey areas in Extended Data Figs. 3-4). For restoring facial
symmetry, the midsagittal plane of the neurocranium was used as a reference. The right facial
side was reconstructed and mirrored to reconstruct the fragmented left side. The left nasal bone,
right maxilla-zygomatic fragment, and the left side of the lower face were duplicated and
mirrored to reconstruct missing areas (shown as grey areas in Extended Data Figs. 3-4).

The second protocol exploited the assumption that the ectocranial surface should follow a
smooth curvature, especially in the neurocranium. In this protocol, each fragment is spatially
constrained by its neighboring fragments. The anterior right part of the neurocranium was chosen
as a starting point, as several fragments were located in positions relative to each other that
almost preserved smooth curvature. After reconstructing the vault, the facial fragments were
repositioned relative to each other to match the smoothness criterion. However, mirroring of the
right side was necessary to check and correct the fragmented left side. When the position of
fragments had to be corrected in order to deal with taphonomic distortion, smoothness was
prioritized over bilateral symmetry. Finally, missing areas, such as the right temporal bone, the
right nasal bone, and the left maxilla were reconstructed by duplicating and mirroring their

preserved counterpart (shown as grey areas in Extended Data Figs. 3-4).
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As shown previously ***’, multiple reconstructions of the same specimen will typically
show some shape differences and no single reconstruction can be considered as ‘perfect’. As the
different reconstructions might be considered equally plausible *°, we treated them as separate
individuals in all geometric morphometric analyses. Furthermore, we calculated the mean
configuration of all four reconstructions and treated this as an additional individual in our
analysis. The final Apidima 2 reconstructions retain some distortion with respect to the
relationship between the face and the neurocranium. Therefore, these two anatomical regions
were analyzed separately (see below, Comparative samples).

The reconstruction of Apidima 1 was carried out by first computing a plane though the
preserved part of the midsagittal suture. The slices of the CT scan were resampled according to
this computed plane. Subsequently, preserved parts of the right parietal bone and right side of the
occipital bone were cropped out along the computed plane in the original scan volume. This
allowed mirroring a duplication of the cropped scan volume along the midsagittal plane. As a
result, the reconstruction of Apidima S1 is completely symmetrical (Extended Data Fig. 5).

Figures of the reconstructions were produced in Adobe Photoshop.

Compar ative samples. The samples used for our analyses included Neanderthals (MIS8-3),
earlier Middle Pleistocene specimens from Africa (MPA) and Eurasia (MPE), H. sapiens
(including early anatomically modern human specimens and Upper Paleolithic modern humans),
and recent Africans (n = 15) from the University of Witwatersrand Dart Collection. Severely
taphonomically distorted and pathological specimens were excluded. The comparative summary
statistics of the linear measurements reported in Supplementary Tables 2 and 5 were based on

data collected by C.S., supplemented by published values and by values collected on the
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Tiibingen paleoanthropology scan collection by K.H. and C.R. in Avizo (Visualization Sciences
Group). The geometric morphometric comparative data were collected by K.H. Linear and 3-D
measurements on the Apidima reconstructions were collected by K.H. and C.R. in Avizo
(Visualization Sciences Group).

Analysis 1: Apidima 2 face. This analysis comprised 25 facial landmarks: postorbital
sulcus, glabella, nasion, infraspinale, prosthion, mid torus superior right and left, mid torus
inferior right and left, dacryon right and left, zygoorbitale right and left, frontomalare right and
left, infraorbital foramen right and left, zygomaxillare right and left, alare right and left, jugale
right and left, frontomalare posterior right and left (for landmark definitions see **). Comparative
samples included 31 individuals: Middle Pleistocene Eurasians (MPE): Arago 21 (as
reconstructed by *°), Petralona, Sima de los Huesos 5; Middle Pleistocene Africans (MPA):
Bodo, Broken Hill, Irhoud 1, Neanderthals: La Chapelle-aux-Saints, Gibraltar 1, Guattari, La
Ferrassie 1, Shanidar 1 and 5; H. sapiens: Abri Pataud, Chancelade, Cro-Magnon 1, 2, Dolni
Véstonice 3, 13, 14, 15 and 16, Grimaldi, Hofmeyr, Mlade¢ 1, Muierii 1, Oase 2, Pfedmosti 3
and 4, Qafzeh 6 and 9, Wadi Kubbaniya.

Analysis 2: Apidima 2 neurocranium. This analysis included landmarks and curve
semilandmarks outlining the supraorbital torus and midsagittal profile: glabella, bregma, lambda,
frontomalare posterior (FMLP) right and left; 26 semilandmarks from glabella to bregma; 18
semilandmarks from FMLP right to FMLP left. Comparative samples included 41 specimens:
MPE: Dali, Petralona, Sima de los Huesos 5; MPA: Broken Hill, Elandsfontein, Irhoud 1 and 2,
Omo 2; Neanderthals: Amud 1, La Chapelle-aux-Saints, Feldhofer, La Ferrassie 1, Guattari, La
Quina 5, Spy 1 and 2; H. sapiens: Abri Pataud, Brno, Chancelade, Cioclovina, Cro-Magnon 1, 2

and 3, Dolni Véstonice 3, 13, 15 and 16, Mladec 1, 2 and 5, Muierii 1, Oase 2, Ohalo 2, Pavlov,



438  Pfedmosti 3 and 4, Qafzeh 6 and 9, Skhul 5, Zhoukoudian Upper Cave 101 and 103. For Mlade¢
439 2, the FMLP points were reconstructed using the entire sample as reference (see Data

440  processing).

441 Analysis 3: Apidima 1 neurocranium. This analysis comprised 30 neurocranial landmarks
442 and semilandmarks, including bregma, lambda, inion, as well as parietal notch, auriculare and
443 porion bilaterally, and 21 semilandmarks from bregma to inion. Although the Apidima 1 parietal
444  is nearly complete in the midsagittal plane, bregma is not preserved and was reconstructed on the
445  basis of the entire fossil sample (see Data processing) in this and the next two datasets. The

446  comparative sample comprised 38 fossil individuals: MPE: Dali, Petralona, Reilingen, Sima de
447  los Huesos 5; MPA: Broken Hill, Eliye Springs, Irhoud 1 and 2, Omo 2; Neanderthals: Amud 1,
448  La Chapelle-aux-Saints, La Ferrassie 1, Guattari, La Quina 5, Saccopastore 1; H. sapiens: Abri
449  Pataud, Brno, Chancelade, Cioclovina, Cro-Magnon 1 and 2, Dolni Véstonice 3, 13, 15 and 16,
450  Mlade¢ land 5, Muierii 1, Nazlet Khater 2, Oase 2, Ohalo 2, Pavlov, Pfedmosti 3 and 4, Qafzeh
451 6 and 9, Skhul 5, Zhoukoudian Upper Cave 101.

452 Analysis 4: Apidima 1 midsagittal profile. This analysis comprised 24 landmarks and

453 semilandmarks outlining the midsagittal profile from bregma to inion in order to analyze the

454  parietal and occipital plane convexity of Apidima 1. The landmarks bregma, lambda, inion, and
455 21 semilandmarks from bregma to inion were included. The comparative sample numbered 48
456  individuals: MPE: Dali, Petralona, Reilingen, Sima de los Huesos 5, Swanscombe, MPA: Broken
457  Hill, Elandsfontein, Eliye Springs, Irhoud 1, 2, Omo 2; Neanderthals: Amud 1, Biache-st-Vaast,
458  La Chapelle-aux-Saints, Feldhofer, La Ferrassie 1, Guattari, La Quina 5, Saccopastore 1, Spy 1

459  and 2; H. sapiens: Aduma, Abri Pataud, Brno, Chancelade, Cioclovina, Cro-Magnon 1, 2 and 3,

N
(V)
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Dolni Véstonice 3, 13, 15, 16, Mlade¢ 1 and 5, Muierii 1, Nazlet Khater 2, Oase 2, Ohalo 2, Omo
1, Pavlov, Pfedmosti 3 and 4, Qafzeh 6 and 9, Skhul 5, Zhoukoudian Upper Cave 101 and 103.
Analysis 5: Apidima 1 and 2 shared landmarks and semilandmarks. This analysis
included bregma, lambda, as well as parietal notch and auriculare (bilaterally), and 10
semilandmarks from bregma to lambda. The sample was the same as in Analysis 3, but
additionally comprised the Apidima 2 reconstructions.
Data processing. The fixed landmarks (Type I, II and III) and curve semilandmarks (Type IV)
were collected from the reconstructions in Avizo 9.2.0 Lite (Visualization Sciences Group). The
comparative data were collected by K.H. *’** and processed with the DVLR (dorsal-ventral-left-

right fitting) program (http://www.nycep.org/nmg/programs.html). The curve semilandmarks

were calculated by resampling each curve as a predetermined number of equally spaced points,

using Resample.exe (http://www.nycep.org/nmg/programs.html). As bregma was not present in

Apidima 1, but most of the bregma-lambda curve was preserved, this point was estimated using
Generalized Procrustes Analysis (GPA) mean substitution in Morpheus *. This protocol first
performs GPA to align the specimens. Then, grand-mean coordinate values are computed for the
missing landmark using the non-missing points. The inverse scale, rotation, and translation are
subsequently applied to restore the original data. The same procedure was used to reconstruct
frontomalare temporale for Mlade¢ 2 in Analysis 2 (Apidima 2 neurocranium). For the important,
taphonomically deformed specimen Arago 21 the virtual reconstruction produced by Gunz et al.
36 was used in the comparative facial analysis of Apidima 2 (Analysis 2). Minimal reconstruction
based on the surrounding anatomy was allowed during data collection, and landmarks missing on

one side were reconstructed through reflected relabeling (Mardia et al.) *°, or by using a function

in R *' based on Claude **. This function estimates a mirroring plane, based on the unilateral

[N}
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landmarks. The missing landmarks are then reflected according to this plane. Subsequent to the
reconstruction of missing landmarks, the semilandmarks were slid along their respective closed
curves using the Morpho package * in R. Sliding was performed using the minimized bending
energy algorithm . After sliding, the data were exported in Morphologika format for further
analysis *.

Data analysis. The datasets compiled were imported in Morphologika ** and superimposed
using GPA, which translates the specimen configurations to common origin, scales them for size
and rotates them to best fit. Procrustes distances among specimens are a measure of overall shape
difference. The superimposed coordinates of the comparative samples, excluding the Apidima
specimens, were used as variables in a PCA, performed in the Past 3.04 software *°. The resulting
eigenvectors (PC loadings) were used to compute the PC scores for the Apidima specimens so as
to plot them into the PCA graphs after the latter had been calculated on the comparative samples
alone. PCA plots were processed using Adobe Illustrator and extracted as Adobe .pdf files.
Further, LDA and classification analyses were performed in Past 3.04 using the PCs as variables,
in each case treating the Apidima 1 and 2 reconstructions as unknown. The number of PCs
included in the LDA for each of the five analyses included the first 7, 8, 8, 4 and 4 PCs,
accounting for 70.72 %, 91 %, 88.6 %, 85.4 % and 78.2 % of the total variance, respectively.
Posterior probabilities were calculated with the SPSS software package (IBM Inc., Armonk, NY,
version 24 for Windows). We investigated whether the datasets used met the LDA assumptions
7 We verified that all variables (PC scores) showed an approximately normal distribution on the
basis of both histograms and normal probability plots *’. We removed potential outliers from the
analysis by excluding pathological or taphonomically distorted specimens. Based on z-scores ¥

outliers were absent in all variables, except for one case in PC3 of Analysis 2: the MPA
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individual Omo 2, whose z-score was 0.08 points over the maximum acceptable limit of 3.29 %/
Given the limited number of well-preserved MPA crania in the fossil record, we decided to
maintain this specimen in the analysis so as to maximize this group’s representation. Finally, the
covariance matrices were similar among groups in all analysis, and Box’s M tests showed that
they were homogeneous for the samples used in Analyses 4 and 5 *’. However, this assumption
could not be tested using Box’s M for most analyses due to the small sample sizes of certain
fossil groups, a common problem in paleontology (e.g. **). Because of these limitations, the
results of the LDAs must be approached with caution, and not be interpreted in isolation, but in
the context of all analyses presented here.

Visualization. Shape changes along principal components axes were visualized in Morphologika
*_To further aid in visualization of shape differences between Apidima 1 and 2, as well as
Apidima 1 and other specimens (Extended Data Figs 9, Supplementary Fig. 3), we conducted
manual superimpositions of 3D models in the software environment of Avizo 9.2.0 Lite
(Visualization Sciences Group). In order to keep the superimpositions comparable, the different
comparative specimens stayed in their original configuration and manipulations were carried out
on the common component, in this case Apidima 1. In the first step of superimposition, Apidima
1 was scaled to the biauricular breadth of the comparative specimen. The transmeatal axes of
both specimens were matched by translating and rotating Apidima 1. In the last step, Apidima 1
was rotated around the transmeatal axis to match the orientations of the external auditory meatus
and the supramastoid crest of the comparative specimen.

Shapeindex: The globular shape of the modern human neurocranium is considered derived for
modern humans and differentiates them from Neanderthals and other archaic Homo. Gunz et al.

(2019) ' recently showed that a less globular cranial shape in modern Europeans is related to the
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presence of specific Neanderthal alleles in their genome. We calculated the shape index for the

posterior neurocranium of Apidima 1, to approximate the globularization index of '’. We

calculated an axis between the mean shapes of our Neanderthal sample and a Neanderthal-

unadmixed, modern African sample (Zulu, Dart Collection, University of the Witwatersrand, n =

15), and projected all other specimens (Apidima 1, MPE, MPA and fossil H. sapiens) onto this

axis, to further evaluate the degree of globularity of the Apidima 1 neurocranium.

Data availability. The data that support the findings of this study will be made available from

the corresponding authors upon reasonable request.
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