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Bony labyrinth morphology reveals deep
population history and isolation among
Homo sapiens in prehistoric northeastern
Africa (44–3 ka)

A list of authors and their affiliations appears at the end of the paper

Understanding the population history of Homo sapiens in northeastern Africa
has been hindered by the scarcity of human remains and ancient DNA data.
Here, we analyse bony labyrinth morphology, a reliable proxy for population
affinities, in 148 individuals dating from the Late Pleistocene to the Late
Holocene from the Nile Valley region, the Horn of Africa, Central Africa,
comparative Pleistocene fossils from Africa and Eurasia, and recent South
Africans. Shape analyses reveal morphological continuity among Middle Nile
Valley foragers and close affinities with earlier African H. sapiens fossils, sug-
gesting deep regional ancestry. In contrast, local Neolithic food producers
exhibit distinct morphologies, supporting a major demographic shift begin-
ning 8000 years ago. A subgroup of Early Holocene Nile Valley foragers dis-
plays unusual bony labyrinth morphology and congenital inner ear-specific
pathological changes consistent with possible syndromic conditions. Thismay
result from several demographic scenarios, including prolonged endogamy
and geographic isolation under environmental constraints. Comparative data
from theHorn of Africa andCentral Africa reveal highmorphological diversity,
suggesting strong population substructure and dynamic demographic tra-
jectories during the Holocene. These findings provide rare insights into pre-
historic population structure in the region, and demonstrate the usefulness of
bony labyrinth morphology where ancient DNA is unavailable.

As a geographic crossroads between sub-Saharan Africa, the
Levant, and the Arabian Peninsula, northeastern Africa likely
played a key role in population dispersals within and out of Africa
during the Late Pleistocene and Holocene1,2. Crucially, the region's
environments were profoundly influenced by climatic fluctuations
during these periods. Alternating humid and arid phases trans-
formed vast portions of the Sahara into habitable landscapes dur-
ing so-called “green Sahara” periods, facilitating population
movements, interregional contacts, and demographic
expansions2–4. Conversely, arid intervals imposed constraints on

mobility and settlement, possibly leading to population fragmen-
tation into climatic refugia5–7.

Despite abundant archaeological and palaeoclimate evidence, the
scarcity of ancient DNA (aDNA) data—and more generally of Late
Pleistocene to Mid-Holocene human skeletal assemblages8—in north-
eastern Africa remains a significant obstacle to reconstructing its
population history. Nearly all attempts to retrieve endogenous mole-
cular information have been unsuccessful9. To date, the limited avail-
able aDNA data for the region derive from only a few individuals, all
belonging to Mid-Holocene or later assemblages10–13.
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The Middle Nile Valley (i.e., the area extending from the First to
the Sixth Cataract of the Nile in southern Egypt and Sudan) is one of
the few regions in northeastern Africa with large skeletal assemblages.
Although aDNA is unavailable for the relevant time periods, extensive
analyses of phylogenetically informative dental traits14–19 have revealed
a complex demographic history, suggesting marked population dis-
continuity associated with the Neolithic transition (starting around
8 ka) in most parts of the region. Proposed exceptions of continuity—
of forager-related groups in peripheral desert areas or isolated Nile
contexts14,16—highlight the mosaic nature of population dynamics in
the region and underscore the value of large morphological datasets
for reconstructing population history where biomolecular evidence is
limited.

Beyond theNile Valley, broader northeasternAfrica (including the
Horn of Africa) and adjacent regions (e.g., Central Africa) present an
equally intricate archaeological and environmental sequence for the
first half of the Holocene, including major environmental
fluctuations20–26, as well as complex and dynamic interaction
networks27–34. However, from a biological perspective, individuals who
yielded endogenous aDNA remain limited10,12, making morphological
approaches a key alternative for investigating thepopulation historyof
the region. While dental studies have provided valuable regional
insights, comparative tooth samples for broader macro-regional ana-
lysis remain scarce in northeastern Africa. To further document the
region's population history, this study examines another skeletal
structure: the bony labyrinth. It comprises a system of cavities
embedded in the petrosal part of the temporal bone that encloses the
vestibular and auditory organs. Importantly, its morphology is recog-
nised as a phylogenetically informative structure35–40.

Previous investigations have analysed bony labyrinthmorphology
in some of the earliest available Late Pleistocene African human fossils,
including Nazlet Khater 2, Hofmeyr, and Ishango 378,40–42. These spe-
cimens (among the few dated to Marine Isotope Stage (MIS) 3-2 in
Africa8) exhibit a mix of features, which is not found in more recent
African populations, and they alignmore closely with European Upper
Palaeolithic (EUP) specimens than with recent African populations.
Additional data, albeit limited and so far only used as comparative data
for Late Pleistocene material, are also available for Early to Mid-
Holocene individuals from the Horn of Africa and Central Africa8,41.

Because detailed dental data are currently only available for the
Middle Nile Valley, this region offers a unique opportunity to test
whether the bony labyrinth reflects the same micro-evolutionary pat-
terns previously observed in dentalmorphology. We therefore use the
Middle Nile Valley region (with its well-documented population
complexity14–16 and large sample of human remains available) as a core
comparative framework for investigating the population dynamics
across northeastern African and adjacent regions through bony
labyrinth morphology. Our sample (Fig. 1, Table 1 and Supplementary
Data 1) includes a total of 148 individuals (n = 194 bony labyrinths in
total) spanning the Late Pleistocene to the Late Holocene from the
Middle Nile Valley, the Horn of Africa, and Central Africa, supple-
mented by a recent southern African sample and Late Pleistocene
comparative specimens fromAfrica, Europe, and the Levant. Crucially,
these individuals were selected from key skeletal assemblages to
maximise the resolution of regional population histories, with the
European and Levantine Homo sapiens and Neandertal specimens
included specifically to provide broader comparative context and to
serve as outgroups where appropriate.

Given the interconnected nature of population history, sub-
sistence and cultural changes, and regional climate dynamics in
northeastern Africa, we adopt an integrated framework combining
morphological, archaeological, and palaeoenvironmental evidence.
Within this framework, we first test whether the biological dis-
continuity previously suggested for the Middle Nile Valley based on
dental studies is also detectablewhen studying the bony labyrinth (i.e.,

whether significant morphological changes occurred during the Neo-
lithic transition). Second, we examine affinities between Middle Nile
Valley groups and populations from neighbouring regions, such as the
Horn of Africa and Central Africa, using morphological variability in
the former to interpret patterns of biological affinities in these regions.
Finally, we discuss the observed morphological patterns in light of
established palaeoclimatic trends, which alternately facilitated regio-
nal connectivity or promoted population differentiation. Rather than
formally assigning samples to specific climatic phases, we assess
whether periods characterised by increased aridity or climatic ameli-
oration at the regional scale provide a plausible framework for
understanding patterns of continuity, sub-structuring, or interregional
affinity, where ‘similarity’ denotes morphological resemblance, ‘affi-
nity’ potential biological relatedness, and ‘continuity’ persistence
through time.

Using three distinct bony labyrinth shape analyses (diffeomorphic
surface matching (DSM), 2D analysis, and landmark-based analysis;
Fig. 2) and by integrating these interconnected lines of evidence, our
study provides a holistic and biologically grounded interpretation of
human population history in northeastern African regions during the
Late Pleistocene and Holocene.

Results
Across all three analytical approaches, we recorded similar general
patterns of morphological variation in the bony labyrinth (Fig. 3;
Supplementary Note S1 and Fig. S1, 2). All methods show: (1) marked
Neandertal-Homo sapiens morphological differences; (2) broad simi-
larities among Late Pleistocene African specimens and Early Holocene
Middle Nile Valley groups; (3) discontinuity at the Neolithic transition
in theMiddleNile Valley; (4) highdiversity in theMid- to LateHolocene
Horn of Africa and Central Africa; and (5) a consistent subgroup of
outliers from Holocene contexts in the Middle Nile Valley and Horn of
Africa. Because all approaches converge on the same patterns and
outlier individuals, the detailed results below focus on describing the
results of the DSM analyses, with more detailed information on the 2D
and landmark-based analyses in Supplementary Note S1.

The PCA performed on the deformation fields of the semi-circular
canals (SCCs) and vestibule is presented in Fig. 3A. The first principal
component (PC1; 23.36% of total variance) is primarily driven by
morphological variation between the Neandertal samples (plotting
towards the positive end of PC1) and both the African individuals and
EUP Homo sapiens (rather found towards null and negative values on
PC1). This mainly relates to a combination of characteristic morpho-
logical traits observed in Neandertals: a relatively smaller and more
inferiorly positioned posterior SCC, a smaller and narrower anterior
SCC, and a larger, wider lateral SCC (Fig. 3 and Supplementary Fig. S1,
2), consistent with previous findings36,43–47.

Within Homo sapiens, PC1 also captures variation between both
African and European Late Pleistocene individuals, and most north-
eastern African Middle Holocene samples and recent South Africans.
The latter groups are characterised by generally thinner SCCs, larger
anterior and posterior SCCs, and a comparatively narrower lateral SCC
(i.e., low and negative values along PC1; Supplementary Fig. S1). In the
same way, the Middle Nile Valley Middle Holocene individuals plot at
the positive end of PC2 (10.03% of variance) while those from the Late
Pleistocene and Early Holocene tend to cluster closer to the null values
of this component. Morphologically, this relates to the Mid-Holocene
individuals having smaller and thicker anterior and lateral SCCs, aswell
as a larger, rounder, and thicker posterior SCC (higher positive PC2
scores; Supplementary Fig. S1).

Importantly, interpretation of this secondary axis does not rely on
the DSM analysis alone. Although PC2 in the DSM framework does not
reach statistical significance (seeMethods section), the corresponding
axes in the landmark-based and 2Danalyses are statistically supported,
and all three approaches display congruent patterns of differentiation
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among the groups under study (Supplementary Note S1). PC1, there-
fore, captures the primary axis of variation across methods, whereas
PC2 provides a secondary exploratory axis of variation within Homo
sapiens, interpreted in light of this cross-method convergence rather
than as an isolated exploratory dimension.

The Late Pleistocene Nazlet Khater 2, Ishango 37, Guli Waabayo,
and Hofmeyr exhibit strong similarities in the morphology of their
vestibule and SCCs (Fig. 3A). These consist of a relatively wider but
shorter anterior SCC; medium to short common crus, resulting in an
intermediate position of the posterior SCC relative to the lateral SCC
(though still higher than in Neandertal individuals); and a relatively
small width of the posterior SCC. These characteristics place them
closer to the EUP Homo sapiens fossils than to the majority of the
individuals in the recent South African comparative sample (Fig. 3A).
Although these individuals exhibit overallmorphological resemblance,
notable individual differences are observed: Ishango 37 possesses a
medio-laterally elongated posterior SCC relatively to the other canals,
while Hofmeyr shows a narrower lateral SCC compared to the other

canals (Supplementary Fig. S1, 2). Similar patterns emerge when
cochlear parameters are considered (Fig. 3B, C, Supplementary Note
S1, Fig. S2), with both strong similarities and marked differences
among the four fossils, as highlighted in previous studies8,40–42.

TheMid-to-Late Holocene individuals from the Horn of Africa and
Central Africa exhibit major morphological diversity (Fig. 3 and Sup-
plementary Fig. S2, 5, 6). This includes variation in the size, position
and orientation of the SCCs, as well as in the dimensions and coiling of
the cochlea. In both regions, this overall heterogeneity and high
degree of variation are evident when considering intra-group mor-
phological disparity (Fig. 4A). These results show high disparity values
for both regions, findings which are higher than in the EUP Homo
sapiens, and similarly high to that seen in the recent South African
sample.

Finally, in the diffeomorphic surface matching (DSM) analysis, a
subgroup of 13 Holocene individuals (represented by 17 bony labyr-
inths in total) appears as outliers—plotting towards high positive
values along PC1 (Fig. 3A)—with a majority of them also consistently
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Fig. 1 | Location (A) and dating (B) of the samples included in this study.
Coloured bars indicate site date ranges (Supplementary Data 1); dashed lines link

multiple occupations at the same archaeological site. Abbreviations are detailed in
Table 1. *Assemblages included in the 2D measurement analysis only.
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appearing as outliers in the other shape analyses (Fig. 3B, C and Sup-
plementary Note S1), and also when focusing on the Homo sapiens
(Supplementary Fig. S7) or archaeological samples (Supplementary
Fig. S8) solely. These primarily originate from Mesolithic/Early Holo-
cene assemblages in the Middle Nile Valley (n = 7), with some from
Mid-Holocene sites in the Middle Nile Valley (n = 3) or the Horn of
Africa (n = 2), while one is part of the recent South African sample
(Table 2). They are characterised by 1) a markedly shorter posterior
SCC, 2) a shorter and thicker common crus, 3) a slightly reduced
anterior SCC, 4) a slightly more tightly coiled and posteriorly oriented
cochlea, and 5) little to no variation on the lateral SCC compared to the
rest of the Homo sapiens sample (Figs. 3 and 5A, Table 2, Supplemen-
tary Note S1 and Fig. S9–12).

Discussion
The Middle Nile Valley and adjacent desert regions
Notable differences were identified across the different time periods
and sites represented (Fig. 3, Supplementary Note S1 and Fig. S2–4).
This is particularly relevant when comparing the Middle Nile Valley
foragers (Late Pleistocene-Early Holocene) and food producers. These
differences are also supported by the PERMANOVA results, mostly
displaying significant values between forager and food producer
groups (Supplementary Table S2). Considering the high phylogenetic
value of the bony labyrinth morphology35–40, we suggest that the clear
patterns highlighted by the PCAs (Fig. 3) and PERMANOVA results
(Supplementary Table S2) highlight major biological discontinuity at
the Neolithic transition in the region and, in other words, the

Table 1 | Summary table of the samples included in this study

Sample Dating Assemblages included and abbreviations used N References

Late Palaeolithic Middle Nile Valley 17–13.3 ka Jebel Sahaba (JS) 7 117–119

Mesolithic Middle Nile Valley 9.8–7.9 ka El–Barga (EBK_M)
Sphinx (SBK_W60)
Fox Hill (SBK_W20)

20 60–63,84,85,120,121

Early Neolithic Middle Nile Valley (Nubia) 8–7.5 ka El–Barga (EBK_N) 11 60,84,85

Early Neolithic Middle Nile Valley (Central Sudan) 7.6–6 ka Fox Hill (SBK_W20)
Ghaba (GHB)

9 62,63,119,122–124

Middle Neolithic Middle Nile Valley (Nubia) 6.5–6 ka Kadruka 1 (KDK) 11 125–127

Middle Holocene Sudanese desert regions 7–3.3 ka Shaqadud (SHQ)
Abu Tabari (ABT)
Wadi Shaw (WSH)

10 50,128–131

Central Africa 8.2–2.9 ka Shum Laka (LAK) 7 10,53

Horn of Africa 8–4 ka Gogoshiis Qabe (GQ)
Mille–Logya 2 (ML2)
Ali Daba (AD)
Hara Idé 2 (HI2)
Lothagam (LTG)*

10
(1)

8,31,32,34,132–135

Comparative samples

Recent Homo sapiens Present day Pretoria Bone Collection (PBC) 30 136

Late Pleistocene African fossils 44–20 ka Nazlet Khater 2 (NK2)
Ishango 37 (ISH)
Hofmeyr (HOF)
Guli Waabayo (GW)

4 1,8,40,133,137–140

Qafzeh/Skhul 120–90ka Qafzeh (QAF)*
Skhul (SKH)*

(11) 141,142

European Upper Palaeolithic
(Homo sapiens)

45–13 ka Cro–Magnon (CM)
Pataud (AP)
Chancelade (CHA)
Lafaye (LAF)
Zlatý kůň (ZLK)
Rochereil (ROC)*
Laugerie–Basse (LB)*

8
(2)

54,143–147

Pre–Neandertals ~430 ka Sima de los Huesos (SH) (11) 148,149

Marine Isotope Stages 6–5 Neandertals 273–120 ka Krapina (Kr)
Cova Negra (CN)

10 57,150–152

Late Neandertals 70–34 ka Spy (SPY)
Le Moustier (LM)
Les Pradelles (LPr)
Goyet (GOY)
Pech de l’Azé (PAZ)
La Quina (LQ)*
La Ferrassie (LF)*
La Chapelle–aux-Saints (LCS)
Engis (ENG)*
Arcy-sur-Cure (ASC)*
Petit-Puymoyen (PP)*
Dederiyeh (DDY)*
Kebara (KEB)*
Amud (AMU)*

11
(9)

153–169

Total 148
(34)

N: number of individuals included in the 3D analyses (number of additional individuals included in the 2Dmeasurement analysis only); * assemblages with at least one individual included in the 2D
analysis only (see Supplementary Data 1).
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emergence of food-producing practices in the Middle Nile Valley,
contemporaneous to migrations starting ca. 8000 years ago48,49. This
further confirmsprevious researchon dentalmorphology14–16, and also
recent aDNA data from Egypt suggesting some gene flow towards the
region sometime before the Late Holocene13.

Neolithic individuals (n = 8) dating to 6–4 ka in the Sudanese
Eastern Sahara margins (at the Abu Tabari and Wadi Shaw sites,
respectively ca. 300 and 360 kmwest of the Nile) display considerable
morphological variation. Some of them clearly align with the Middle
Nile Valley Mesolithic/Late Palaeolithic variation, while others align
morewith themorphological variation of theNeolithic foodproducers
(see grey asterisks in Fig. 3 and Supplementary Fig. S3, 4). This is
further confirmed by typicality probabilities (Supplementary
Table S3), highlighting individuals with strong affinities with either the
Mesolithic population or the food producers from the Sudanese
assemblages included. This suggests the persistence in the region of a
forager-related population several millennia after the Neolithic tran-
sition, but also interaction between forager-related and food
producer-related populations there. In this regard, these findings
parallel previous dental studies that identified two biologically distinct
populations cohabitating in this region and at those sites16. Of parti-
cular interest to the latter is individual 83.110–18.1 from Wadi Shaw,
radiocarbon-dated to ca. 3.5 ka (3200 ± 120 BP50), showing an “in-
between” morphology of the bony labyrinth, and affinities with both
foragers and food producers from the Middle Nile Valley (Supple-
mentaryFig. S3, 4 andTable S3).As themost recent individual from the
region in our sample, this case may represent a late persistence of
forager-related morphological affinities in this part of the Sudanese
Western Desert, extending the presence of such groups in the region
by roughly a millennium beyond what has been documented
previously.

Similar results appear for the two 7–6 ka Neolithic individuals
from Shaqadud, about 45 km southeast of the Nile and 115 km north-
east of Khartoum in Central Sudan (Fig. 1). Although these individuals
were buried close to each other in the sameburial site and have similar
dating, one of them shows strong affinities with the Middle Nile Valley
Neolithic individuals (SHQ_Burial 2), while the other also shows simi-
larities with the Mesolithic foragers from the region (SHQ_Burial 3).
This heterogeneitymay represent settlementprocesses east of theNile

that were to some extent similar to what was highlighted for the desert
margins west of the Nile, and cohabitation of individuals with distinct
biological affinities—one related to theMiddle Nile Valley foragers, the
other to the new food-producing groups—at the same time in this
region. This would therefore imply a persistence of forager-related
group(s) in the savannahs east of the Nile in Central Sudan, or at least
the persistence of morphological traits associated with forager
populations within later food-producing populations in the area.
Additional investigation on larger samples from these eastern regions
will, however, be needed to discuss this further.

A key aim of this study was to assess whether bony labyrinth
morphology reflects the samemicro-evolutionary population patterns
previously observed in enamel-dentine junction (EDJ) and other dental
characteristics for the Middle Nile Valley14–16. Our results show a close
correspondence between the two approaches (based on the same
populations and, in some cases, the same individuals; Supplementary
Fig. S13), indicating that the bony labyrinth captures similarpopulation
signals despite its overall evolutionary stability. However, it is note-
worthy that the morphological overlap among Middle Nile Valley
groups appears more pronounced when assessed through bony
labyrinthmorphology than EDJ shape (SupplementaryNote S3 and Fig.
S13). This may be attributable to varying degrees of biological and
morphological diversity captured by each structure, indicating that
the bony labyrinth could be amore evolutionarily conserved structure
and exhibit reduced inter-population variation in comparison to
the EDJ.

The implications of these slight differences are significant: while
both structures are valuable for reconstructing population history,
their apparent differing sensitivity to population-level variationmeans
that they may capture distinct evolutionary signals. The EDJ mor-
phology, beingmore variable, might better reflect recent or finer-scale
evolutionary processes, whereas the more stable bony labyrinth could
preserve deeper or broader patterns of lineage continuity. This high-
lights the importanceof combiningmultiplemorphological systems to
achieve a more nuanced understanding of population history and
evolutionary dynamics. Importantly, it also validates the use of bony
labyrinth morphology in regions or periods where dental data are
limited or unavailable (e.g., Horn of Africa, Central Africa, or Late
Pleistocene contexts), providing additional lines of evidence
in situations with limited alternative data.

Late Pleistocene African individuals
The set of unique characteristics found in the bony labyrinths of Nazlet
Khater 2, Ishango 37, Guli Waabayo and Hofmeyr, highlighting both
major similarities andmarked differences, further supports the results
from previous research suggesting these individuals may reflect deep
population substructures among Late Pleistocene groups across
Africa8,40–42. Similarly, the major similarities between the EUP Homo
sapiens and these contemporaneous individuals from Africa may
provide insights into the possible population background of these
early European lineages, based on the morphological affinities
observed in the present analyses. Indeed, this may suggest that the
EUP Homo sapiens shared common ancestry with, or descended from,
African populations like those of Nazlet Khater 2 and Hofmeyr, further
supporting the idea of a complex and regionally diverse source
population within Africa for the early peopling of Europe35,51,52.

Interestingly, despite the major variation reported among all
four Late Pleistocene African individuals, they consistently plot
within or near the range of morphological variation of the Late
Pleistocene Middle Nile Valley population (i.e., from Jebel Sahaba).
This is of particular interest, as it suggests potential biological con-
tinuity or close affinities between the Jebel Sahaba population and
earlier African groups. Moreover, the morphological similarities with
older individuals observed in the Sudanese Late Pleistocene indivi-
duals are further supported by their resemblance to the EUP Homo

Fig. 2 | Representation of the shape comparison methods employed in
this study. From top to bottom: part of the bony labyrinth (red) considered in the
diffeomorphic surface matching analysis; selection of measurements and orienta-
tion included in the 2D analyses; and template used in the 3D landmark analyses.
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sapiens also included in this study. Altogether, this suggests deep
and ancient roots of the Jebel Sahaba individuals in the African
population history.

Furthermore, when considering the marked homogeneity and
apparent continuity between Late Pleistocene and Early Holocene
foragers in the Middle Nile Valley, both in this study and previous
research15,16, these findings are consistent with longstanding regional
ancestry for these forager populations. In this regard, and

considering their limited or even absent contribution to later
populations14–16,19, it is plausible that the Middle Nile Valley foragers
represent part of deeply divergent population lineages, potentially
comparable to the hypothesised “ghost Green Saharans”, which
remain poorly characterised in palaeogenetic records10,11. The indi-
viduals described here may thus offer rare morphological insights
into an ancient northeastern African population whose genetic
legacy has yet to be fully resolved.
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The Horn of Africa and Central Africa in the light of the Middle
Nile Valley framework
The Central African individuals included here originate from the Shum
Laka assemblage in Cameroon (n = 7)53, and showed major morpho-
logical variation. Part of the latter appears to be reflected in the
chronological differences between these individuals. Specifically,
LAK93_2/SEI and LAK93_2/SEII (dated to 8.2–7.6 ka10,53) plot closer to/
within the Middle Nile Valley Mid-Holocene morphological range of
variation, and relatively distant from the other and later individuals
from the same site (dated to 3.9–2.9 ka10,53; Fig. 3, and Supplementary
Fig. S5). Nevertheless, even within these later individuals, significant
heterogeneity is evident. Notably, two individuals from the same
double burial (LAK93_6/SEIII and LAK93_6/SEIV) show markedly dis-
tinct morphologies (Fig. 4B, C) and therefore occupy contrasting
positions in PCA morphospace, plotting in different regions of the
overall morphological variation (Supplementary Fig. S5).

Similar results emerge from the Horn of Africa sample, where
individuals (n = 10) from roughly the same time period and geographic
area show markedly different bony labyrinth morphologies. Even
within the same assemblage (i.e., Ali Daba in Djibouti), individuals
show major differences in the relative size, shape and orientation of
the SCCs as well as in the dimensions and coiling of the cochlea (Fig. 3
and Supplementary Figs. S1, 2, 6).

Interestingly, their disparitymetrics are alsomuchhigher than the
EUPHomo sapiens variation, though documented to include diverging
human lineages (e.g., refs. 54–56) and closer to the high disparity
recorded within the recent South African samples, including indivi-
duals from varied origins. In this regard, and despite the inclusion of
only a few individuals in our analyses to date, the high disparity values
andbroaddispersion of individuals inmorphospace (Fig. 3 andFig. 4A)
suggest high morphological and biological diversity within these lim-
ited time periods and geographic areas. This pattern may reflect
underlying population substructure or heterogeneous demographic
histories within these regions.

More broadly, the high morphological disparity documented
in the PCA distributions and disparity analyses (Fig. 3 and Fig. 4A)
for these few individuals from both the Horn of Africa and Central

Africa more closely resemble the inter-group differences observed
in the Middle Nile Valley, such as those between foragers and food
producers, than the expected range of variation within a single,
homogeneous population. These exploratory results suggest that
both regions may have been home to multiple, biologically distinct
groups with complex population histories, as documented for the
Middle Nile Valley. Such disparity may reflect deep population
substructure, diverse regional demographic trajectories, and could
also be compatible with migration events during the Holocene,
which is also consistent with the limited genetic evidence
available10,12. Additionally, the local archaeological records (e.g.,
refs. 27–32) highlight complex cultural networks and suggest major
mobility of the first food-producing populations from the Horn of
Africa. More importantly, these studies suggest that early food-
producing practices—marked by a combination of foraging activ-
ities such as hunting, fishing, and gathering, alongside the emer-
ging development of livestock herding31,33,34—most likely spread
into the region from either Sudan or the Arabian Peninsula27–32.
While these biological and archaeological patterns hint at a rich
and dynamic human history in both regions, the current sample
size remains limited. More data will be essential to confirm these
trends, clarify the extent and nature of population diversity across
northeastern Africa during the Holocene, and infer macro-regional
population affinities.

Holocene outlier individuals and pathological evidence
As a result of their uniquemorphological characteristics, the identified
subgroup of 13 outlier individuals plots outside the range of variation
observed in the rest of the Homo sapiens sample (n = 115 individuals,
Figs. 3 and 5B) and appear closer to Neandertals in the morphospace,
even though they are obviously not phylogenetically related to the
latter. Interestingly, among theNeandertal sample, only one individual
is found within the range of variation of these outliers with respect to
the vestibule and SCCs morphology: CN-46700. This individual was
published as presenting inner ear-specific pathological changes—i.e.,
SCCs dysplasia and deformation associated with a syndromic
condition57. A comparison of the height and width of each SCC reveals
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that almost all these Holocene individuals possess posterior SCC
dimensions smaller than any other Homo sapiens in the sample
(Table 2), which may indicate posterior SCC hypoplasia58,59. Similarly,
the reduced dimensions of the anterior SCC may also suggest some
level of hypoplasia. In contrast, the lateral SCC appears relatively
unaffected.

Regarding cochlear dimensions, some individuals show a slightly
enlarged cochlea, while in others it is slightly reduced. Vestibular
measurements58, particularly width, indicate that nearly all these
individuals present a slightly larger vestibule compared to the rest of
the Homo sapiens sample (Table 2).

Osteological assessment shows that the majority of these indivi-
duals were adults (11 out of 13)60–65. Among the five individuals for
whomboth temporal bones were available, four displayed this unusual
morphology bilaterally. Despite the fragmentary nature of the skeletal
remains, no other skeletal anomalies or pathological changes were
observed on the cranial or infra-cranial skeleton. However, micro-
computed tomography (µCT) scans of the petrous bones revealed
several inner ear-specific pathological changes in nearly all these
individuals (Fig. 5C–E). These consist of an enlarged vestibular aque-
duct (EVA)66, and/or a fistula between the vestibular aqueduct and
posterior SCC67, and/or a stenotic cochlear nerve canal (CNC)68. These
traits were recorded following standard medical procedures and

diagnostic criteria (see Methods section). While fistulas may result
from middle ear infection69,70, EVA and CNC stenosis are congenital
conditions68,71–73. Almost all the outliers (12 out of 13) displayed at least
one of these pathological changes, often in combination and either
unilaterally or bilaterally (Table 2, Supplementary Table S4). In con-
trast, these conditions are either absent or rare in the remainder of the
Homo sapiens sample (14 out of 115),with the fewother cases occurring
almost exclusively (8 out of 14) among individuals with no sign of
particular bony labyrinth deformation from Mesolithic Middle Nile
Valley and Mid-Holocene Horn of Africa assemblages (Fig. 5C–E, Sup-
plementary Fig. S14 and Table S4).

Taken together, these consistent morphological and inner ear-
specific pathological changes are compatible with the presence of a
developmental alteration affecting the petrous bone and inner ear.
Several known syndromes feature SCC hypoplasia, and/or EVA, and/or
CNC stenosis74–77, though the available skeletal and imaging evidence
does not allow attribution to a specific syndrome, nor does it exclude
alternative developmental pathways. Such syndromes result from
genetic mutations, mostly inherited in an autosomal dominant pat-
tern, and may lead to varying degrees of sensorineural hearing loss or
impairment. Several of these syndromes are also documented to be
highly prevalent, or even appearing de novo, in consanguineous
families (e.g., refs. 78–83).
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Fig. 5 | Outlier individuals. AViews of the segmentedbony labyrinthswith unusual
morphologies, compared to a non-outlier recent individual. B Mahalanobis dis-
tances between all Homo sapiens individuals (n = 114) and the centroid, compared
to the individuals with unusual morphologies. C–E Associated inner ear-specific

pathological changes and respective frequencies within the samples studied
(C Fistula between the vestibular aqueduct (VA) and posterior semi-circular canal
(PSCC);D Enlarged VA; E Cochlear nerve canal (CNC) stenosis). Source data for (B)
are provided as a Source Data file.
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Interestingly, the majority of the individuals displaying unusual
bony labyrinth morphology—and more generally presenting con-
genital pathological changes—originate from Early Holocene Middle
Nile Valley assemblages (52.3% of these individuals showed at least
somedeformationof thebony labyrinthoroneof the inner ear-specific
congenital pathological changes investigated; see Supplementary
Table S4 for details on the individuals concerned). These individuals
are present at the three sites investigated within the region and time
period, including two assemblages located only a few kilometres apart
(e.g., Sphinx and Fox Hill in the western Jebel Sabaloka region) as well
as one separated from the former two by over 400 km (El-Barga in
Nubia; Fig. 1). The associated contexts also share a relatively homo-
geneous chronological range, dating between 9.8 and 7.9 ka (see
Table 1). In contrast, these traits are significantly less common in the 8
to 3.3 ka Neolithic population from the region, including the desert
margins (9.8%; Fig. 5C–E and Supplementary Table S4) and the
modern-day South African comparative sample (10.0%).

Previous dental15,16, archaeological5,84–87, and palaeoenviron
mental2,5,20 data suggest that the Middle Nile Valley foragers belonged
to a biologically homogeneous population, interconnected at the
regional level during the Early Holocene, and which may have been
constrained by environmental factors for several millennia during the
Late Pleistocene. In this context, the high frequency of congenital,
genetically encoded anomalies (i.e., rare and highly heritable traits)
observed among these Early Holocene foragers is compatible with the
hypothesis of long-term intra-regional interactions between these
forager groups.

However, considering the palaeoenvironmental record and
documented geographic and climatic constraints over these groups at
the end of the Pleistocene, the relatively high frequency of congenital
anomalies and unusual bony labyrinth morphologies documented in
the Early Holocene Middle Nile Valley assemblages (Fig. 3; Table 1 and
Supplementary Table S4) may also be compatible with a range of
demographic scenarios, including reduced population connectivity,
structured interaction networks, and local demographic processes
such as drift or endogamy in small or subdivided populations. Over
generations, such processes may, in principle, have increased the
likelihood that rare mutations would rise in frequency within the
population. Such scenarios could contribute to the observed dis-
tribution of congenital pathological changes and the potential syn-
drome documented in these populations. The presence of similar
pathological conditions in Late Pleistocene individuals from the region
—one individual from Jebel Sahaba and Nazlet Khater 2 (Supplemen-
tary Table S4)—could represent early occurrences of similar congenital
conditions, which may have become more frequent in later, Early
Holocene populations.

With the onset of the Holocene, improving climatic conditions
also likely expanded opportunities for interaction. Archaeological84–87

and bioarchaeological88 evidence points to complex social behaviours
among these forager groups—including probable inter-group marital
systems and extensive exchange networks—which could have pro-
moted regional connectedness while still allowing for localised popu-
lation structuring, which may have influenced the transmission of
these genetically encoded traits. It is plausible that climatic constraints
and later social dynamics may have influenced patterns of population
connectivity in the region. If so, such demographic processes could
have affected the distribution of the rare congenital traits documented
during the Early Holocene. Nevertheless, the present anatomical evi-
dence alone cannot distinguish among demographic isolation, struc-
tured interaction networks, founder effects, or other evolutionary
mechanisms.

Moreover, as mentioned earlier, a few other cases of individuals
displaying unusual bony labyrinth morphologies and/or congenital
pathological changes were found outside the Middle Nile Valley Early
Holocene population. For the Mid-Holocene/Neolithic sample from

the region, three individuals exhibited an ‘outlier’ bony labyrinth
morphology, and another displayed EVA (Fig. 3 and Fig. 5, Table 2,
Supplementary Fig. S11 and Table S4). Three of these individuals ori-
ginate fromEl-Barga inNubia, a site that yielded succeedingMesolithic
and Neolithic occupations60,84,85. In light of the low frequency of these
traits among the remainder of the Neolithic population in the Middle
Nile Valley (i.e., only found in one individual from Ghaba, Central
Sudan), along with the significant biological discontinuity identified
between the last foragers and the first food producers in the
region14–16,19, these few individuals might indicate some isolated, lim-
ited biological interaction or gene flow between the previous foragers
and new Neolithic populations.

Given the two individuals from theHornof Africawho also exhibit
similar unusual morphology and the four additional individuals from
the region also displaying congenital pathological changes (Fig. 5C–E
and Supplementary Table S4), establishing parallels between the
Middle Nile Valley populations and these individuals is challenging.
Considering the substantial distance (i.e., both geographically and
temporally) between these populations, along with the distinct biolo-
gical signal of AD10_S1 (consistently plotting further from the rest of
the outlier individuals), and the few individuals available so far for the
region, it would be hazardous to suggest direct biological relatedness
between these individuals and the Sudanese foragers included in this
study. However, archaeological and palaeoenvironmental data from
the Horn of Africa20–29,31–33 indicate a narrative similar to that of the
Middle Nile Valley, characterised by harsh environmental constraints,
probably leading to long-standing geographic isolation and popula-
tion substructure. In this context, the presence of similar bony labyr-
inth morphology and associated congenital pathological changes in
this region could reflect demographic processes broadly comparable
to those proposed for the Middle Nile Valley, even if independent
regional dynamics cannot be excluded.

Although the patterns documented here are clear and internally
consistent, several limitations should be acknowledged. Inner ear
anomalies can arise through different genetic or developmental
pathways58,59,66–78, and the available skeletal evidence does not allow us
to distinguish among them with complete certainty. Nevertheless, the
morphological consistencies, the elevated frequency of congenital
inner ear anomalies in Early Holocene Middle Nile Valley and Middle
Holocene Horn of Africa assemblages, and their broad geographic
distribution indicate that these traits were not isolated occurrences
but reflect a wider demographic context. Multiple evolutionary sce-
narios remain possible (such as reducedpopulation connectivity, small
effective population size, or localised founder effects) but the anato-
mical evidence indicates that these populationsmay have experienced
a combination of demographic and environmental conditions that
influenced their biological variability. These findings reveal an under-
explored dimension of population history in northeastern Africa and
beyond, highlighting the value of inner earmorphology and pathology
as informative markers of past demographic structure.

Concluding remarks
This study underscores the valuable insights that morphological ana-
lyses can offer, particularly in regions where aDNA is unavailable. Our
findings demonstrate that, even in the absence ofmoleculardata, bony
labyrinth morphology can yield remarkable information about popu-
lation history and micro-evolutionary processes—ranging from micro-
regional patterns to broader chronological and geographic scales.
Moreover, the results highlight the close parallel and complementary
nature of dental and bony labyrinth data, reinforcing the strong phy-
logenetic signal inherent in both structures.

These results offer insights into population structure and evolu-
tionary processes in northeastern African regions during the Late
Pleistocene and Holocene. Although the present dataset constitutes
one of the largest collections of bony labyrinths from the region,
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certain areas (e.g., the Lower Nile Valley) remain underrepresented.
Our interpretations, therefore, primarily pertain to the Middle Nile
Valley and the specific regions sampled here. Nevertheless, our find-
ings reveal significant morphological differences between Middle Nile
Valley foragers and food-producing populations, pointing to major
biological discontinuity at the Neolithic transition. However, despite
this overall pattern of discontinuity, we highlight evidence of rare and
localised instances of potential admixture or continuity between the
last foragers and the earliest food-producing groups in the region.
Preliminary analyses show morphological parallels with individuals
from the Horn of Africa and Central Africa, despite the geographical
and chronological distances, suggesting similarly complex and
dynamicdemographic trajectories across northeasternAfrican regions
and adjacent areas.

Importantly, the identification of a group of individuals, mostly
Early Holocene Middle Nile Valley foragers and Mid-Holocene indivi-
duals fromtheHornof Africa, exhibitingunusual (syndromic) inner ear
morphologies and rare congenital pathological changes, is compatible
with multiple demographic scenarios, including but not limited to
periods of reduced connectivity and/or population structuring under
climatic constraints. These patterns are not only consistent with
archaeological and environmental evidence from both regions but
may also reflect broader processes of population sub-structuring
across parts of prehistoric northeastern Africa in relation to past cli-
matic constraints.

Methods
Skeletal material
Thebony labyrinths of 148 individualswere included in this study (with
46 individuals presenting both left and right antimeres, i.e., n = 194
bony labyrinths in total). These originate from various archaeological
skeletal assemblages from Eurasia and Africa, as well as present-day
South Africa (Fig. 1, Table 1).

Many of the individuals included in this study (n = 68) were sam-
pled from Late Pleistocene to Mid-Holocene sites in the Middle Nile
Valley region (i.e., present-day Sudan and southern Egypt). Petrous
bones from contemporaneous assemblages in the Horn of Africa
(n = 10) and from Central Africa (n = 7) were also included in this work
to evaluate regional morphological affinities and contextualise Middle
Nile Valley variation within a broader (northeastern) African frame-
work. These individuals were also selected and considered to provide
preliminary insights into the population history of both regions, also
depending on the availability and/or accessibility of skeletal material
for each region.

Other comparative samples from Africa include the Late Pleisto-
cene remains from Nazlet Khater 2 (Egypt), Ishango 37 (Democratic
Republic of the Congo), Guli Waabayo (Somalia), and Hofmeyr (South
Africa). Thesewere selected to represent key temporal and geographic
points across the continent, providing a broader context for inter-
preting variation in northeastern Africa. We also included a recent
South African sample (Pretoria Bone Collection, n = 30 individuals) to
provide a baseline of recent Homo sapiens, population-specific range
of variation.

Comparative samples, contemporaneous to some of the oldest
African specimens in our sample, include French and Belgian late
Neandertals (n = 11) and European Upper Palaeolithic Homo sapiens
(n = 8), as well as older Neandertal specimens (i.e., dated to MIS 6-5;
n = 10). Additional comparative data from Pleistocene Eurasian fossils
were also gathered from the literature8,40–44,89–91 and included in the
analyses of 2D measurements solely. These were incorporated for
broader comparison and (for Neandertals) as an outgroup, helping to
polarise variation and identify traits specific toHomo sapiens, aswell as
particular morphologies.

These individuals were included in all protocols detailed in this
work, except for two individuals for whom the cochlea was not

preserved or was too damaged. These were removed from the 2D and/
or landmark-based analyses (Supplementary Data 1). See Supplemen-
tary Data 1 for further details on the material included in this study.

Ethics statement
Part of the material included in this study was excavated in the fra-
mework of several international archaeological missions in Africa, with
the authorisation and support of the responsible authorities and
governments. The collections analysed here derive from diverse
excavation and curatorial histories, which are summarised in Supple-
mentary Note S2, including details on the circumstances of recovery,
exportation, study, and current curation. Some of the material recov-
ered from these excavations, including human remains studied in this
work, is currently on temporary loan or permanent deposit in various
European and American institutions for study, documentation and
restoration, with all necessary licences and permits issued by the
responsible authorities and governments. Access to the collections
was granted by the institutions responsible for the remains, and all
inquiries regarding access to the original material should be directed
to them.

We recognise that archaeological collections from Africa are
embedded within broader historical and structural contexts that have
shaped patterns of excavation, curation, access, and participation in
research. While the present study was conducted under formal
authorisations and institutional approvals, and in accordance with
applicable regulations, access to heritage collections and research
infrastructure remains uneven globally. By documenting the prove-
nance, excavation histories, and current status of the collections, we
aim to contribute to clear reporting of the governance and steward-
ship contexts in which this research was conducted, and to support
transparent and responsible research practices that acknowledge
these broader structural considerations.

Access to the µCT acquisitions from the Pretoria Bone Collection
was granted by the University of Pretoria, with approval of the
Research Ethics Committee of the Faculty of Health Sciences
(HUM017/1123).

Scanning procedure and segmentation
Temporal bones and crania with preserved bony labyrinths were
selected for µCT acquisitions with the following parameter ranges:
83–280 µA intensity; 100–180 kV voltage; a 0.1–1.6mm copper, or
1.0mm aluminium, or copper + aluminium, or 0.5mm titanium filter
(see Supplementary Data 2 for sample-specific parameters). The final
volumes were reconstructed with an isotropic voxel size ranging from
17.0 µm to 127.7 µm, depending on the acquisition parameters and size
of the skeletal piece scanned. While this represents some variability, it
falls within the range commonly reported in studies of bony labyrinth
morphology36,38,95,96. Previous work36 has shown that variation in scan
resolution within this range does not significantly affect the char-
acterisation of labyrinthine shape, even when comparing substantially
coarser resolutions. See Supplementary Data 2 for more details on
each sample acquisition parameter, scan resolution, device and
reconstruction software for the µCT acquisitions carried out for
this work.

Given the differential state of preservation of the remains inclu-
ded in this study (e.g., bony labyrinth often filled with sediment; see
Supplementary Table S5), segmentation of the reconstructed images
was performed using Avizo 9.5.0 (Thermo Fisher Scientific) and Bio-
medisa software92,93. For each specimen, approximately a dozen slices
were pre-segmented in two perpendicular orientations within Avizo.
The Smart interpolation function in Biomedisa was then used to
reconstruct the complete 3D volume of the bony labyrinth. Subse-
quently, all segmentations were manually inspected in Avizo to verify
the accuracy of the semi-automatic segmentation process, with man-
ual corrections applied as needed (e.g., to segment missing parts). All
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bony labyrinth surfaces were then extracted and computed using a
constrained smoothing and a 0.4 padding value94. All segmentation
and subsequent measurements were performed by N.M.

To assess segmentation reliability, four individuals representing
varied taphonomic preservation (Supplementary Table S5) were seg-
mented twice more by N.M., with a week between each digitisation to
ensure independence. Analysis of the resulting 3Dmodels revealed no
significant differences between segmentation iterations, confirming
the consistency of the procedure (Supplementary Fig. S15).

2D measurement protocol
A set of linear and angular measurements was taken to account for the
overall shape of the bony labyrinth38,89. Prior to this, each stack of
images was reoriented into the transverse and sagittal planes using the
Resample Transformed Image function in Avizo 9.5.0, with the “stan-
dard” and “extended” interpolation options. The “standard” inter-
polation performs linear interpolation between neighbouring voxels
(i.e., trilinear interpolation in 3D), providing a smooth transformation
of the image stack without introducing significant artefacts. For this, a
slice was manually oriented in the transverse plane following the
orientations described in refs. 38,89, roughly aligning with the lateral
semi-circular canal (SCC). The entire image stack was then reoriented
according to this reference slice. Next, another slice was generated
perpendicular to the defined transverse plane andmanually aligned in
the sagittal orientation described in refs. 38,89, with particular atten-
tion to correctly positioning it at the level of the common crus (Sup-
plementary Fig. S16). Finally, the image stack was resampled based on
this orientation. All subsequent measurements were performed on
these two reoriented planes.

The linear measurements recorded include the height and width
of each SCC (e.g., ASCh; ASCw) and of the cochlea (i.e., COh; COw).
Based on these, we calculated the radius of curvature of each SCC and
of the cochlear basal turn (e.g., ASC-R), as well as the relative radius of
curvature of the canals (e.g., ASCh-%R). We also computed the sagittal
labyrinthine index (SLI) and two angles (LSCm<APA and LSCm<COs).
These measurements were chosen to best describe the overall mor-
phology of the bony labyrinth and to allow comparisons with the lar-
gest comparative dataset possible of previously published inner ear
measurements from Africa, Europe and the Levant8,40–44,89–91.

Landmark-based analysis
All right bony labyrinth surfaces were mirrored to allow comparison
between left and right antimeres. Using the B-spline function in Avizo
9.5.0, a total of 8 landmarks and 180 semi-landmarks were manually
digitised by N.M. on these meshes (Supplementary Fig. S17 and
Table S5). This template is inspired by Gunz et al.’s95 landmarking
procedure for the SCCs and by Beaudet’s96 approach for the cochlea.
For the SCCs, this consists of computing the midline skeleton of the
segmented volumes, using the Auto Skeleton function in Avizo 9.5.0
and the protocol described by Gunz et al95. Landmarks were placed at
the entry point of each canal and of the common crus into the vesti-
bule, and at the Y-junction of the common crus. Along themidlines, 38
equidistant semi-landmarks were resampled on each SCC and 8 on the
common crus. For the cochlea, we followed Beaudet96 and digitised 48
equidistant semi-landmarks along the outer midline of the structure,
and two fixed landmarks at the apex of the cupula and at the entry
point of the cochlea into the vestibule.

Landmarks and semi-landmarks coordinates were then imported
in R (v4.2.2; R Core Team 2022)97 and the shapes v.1.2.798 and Morpho
v2.199 were used for data pre-processing (i.e., Generalised Procrustes
Analysis). Semi-landmarks were not slid. Instead, the B-spline curves
generated in Avizo during landmark digitisation were exported to R,
where all curve points were resampled at equal arc-length spacing
using the resampleCurve() function in Morpho, providing consistent
point ordering across individuals. Sliding is typically recommended to

reduce visualisation artefacts in thin-plate spline (TPS) warping and to
accommodate specimens with missing or incomplete curves95. In the
present study, however, no TPS deformation grids were used, and all
specimens preserved complete and uninterrupted canal and cochlear
curves, for which Gunz et al. 95 note that the differences between
analysing unslid equidistant points and slid semi-landmarks are “neg-
ligible”. Given the fully preserved curves and the absence of missing
data, we follow previous inner ear studies that rely on equidistant
curve resampling without sliding96,100.

To account for potential intra-observer error, eight bony labyr-
inths were randomly selected, and the landmarks and semi-landmarks
were digitised again after several months. Comparison of the original
and control Procrustes coordinates (Supplementary Fig. S18) shows
good repeatability of the protocol.

Diffeomorphic surface matching (DSM)
Contrary to the landmark-based approach, which relies on the 3D
coordinates of a set of points, the DSM method is based on the
mathematical principle of diffeomorphism and relies on the compu-
tation of a sample-average surfacemodel and its deformations to each
of the investigated surfaces101–103. In other words, it does not focus on a
point-to-point correspondence, as in landmark-basedmethods, but on
the distances and local orientations between twomeshes,which allows
comparison of entire surfaces rather than a pre-defined number and
ordering of points.

Prior to the DSM analyses, all bony labyrinth surfaces were pre-
processed. This consisted of separating the vestibule andSCCs from the
cochlea, following Urciuoli et al.’s protocol37,104,105. After this, all indivi-
dual meshes were decimated to 30,000 triangles37,104,105, manually
oriented and then aligned and rigidly scaled using an Iterative Closest
Points (ICP) algorithm through the Align Surface function on Avizo.
Finally, the meshes were imported into Deformetrica v.4.3.0 (https://
www.deformetrica.org/)101,106 to compute the sample average shape,
called global mean shape (GMS). With this software, we also computed
the deformations between the GMS and each individual mesh, sum-
marised by sets of control points associated with vector fields (called
momenta). These shape parameters (nparameters = 2800) were then
imported into R v.4.2.2, using the RToolsForDeformetrica package107.

To assess the potential effect of including a much larger, more
recent sample in such analyses, especially on the computation of
momenta, we reran the calculation of the GMS and the subsequent
GMS-to-individuals deformation by excluding recent South African
individuals from the dataset. The obtained PCA (Supplementary
Fig. S19) showed little to no differences with that obtained from the
original momenta. A Mantel test comparing the Euclidean inter-
individual distance matrices derived from the two PCAs revealed an
almostperfect correlation (r = 0.990,p =0.0001; 9,999permutations),
indicating that the overall morphometric structure is nearly identical
between the two computational approaches.

Statistical analyses
All statistical analyses were computed in R. With the ade4 v.1.7.22108–110

packages, we computed principal component analyses (PCA): for the
GMS-to-individual diffeomorphisms and Procrustes coordinates, we
used the covariance matrices, and for the 2D measurements, we used
the correlation matrix. For readability issues, the PCA plots displayed
in Fig. 3 only show the convex hulls and centroid points of the different
groups considered in this study, with only individual values shown for
the relevant specimen. Figures showing the full individual distribution
are shown in the Supplementary Fig. S3. Interactive HTML versions of
all PCAplots presented in thiswork are also available in Supplementary
Data 3. Thesewere generated using the plotly v4.11.0111 package in R. To
assess the significance of principal components in the high-
dimensional DSM dataset (2800 variables, n = 194), we applied the
getMeaningfulPCs() function fromMorpho v2.1. Only PC1 exceeded the
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eigenvalue noise floor, as expected in high-dimensional morpho-
metrics. PC2 was retained for visualisation and ordination because it
captures biologically coherent variation, reflects trends observed in
landmark and 2D datasets, and highlights secondary axes of mor-
phospace variation relevant to geographic and taxonomic patterns.
PC1 is treated as the dominant statistical signal, while PC2 is inter-
preted heuristically. Similarly, PCs 3–4, presented in the Supplemen-
tary Fig. S2, are reported for reference.

Allometry was tested using linear regressions of PC scores against
the natural logarithm of either the centroid size of the SCCs and vesti-
bule for the DSM analysis or thewhole bony labyrinth for the landmark-
based analyses (Supplementary Table S1). To test the impact of
includingNeandertal individuals in the analyses, this was carried out for
both the whole sample and a Homo sapiens-only sample. Centroid size
of the SCCs and vestibule was estimated based on the decimated
meshes, prior to their scaling and alignment, using the cSize function of
Morpho. Linear regressions indicate that size has a generally little to no
effect on PC scores. While some regressions are statistically significant,
the associated R² values are low, indicating that size explains only a
minor proportion of the morphological variation captured by the PCs.

With the ade4 package, we computed between-group principal
component analyses (bgPCA) on the Middle Nile Valley sample, using
all PCs and the individuals from five a priori defined groups: Late
Palaeolithic (LP), Mesolithic (Meso), Nubian Early Neolithic (ENeoN),
Central Sudanese Early Neolithic (ENeoCS), and Nubian Middle Neo-
lithic (MNeoN). This was done to classify the individuals from the
Western Desert and Shaqadud, which were projected a posteriori onto
the bgPCA morphospace and for which typicality probabilities were
computed (Supplementary Fig. S4 and Table S3). Cross-validated
bgPCA computed on the same dataset showed a consistent distribu-
tion pattern, suggesting no spurious group separation effects112 (Sup-
plementary Fig. S20).

We also performed permutational multivariate analyses of var-
iance (PERMANOVA), using thepairwiseAdonis v.0.4.1 package113 (1000
permutations; based on Euclidean distance and with no correction114),
to assess the structure of data and results, and to estimate the mor-
phological distances between the a priori defined groups from the
Middle Nile Valley and their significance (Supplementary Table S2).

Mahalanobis distances and disparity metrics were calculated
using the first 18 principal components of the DSM analysis (of the
Homo sapiens-only sample), which each explainedmore than 1% of the
total variance and together accounted for 79.98% of the total
variance115. Disparity was estimated using the dispRity function from
the dispRity v.1.8 package116, applied to bootstrapped group distribu-
tions (20,000 replicates) to account for small sample sizes.

As detailed in Supplementary Data 1, both left and right bony
labyrinths were included, when available in the dataset, and considered
as separate observations in the analyses. This applies to all present-day
South African individuals and several archaeological specimens. Includ-
ing both antimeres allowed the capture of biologically relevant asym-
metry in labyrinth morphology and preserved unilateral morphological
features, including atypical/outlier morphologies. To document the
extent of bilateral variation, a supplementary PCA figure (Supplementary
Fig. S21) connects left and right labyrinths from the same individual,
allowing assessment of within-individual variation relative to between-
individual variation. Although directionality is not strictly uniform, many
left-right displacements show a general trend along the lower-left to
upper-right quadrant of the PCA, which can be consistent with variation
in the thickness of the semi-circular canals. More generally, these dis-
placements appear small relative to general morphospace variation and
are consistent with overall limited asymmetry.

Recording of pathological changes
The re-oriented scans (i.e., transverse andsagittal viewsproduced for the
2D measurement analysis) of all individuals were assessed for

pathological evidence. Fistulas were recorded as present or absent by
visual examination of both transverse and sagittal images for every
individual. Suspected fistulas were required to be consistently visible
across consecutive slices and in both anatomical planes, and particular
attentionwas paid to edgemorphology, with genuine features expected
to present smooth and well-defined boundaries. The size of the vestib-
ular aqueductwasmeasured followingmedical standardprotocol66. This
consisted ofmeasuring the width of the aqueduct at the operculum and
at themid-point (halfwaybetween theoperculumand the vestibule), in a
transverse (or ‘axial’) view. Standard clinical thresholds of ≥2mm (at the
operculum) and ≥1mm (at the mid-point) were taken to describe
enlarged vestibular aqueducts66. The cochlear nerve canal (CNC) dia-
meter was measured in a transverse/axial view as the width of the bony
canal at the entry of the cochlea, with a standard clinical threshold of
≤1.8mm used to describe a stenotic CNC68. To account for taphonomic
variation, the preservation state of each specimen was evaluated before
scoring (see Supplementary Table S5 for detailed taphonomic informa-
tion and Supplementary Fig. S22 for representative examples). When
taphonomic alteration prevented reliable measurement or observation
of a feature, the individual was scored as “non-observable” (occurring
rarely, primarily affecting VA measurements at the operculum). Finally,
as the identification of these pathological traits is based on criteria
derived from clinical imaging protocols, which are typically established
on medical CT data with coarser resolution than the µCT scans used
here, the level of variation in voxel size in our dataset is unlikely to affect
the identification of the anatomical features considered.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Access to the original material should be addressed to the curators of
the relevant curating institutions (see Supplementary Note S2). Access
is subject to institutional approval and curation policies governing the
human remains. The µCT scan data and derived 3D models are avail-
able from the corresponding authors only with permission from the
relevant curating institutions. Raw µCT data are also held by the cur-
ating institutions and may be accessed under their data access pro-
cedures for scientific research purposes. Requests must be directed to
the curatorial contacts listed in SupplementaryNote S2 and are subject
to review and approval by the relevant institution. Linear measure-
ments and landmark coordinate data for the Middle Nile Valley and
present-day South African individuals are provided in Supplementary
Data 4. Equivalent datasets for other individuals are available from the
corresponding publications cited in the text (i.e., refs. 8,40–44,89–91)
or from the corresponding author subject to institutional
approval. Source data are provided with this paper.

Code availability
The R scripts used in this study, adapted from previously published
sources cited in the manuscript, are available as Supplementary Code
1. The scripts were developed for the specific datasets analysed here
and may require adaptation to be reused. Some of the raw data
required to run the scripts are not yet publicly available (i.e., data with
restricted curatorial access mentioned in the Data Availability
statement).
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