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Early European evidence of
artificial cranial modification from
the Italian Late Upper Palaeolithic
Arene Candide Cave
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This study reports on early Eurasian evidence of artificial cranial modification (ACM) in a Late Upper
Palaeolithic (LUP) individual (AC12) from Arene Candide Cave, Italy (ca. 12,620-12,190 Cal BP). We
used virtual anthropology and geometric morphometrics to compare AC12’s cranial morphology with
LUP, Mesolithic, and Neolithic Italian specimens, pathologically modified individuals, and a global
sample of ACM cases. Our analyses consistently demonstrate a strong affinity between AC12 and the
ACM group, distinct from other comparative samples. Statistical analyses confirm AC12 as a clear
outlier for non-ACM groups, with high probabilities of belonging to the ACM cluster. This discovery
provides evidence suggesting an earlier origin of ACM on the continent, confirming that this globally
distributed practice has Palaeolithic roots. Situated within a complex LUP funerary site, this finding
illuminates the deep antiquity of culturally mediated body modification and its role in signifying
ascribed identity within ancient hunter-gatherer societies.

Keywords Human body culturalization, Permanent body modifications, Virtual anthropology, Geometric
morphometrics

The culturalization of human bodies has been a defining and enduring characteristic of our species. Through
transformations in appearance, individuals and societies impart cultural values and symbolic meanings to the
physical body, which serves not only as a vessel for personal self-expression but also as a living artifact, moulded
by cultural practices and societal beliefs, functioning to convey, uphold, and perpetuate shared values and
collective identity (review in'~?). For millennia, humans have engaged in a variety of practices, ranging from
body adornments to body modifications, to meet cultural standards of beauty and participate in the complex
process of creating and reproducing personal, social and ethnic identities (see?). The antiquity of these practices
is prevalently inferred from findings uncovered at archaeological sites, such as body adornments (e.g., perforated
marine shells, beads, pendants, ochre), which can indirectly inform on features such as hairstyles, body paintings,
and decorated clothing. This type of evidence has been identified at various sites in Africa and the Mediterranean
Levant, dating back to approximately 140,000 years ago (review in°).

However, exploring the culturalization of the body in prehistory presents significant challenges, as most
forms of body modification are transient. Even modifications regarded as permanent, such as tattoos and
piercings, affect only the soft tissues, which are typically not preserved in archaeological remains*®. Tools found
in archaeological sites (e.g., “tattoo toolkits”) suggest the application of tattoos dates back at least to the Upper

1Department of Biology, University of Florence, Florence, Italy. 2University Museum System, Anthropology and
Ethnology Section, University of Florence, Florence, Italy. 3Department of Life and Environmental Sciences,
Neuroscience and Anthropology Section, University of Cagliari, Cagliari, Italy. “Department of Cultural Heritage,
University of Bologna, Ravenna, Italy. °Department of Environmental Biology, Sapienza University of Rome, Rome,
Italy. ®Radiology Unit Firenze 2, San Giovanni di Dio Hospital, Florence, Italy. 7Imaging Diagnostic Unit Firenze 3,
Santa Maria Nuova Hospital, Florence, Italy. 8Department of Humanities, Prehistoric and Anthropological Science
Unit, University of Ferrara, Ferrara, Italy. °CNR-Institute of Environmental Geology and Geoengineering, 20126
Milan, Italy. 1°Department of Biological, Chemical and Pharmaceutical Sciences and Technologies, University of
Palermo, Palermo, Italy. *“email: irene.dori@unifi.it

Scientific Reports|  (2025) 15:27792 | https://doi.org/10.1038/s41598-025-13561-8 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-13561-8&domain=pdf&date_stamp=2025-7-30

www.nature.com/scientificreports/

Palaeolithic (18 ka, Mas d’Azil, France”), with possibly older but controversial evidence from Blombos Cave,
South Africa®’. However, direct evidence of these practices depends on the natural or artificial preservation
of human skin. Otzi, the Tyrolean Iceman discovered in 1991 in the Italian Alps, along with some mummified
bodies from Egypt’s Predynastic period, exhibit some of the world’s oldest preserved tattoos, dating back to the
second half of the 4th millennium BCE!%-!2. Skeletal remains provide some of the earliest direct evidence of
body modifications, with evidence dating back to the Late Pleistocene. These include nontherapeutic intentional
dental modification (review in'?) and artificial cranial modification (henceforth ACM), also known as intentional
cranial deformation (ICD).

The practice involves the application of pressure to an infant’s head during its developmental stages, resulting
in a reshaping of the cranium. Various instruments used for cranial modifications lead to distinct final shapes!'*-2!,
which can be broadly categorized into two main types (following!*): tabular modification and circumferential
or annular modification. The first type is achieved using rigid objects, such as wooden boards, resulting in a
flattening of the occipital and frontal areas and a broadening of the parietal bones. The second type is achieved by
using softer tools, such as bandages**??, leading to an overall elongation of the neurocranium. The intensity and
angles used to shape the heads create different variants within these two main morphological types. Despite the
often-fragmentary nature of skeletal remains from archaeological contexts, ACM is documented across various
continents and spans millennia, from the end of the Pleistocene to recent times!4-16:23-31,

In this work, we present the evidence of artificial cranial modification in a Late Upper Palaeolithic (henceforth
LUP) individual from Arene Candide Cave, in the northwestern coast of Italy (Finale Ligure, Savona, Liguria;
Fig. 1a). Arene Candide is one of the most important archaeological prehistoric sites in Europe due to its long
occupation spanning from the Upper Palaeolithic to historic times*?-%. The archaeological and anthropological
research in this cave started in the second half of the nineteenth century with the investigation of the Holocene
layers®-*!. In the 1940s, the investigation of the Pleistocene deposits*?~*>, uncovered the Epigravettian “necropolis’,
one of the largest mortuary sites in Europe dated to the LUP in terms of buried individuals (minimum number
of individuals: 22%6). Here, over the course of the Younger Dryas cooling event, generations of hunter-gatherers
engaged in a complex funerary program (AMS dates spanning between ca. 12,900 and 11,600 years Cal BP*),
burying selected individuals and purposefully re-arranging the remains of existing burials—especially crania—
around the new depositions6:45.

Amongst the crania subject to secondary deposition, the one belonging to Arene Candide 12 (henceforth
AC12; also known as AC19%7%%) captivated the interest of Italian scholars due to its peculiar and atypical
morphology. The cranium was intentionally placed on the top of another burial (Arene Candide XV, known
as “Tomb of the Antlers”), within a niche created by two stone slabs and a broken grindstone (see also*® for
a discussion of the ritual breaking of pebbles at the site), while the mandible and postcranial elements were
found in a cluster of bones in secondary deposit nearby (cluster XII*%; Fig. 1b-d). The skeleton was attributed
to an adult male®. The first publication of the restored cranium of AC12 (Fig. 1e,f) dates back to the late 1970s,
by P. Messeri*$, who after an accurate reconstruction noted its elongated morphology and hypothesized that
it represented one of the earliest examples of artificial cranial modification (annular/circumferential oblique
type), achieved through constrictive bandaging. However, this interpretation was not supported by Formicola
and Scarsini*’, who attributed the extreme cranial morphology to a pathological condition, an accidental event
that altered the cranial growth, or the unreliability of the original reconstruction. Comprehensive and detailed
information on the biological profile and morphometric description of the cranium, including both the preserved
and reconstructed bones, is provided in the works of both authors. The poor quality of collagen extracted from
a cranial bone fragment produced an unreliable radiocarbon date, while dates from postcranial elements place
AC12 at ca. 12,620-12,190 years Cal BP*® (95.4% probability; obtained by combining GrM-22237 10,460 + 40
and GrM-22396 10,465 £ 40, all dates calibrated using OxCal 4.4°1), Although the calibration curve is quite flat
around these dates, resulting in large confidence intervals, the dates from postcranial elements seem consistent
with the stratigraphic position of the cranium with respect to the funerary structure of AC 15 (burial XV), whose
bones have been directly dated and appear to be slightly younger (GrM-13678 10,325 + 30, 12,455-11,944 years
Cal BP*¢, 95.4% probability).

This study employs virtual anthropology and geometric morphometric techniques to quantify the cranial
shape of AC12 and explores whether Arene Candide 12 represents early evidence of artificial cranial modification.
To do so, we virtually reconstructed the AC12 cranium (henceforth AC12) four times and compared cranial
shapes of the virtual reconstructions and the original specimen (henceforth AC120r) to individuals exhibiting
cranial modification, unmodified Italian specimens from the Late Upper Palaeolithic, Mesolithic and Neolithic
periods (henceforth LUP-Meso-Neo), as well as individuals with pathological conditions.

Results

Principal component analysis

In our analyses, we used two different landmark sets. The results of the PC1 and PC2 from the first analyses are
shown in Fig. 2 (the scatterplot with labels is shown in Supplementary Fig. 3a). PCI represents 17.51% of total
variance. There is no discrimination between groups within this PC1. Maximum positive scores are linked to a
rounder and taller frontal bone with an overall shorter neurocranium. Negative PC1 scores are related to a flatter
and shorter frontal bone; the neurocranium shows a relatively higher lambdoid region relative to the facial and
anterior part of the neurocranium. PC2 represents 12.76% of total variance. This axis differentiates our groups,
where negative scores are associated with the pathological and LUP-Meso-Neo crania while positive values are
associated mainly with the artificially modified crania. Shapes associated with negative PC2 scores show a flatter
occipital area with the nuchal plane more vertical (lambda and opistocranium almost laying on the same plane);
the frontal bone and the facial skeleton are also more vertically oriented. Overall, it shows the shape of a short
and rounder skull. Positive scores are associated with a long and more flattened cranial shape. In this case, the
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Fig. 1. Location and excavation details of the Arene Candide Cave and AC12 specimen. (a) Map of Northern
Italy with the location of Arene Candide site; (b) The area excavated in the 1940s, later called “Epigravettian
necropolis”. The AC12 cranium (labelled in a larger font size) and AC12 post-cranial elements (indicated
within the red ellipse), along with the AC15 skeleton, are shown in figure. The colours used are explain in the
legend; (c,d) Historical photographs from the original excavation. In (c), the cranium (coloured in brown)

is located beneath the stones structure (coloured in yellow). In (d), the cranium has been removed, and the
stones are still in place. The partial excavated AC15 skeleton is clearly visible in the top of right corner; (e,f)
Lateral (left and right) view of AC12 cranium as it is currently preserved in the Museum of Anthropology in
Florence.
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Fig. 2. PC1 and PC2 scatterplot, landmarks analysis. Red circle: pathological or unintentionally modified
individuals (Sca: Scaphocefaly, Tur: Turrocephaly, Mic: Microcephaly, Pla: Plagiocephaly). Black triangle:
Epigravettian individuals; black square: Neolithic individuals; black diamond Mesolithic individuals. Blue
circle: intentionally modified individuals (Annular oblique ACM). Brown triangle: AC12 mean reconstruction;
green triangle: different AC12 reconstructions; fuchsia triangle: AC12 original specimen. Shape changes on
the sides of the plot exhibit + -2 standard deviation of each PCs, visualized using wireframe in lateral view (left
side).

lambdoid region is posteriorly located compared to the foramen magnum. The facial skeleton shows a more
prognathic morphology and the frontal bone is flatter and more elongated antero-posteriorly.

In this plot all the reconstructions and the mean configuration of AC12 group close to each other showing
similar PC1 and PC2 scores, falling inside or close to the cluster of the annular modified individuals, also AC120r
falls within the ACM cluster with higher PC1 score compared to the virtual reconstructions. The negative PC1
score and positive PC2 score showed by AC12 new reconstructions highlight its elongated and overall flattened
morphology. The full results of this PCA—including the PC scores for each individual, eigenvalues, variance
explained by each PC, and cumulative variance—are available in the Supplementary_File_Excel PCA_Sheetl.

The typical probability of AC12 belonging to the three groups based on PC1 and PC2 scores distribution
gave p-values below 0.05 if we considered ACI2 reconstructions grouped with pathological or LUP-Meso-
Neo individuals. Hence, AC12 new reconstructions are considered outliers for these two groups based on PC1
and PC2 scores. Conversely, if we consider AC12 as belonging to the ACM, the typical probability of every
reconstruction falls between 0.12 and 0.47 (see Supplementary Table 1 for all p-values calculated). AC120r
typical probability shows similar results with the only exception of p-value for LUP-Meso-Neo group of 0.0537
which is slightly above the alpha level of 0.05.

The second analysis also comprised semilandmarks (Fig. 3, and scatterplot with labels in Supplementary
Fig. 3b). In this case, the first PC separates well the modified crania from the other groups. Positive PC1 scores
are associated with the ACM group while extreme negative values are reached by the pathological individuals.
LUP-Meso-Neo specimens fall in between these two groups. In PC2 groups overlap more but individuals dating
from the LUP to the Neolithic period do not reach extreme negative values exhibited by some pathological
specimens and artificially modified ones. PC1 represents 31.12% of the total variance; extreme positive values
in this component are related to an elongated and flattened morphology. Negative scores are linked to a more
pathological shape resembling a scaphocephalic condition (craniosynostosis of the sagittal suture), with a
rounder and more vertical frontal bone, and an inferiorly and posteriorly oriented occipital bone. PC2 represents
14.13% of total variance and is associated with a more dolichocephalic shape for positive scores, with a relatively
longer neurocranium and a posteriorly projecting occipital bone. Negative scores are linked to a shorter overall
calvarium with less round frontal bone and a more oblique nuchal plane.
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Fig. 3. PC1 and PC2 scatterplot, landmarks and semilandmarks analysis. Red circle: pathological or
unintentionally modified individuals (Sca: Scaphocefaly, Tur: Turrocephaly, Mic: Microcephaly, Pla:
Plagiocephaly). Black triangle: Epigravettian individuals; black square: Neolithic individuals; black diamond:
Mesolithic individuals. Blue circle: intentionally modified individuals (Annular oblique ACM). Brown triangle:
AC12 mean reconstruction; green triangle: different AC12 reconstructions; fuchsia triangle: AC12 original
specimen. Shape changes on the sides of the plot exhibit + -2 standard deviation of each PCs, visualized using
TPS deformation on a reference specimen.

AC12 PC1 and PC2 scores of the different reconstructions and the mean configuration plot together in the
proximity or inside the convex hull of the artificially modified individuals. Especially PC1 scores of AC12 fall
inside the variability of ACM individuals and outside the variability of the other two groups. AC12 exhibits
positive PC2 scores with values on the margin of ACM group variability. AC120r fall inside the convex hull of
ACM individual with lower PC1 and PC2 scores of AC12 mean configuration. The PC1 and PC2 scores of AC12
are linked to an elongated and flatter neurocranial morphology typical of ACM individuals. The full results
of this PCA—including the PC scores for each individual, eigenvalues, variance explained by each PC, and
cumulative variance—are available in the Supplementary_File_Excel PCA_Sheet2.

Also, in this analysis, the typical probability of AC12 belonging to the three groups based on PC1 and PC2
scores distribution gave p-values below 0.05 for pathological (range p-values: 0.0003 to 0.0006) or LUP-Meso-
Neo groups (range p-values: 0.0081 to 0.0257) while above 0.05 for the ACM group (range p-values: 0.1282
to 0.308) (see Supplementary Table 2 for all p-values calculated). AC120r follows similar distribution but the
p-value of LUP-Meso-Neo group is 0.0735 above the 0.05 alpha level.

Multinomial logistic regression

The Multinomial Principal Component Logistic Regression (MLR) based on the first 6 PCs scores yielded
models that correctly classified the comparative sample with an accuracy of 93.48% for the landmarks analysis
and 100% for the landmarks and semilandmarks analysis (see Table 1). The first 6 PCs account for 61.43% and
73,75% cumulative variance respectively for the landmarks only and the landmarks and semilandmarks analyses
(Supplementary_File_Excel PCA_Sheet2). In both models all the reconstructions and the original specimen of
AC12 indicate a strong morphological affinity to the ACM groups and are all classified in the ACM group (see
Table 2).

Pairwise Procrustes distance

When evaluating the overall shape similarities of AC12 with the other individuals’ results show that AC12 is
more similar on average to the ACM individuals than the other two groups (Fig. 4, blue violin). Interestingly,
the Procrustes distances of the LUP-Meso-Neo individuals from AC12 (Fig. 4, grey violin) and the ACM group
(Fig. 4, purple violin) have very similar distributions, with almost identical mean values. When considering the
Procrustes distance between the different reconstructions (Fig. 4, green violin), the distribution shows a mean
value smaller compared with the interindividual Procrustes distance distribution (Fig. 4, yellow violin), which
can be referred as normal morphological variability.
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True/predicted | LUP-Meso-Neo | ACM | Pathological
LUP-Meso-Neo | 20 0 2

A | ACM 0 18 0
Pathological 1 0 5
LUP-Meso-Neo | 21 0 0

B | ACM 0 18 0
Pathological 0 0 7

Table 1. Confusion matrix of cross-validation results for classification of the different individuals. Lup-Meso-
Neo = Late Upper Palaeolithic, Mesolithic and Neolithic individuals. ACM =artificial cranial modification
individuals. Pathological = scaphocefaly, turrocephaly, microcephaly, plagiocephaly individuals. A: analysis
based on landmarks only; B: analysis based on landmarks and semilandmarks.

LUP-Meso-Neo | ACM | Pathological
AC12 original |2.93*10~* 0.99 |3.21*107®
AC12mean | 2.39*107 1.00 | 3.69*107'%
AC12V1 3.42%10°° 0.99 | 9.05%107'2
A AC12V2 1.66*10¢ 0.99 |2.62%1071
AC12V3 4.07%1071 1.00 | 3.85%107%
AC12V4 2.04*10° 1.00 |5.16*1071%
AC12 original | 4.951073 0.99 |8.72¢10°1
ACl2mean | 4.15°107° 0.99 | 2591077
8 AC12V1 1.02*107 0.99 |7.46*107'°
AC12V2 4.09*107 0.99 | 5.43*107'
AC12V3 3.13*1077 0.99 | 3.99*1072!
AC12V4 1.92*10°° 0.99 |2.75%107

Table 2. Posterior probability of AC12 classification. LUP-Meso-Neo = Late Upper Palaeolithic, Mesolithic
and Neolithic individuals. ACM = artificial cranial modification individuals. Pathological = scaphocefaly,
turrocephaly, microcephaly, plagiocephaly individuals. V1, V2, V3, V4 =different reconstructions. A: analysis
based on landmarks only; B: analysis based on landmarks and semilandmarks.

Discussion

We analysed four different virtual reconstructions of AC12 and the original physical reconstruction AC120r
using geometric morphometric methods, comparing its cranial shape to a sample of individuals from different
Italian sites dating from the LUP to the Neolithic, as well as to pathological or unintentionally modified
individuals, and ACM individuals from different regions worldwide. The virtual reconstructions exhibit
consistent shapes and consistently cluster within the same region of shape space in both analyses, demonstrating
that this critical step was accomplished through a highly reproducible and robust methodology. Given the virtual
environment in which the new reconstructions were performed—allowing for semi-automatic alignment of
the various fragments—we suggest that the new virtual reconstructions more accurately reflect the original
morphology of the fragmented AC12 cranium. All our results confirm strong shape similarities between AC12
and AC120r to the ACM group. The ACM individuals also show the overall smallest Procrustes distances from
AC12. Both the analyses—the more conservative landmarks only and the more comprehensive one using also
semilandmarks—show that AC12 exhibits PC1 and PC2 scores consistent with those expected for individuals
with artificially modified crania. Classification results based on the first 6 PCs from both analyses also confirm
the affinity to the ACM group, with all the reconstructions of AC12 classified into the ACM group. Our results
do not support the hypothesis of morphological similarities between AC12 and the LUP-Meso-Neo individuals.
The results obtained through geometric morphometric analyses allowed us to test the hypothesis proposed by
Formicola and Scarsini*” that AC12 cranial shape was due to a pathological condition like craniosynostosis, or
unintentional modification. Craniosynostosis is the premature fusion of one or more cranial sutures®?, which
can occur as spontaneous isolated defects, or may be hereditary or syndromic®. The premature closure of a
major suture (coronal, metopic, lambdoid, or sagittal) can result in cranial deformity and leads to different
cranial shapes, depending on the suture that fuses. AC12 exhibits coronal and lambdoid sutures partially unfused
(“significant closure’, following®). Therefore, the only suture that could have shown synostosis would be the
sagittal one, which is not directly observable on AC12. However, pathological individuals with craniosynostosis
of the sagittal suture in our sample exhibit cranial shapes that differ from those of ACI12 and all the ACM
individuals (i.e., the individuals labeled “Sca” in Fig. 3). Early closure of the sagittal suture results in a rounder
and more vertical frontal bone, as well as a flatter, posteroinferiorly projecting occipital bone—features absent
in AC12 morphology. For these reasons, our results do not support craniosynostosis as a factor influencing the
shape of the AC12 cranium.
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Fig. 4. Violin boxplot of pairwise Procrustes distances (PPD) distributions. Green: PPD between different
AC12’s reconstructions. Blue: PPD between AC12 mean and ACM individuals. Grey: PPD between AC12
mean and LUP-Meso-Neo individuals. Red: PPD between AC12 mean and pathological individuals. Yellow:
interindividual PPD in the LUP-Meso-Neo group. Purple: interindividual PPD between LUP-Meso-Neo
individuals.

Having deemed it improbable that craniosynostosis was the cause of AC 12’s cranial shape, its attribution to
cultural practices seems more plausible. Nonetheless, the cultural shaping of the human body can occur through
both direct and indirect means. Many instances of cranial modification documented in archaeological and
ethnographic contexts arise from cultural practices that do not deliberately seek to alter the shape of the head, such
as positional, postural, or habitual practices (reviewed in'®). Consequently, distinguishing between intentional
and unintentional cranial modifications often proves challenging!®**?2. For instance, asymmetrical posterior
flattening could result from positioning neonates in a supine position while sleeping to prevent sudden infant
death syndrome (SIDS)*>, or from securing children to cradles with bandages or straps for transportation®®. These
changes affect the neurocranium, resulting in asymmetrical (plagiocephaly) or symmetrical (brachycephalic)
flattening of its posterior or lateral parts®”>®. Another habitual practice that could affect the frontal and parietal
bones involves the use of tumplines (carrying bands) for occupational purposes. Using headbands to transport
heavy objects can flatten the frontal and parietal bones® without causing morphological changes in the occipital
region. However, the elongated occipital shape observed in AC12 does not support this form of unintentional
cranial modification as an explanation.

Results suggest that the cranial shape of AC12 resulted from a cultural practice specifically targeting the head
during early infancy, resulting in an annular-type ACM. This would be the earliest known case of artificial cranial
modification in Europe, being directly dated to ca. 12,620-12,190 Cal BP* (95.4% probability). Currently, the
more widely accepted evidence of ACM dates to the terminal Pleistocene or into the Holocene?>?”:%°. The oldest
example of ACM in Asia was found amongst prehistoric hunter-gatherers in Northeastern China (Songhuajiang
Man I, IVPP PA1683; 9810+30 BP, 11,257-11,192 Cal BP?, 94.5% probability). Pleistocene evidence of
ACM was reported from Southern Australia (Nacurrie I, Murray River region; NZA 1069, 11,440+ 160 BP?,
13,738-13,072 Cal BP, 94.5% probability). The idea that ACM was present in the Middle Palaeolithic amongst
Neanderthals had been proposed®"®! but rejected afterwards by the same authors!>2. Although the Pleistocene
date previously obtained at Nacurrie should be re-performed using modern standards, results from AC12
confirm that ACM has its roots in the Palaeolithic.

In later prehistory, ACM was practiced world-wide, across various cultures and societies for millennia. In the
Middle East and Northeast Asia, it continued to be practiced in the Neolithic and beyond?”%. In the Eurasian
steppes (e.g., Western Asia, Carpathian Basin, Caucasus) ACM is documented from the Bronze Age (3000-1000
BC) to the Medieval Period (5th—fifteenth century AC) with an intensification during the Migration Period
of Europe (fourth-seventh century BC)?%%4-7_ In Central and South America, cultural skull modifications
were performed for almost 10,000 years, from the Preclassic period to the nineteenth century!%16:2428.29.68.69,
Other postmedieval examples of this practice come from Europe, most notably from eighteenth and nineteenth
century France®*”0,

Scientific Reports |

(2025) 15:27792 | https://doi.org/10.1038/s41598-025-13561-8 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Given this ample chronological and geographic spread, it is not surprising that the motivations behind ACM
are varied, and in some cases unclear. Explanations for ACM include group identity and kinship, social status,
gender roles, spiritual significance, and aesthetic ideals!*1*20:24296%71 ‘T some instances, this custom was able
to adapt to underlying social changes, evolving, renewing itself, and altering its meaning over centuries'®. For
example, given the unclear reason for the “Toulousienne” head banding custom that was common in rural
eighteenth and nineteenth century France, it had been proposed that the focus was primarily the protection of
the infant’s fontanelles, with the ACM being an unintentional result. However, this has been disputed, given that
aesthetic reasons, shared pseudo-medical beliefs, and norms regarding the display of hair and heads were clearly
part of the cultural context, which was socially created, transmitted, and reproduced through the manipulation
of the infant’s head”?. Indeed, the main difference between ACM and other forms of body modifications—often
used as visual markers of significant life events, such as initiation rites, illness, or the loss of a community member
(e.g. dental avulsion’>7*)—is that ACM is imposed at birth or shortly afterward and requires a considerable
investment of time and effort by parents or caregivers’*”> (from the first months of life up to five years in some
cases). The permanent modification therefore acts as a distinctive visual symbol and a marker of ascribed rather
than acquired cultural identity'®?%. The imposition onto the new-born from the previous generation suggests the
presence of inter-generational, long-term transmission of non-negotiable values.

For this reason, ACM is often viewed as an embodiment of hereditary hierarchy, a characteristic typically
associated with ranked societies?’. Indeed, hierarchies were often reinforced by ascribing sacred or supernatural
qualities to individuals or groups through the practice of ACM (e.g. the Inca'?, the Maya?®’¢, and the Chinookan
peoples of the Pacific Northwest””), linking appearance to power. However, concluding that the presence of ACM
at Arene Candide is evidence of Upper Palaeolithic hierarchical societies would be simplistic. The antiquity of
social differentiation along “vertical” lines, particularly within prehistoric hunter-gatherers’ societies, is contested
(review in’®). Clark and Neely”® noted that, while there is substantial evidence of “horizontal” differentiation in
archaeological sites across the Europe—stemming from biological sex, age, descendent groups, and recognition
earned through individual skills and lifetime achievements—signs of vertical differentiation are less apparent. It
has been argued that researchers have often conflated evidence of “complexity” with other characteristics that are
typical of Western societies (technological complexity, sedentism, intensification of labour, demographic growth
and high population density, hierarchies, etc.)’®. This obscures the different ways in which prehistoric hunter-
gatherers may have been complex, especially in the funerary realm, with more recent approaches exploring
possible emphasis on shamanic power, powerful places, horizontal differentiation, and “exceptional people and
events”80-82 Thus, the evidence of ACM in AC12 does suggest an ascribed identity, but little can be inferred on
the nature of power relationships in his group.

Cemeteries are one of the indicators of “complexity” that are often associated to concepts of intensification,
territoriality, sedentism, land claim rights, population pressure, and competition for resources®*-%°. While earlier
studies linked the appearance of cemeteries with late Mesolithic sedentism and population growth, it is now
clear that cemeteries, intended as places set apart for the dead, have Palaeolithic roots®®, with the Epigravettian
necropolis of Arene Candide Cave being one of the most notable examples. The site was placed in a highly
visible place—a cave on the top of a 90 m white sand dune—and it is conceivable that hunter-gatherers socially
invested on this landmark to reinforce their connection to, and privileged access to, an area and its resources*%7,
In addition, the recent re-assessment of the chronology of the necropolis places it entirely within the Younger
Dryas, with the earliest burials dated to its onset, and the last ones to its end, making it reasonable that these
territorial claims took place in a context of climatic deterioration®®#° and increased competition?®*°. However,
compared to modern cemeteries, it is apparent that these Palaeolithic places of the dead were not intended to
host the entire group, but only a selected few.

Indeed, it has been observed that Gravettian and Epigravettian burials are rare?” and include selected
individuals, often based on the presence in their skeletal remain of pathological (mostly congenital) deformities,
trauma, and other “exceptional people and events3¢808291 Tt has been proposed that, while most dead were
treated in other manners®?, formal burial was a means to ritually contain and sanction these “extraordinary”
instances. The Epigravettian necropolis at Arene Candide Cave adds an additional layer to this complexity: here,
skeletal elements from older depositions, especially crania, were rearranged in relation to new inhumations;
in one case, two individuals with similar skeletal deformities were put in relationship through this mortuary
gesture’®469394 This behaviour evokes a ritual connection between the bones of the ancestors, the newly
deceased, and the living individuals performing the funerary rites, as part of a long-term transmission of values
and identity continuing over hundreds of years. It is impossible to precisely determine which social role had
AC12, with his oddly shaped head, in life and in death. However, his elongated cranium was placed within the
covering stones of the burial of AC15, an adolescent showing signs of hypertrophic osteoarthropathy (HOA®),
which can be a sign of a long-term pulmonary condition or congenital heart disease. Upcoming studies
using aDNA will investigate congenital disease and the parental relationships amongst the individuals in the
necropolis, providing information on whether AC12 belonged to the same genetic lineage as the Arene Candide
Epigravettian group®®. Currently, the inclusion of AC12 in the funerary program, alongside the deliberate
connection with a pathological individual, highlights the exceptional nature of his cranial modifications and
underscores its cultural significance within LUP hunter-gatherers at Arene Candide Cave.

In conclusion, AC12 represents the oldest cranium with artificial cranial modification currently documented
in Europe, coming from a well-studied and securely dated archaeological context. This finding provides valuable
insight into the origins and potential purposes of ACM, although its precise social and cultural significance
within past populations, particularly during the Late Upper Palaeolithic, remains difficult to determine.
It can be noticed that only one out of the five crania with intact morphology at Arene Candide Cave shows
this modification, suggesting that ACM was not an identity marker the entire group, but only of a subset of
individuals. Still, as a permanent and highly visible body modification applied during infancy, cranial shaping
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symbolizes and physically embodies a trans-generational transmission of ascribed identity. It demonstrates
that Upper Palaeolithic human groups perpetuated facets of their cultural identity through diverse practices—
extending beyond complex funerary traditions persisting over centuries—many of which remain to be fully
uncovered and understood.

Material and methods

The ACI12 cranium was physically reconstructed in the 1970s, using plaster to restore missing parts, primarily
of the neurocranium (Fig. le,f). In light of the concerns expressed by Formicola and Scarsini about the quality
of the original reconstruction’’, we opted to perform a virtual reconstruction employing state-of-the-art
techniques. To perform a virtual reconstruction AC 12 was CT scanned with Siemens SOMATOM go.TOP
(slice thickness=0.7, pixel size=0.4748%0.4748, total voxel size=0.4748*0.4748*0.7 mm). DICOM files were
manually segmented using Amira 5.4.5 (Thermo Fisher Scientific). Segmented fragments were saved as separate
3D mesh in .ply format.

The comparative material consists of 46 crania from prehistoric and historic collections, divided into
three main groups described below (Table 3). All cranial samples, as well as AC12 specimen, are part of
public collections housed in various Italian museums and institutions. The LUP-Meso-Neo sample includes
21 individuals from Italian archaeological sites, primarily stored at the Museo di Storia Naturale of the
University of Florence, Museo di Archeologia Ligure in Genova Pegli, and the Museo Archeologico del Finale
in Finale Ligure (a complete list of public institutions is provided in Supplementary Table 3). The artificially
modified group is made up of 18 individuals, all of them exhibiting clear evidence of the annular oblique type
of cranial modification®*11:116:19.21.2645 Thege specimens come from different locations and have uncertain
chronologies. The pathological group includes 7 individuals with different cranial synostosis, each displaying
distinctive morphological characteristic, such as scaphocephaly and turricephaly. All these specimens are part
of the historical public collection housed at the Museo di Storia Naturale of the University of Florence. Detailed
information on the analysed sample, including the catalogue number, museum facility, archaeological site,
geographical provenance, and chronology, is provided in Supplementary Table 3. The 3D models of the specimens
were obtained using 3D scanner, photogrammetry, or medical CT scan. The 3D scanner used is the DAVID
Structured Light Scanner SLS-3 with a maximum resolution of 0.05 mm and maximum accuracy of 0.05 mm.
Photogrammetry was based on pictures shot by a Fujifilm X-T30 with a resolution of 4416*2488 pixels. Photos
were then processed in the Agisoft Metashape (v.1.7.6) software. Medical CT-Scan were obtained using a Siemens
SOMATOM go.TOP (slice thickness =0.7, pixel size =0.4748%0.4748, total voxel size =0.4748%0.04748%0.7 mm)
and saved as DICOM files. DICOM files were opened with Avizo 7.1 (Thermo Fisher Scientific Inc.) and crania
were segmented using manual thresholding. The segmented crania were then saved as 3D mesh in .ply format.

Virtual reconstruction of Arene Candide 12

Arene Candide 12 was CT scanned and manually segmented, using Amira 5.4.5, to separate the original bone
fragments from the matrix used for the restoration. After segmentation, a total of 4 main fragments were
obtained (see Supplementary Fig. 1).

o Almost complete facial skeleton.

« Fragment of left frontal bone articulated with a portion of the parietal bone.

« Right and medial portion of the occipital bone articulated to the right temporal bone.

« Part of the left side of the occipital bone articulated with portions of the left parietal and temporal bones.

Virtual anthropological methods allow to perform reconstruction multiple times. The reconstruction was a
necessary and critical part of the analysis. To minimize the uncertainty of the bias introduced by this step, four
different reconstructions were performed adopting semi-automatic methods (see below) by three different users
(2 times by T.M., one by A.R., and one by I.D.; Supplementary Fig. 2).

We aligned the fragments through a semi-automatic protocol, using the “align” tool in MeshLab®” software
and the rotmesh.onto() function from Morpho R package®®.

M F Und. sex
Adult | Sub | Adult | Sub | Adult | Sub
Group n n n n n n tot | Geographical pr ience of the sampl

South America (Argentinan=2, Perun=11)
ACM 6 6 4 2 18 | Eurasia (Crimea Peninsula; n=3)
Oceania (Pacific Islands; n=2)

LUP 5 2
Mesolithic | 2 1 21 | laly
(Ligury n=15, Veneto n=2, Sicily; n=4)
Neolithic 6 1 3 1
. Italy (Tuscany n=6)
Pathological | 5 2 7 and unknown origin (n=1)
tot 23 3 13 5 2 46

Table 3. Comparative sample used in this study. M = male, F =female, Und. sex = undetermined sex;
Adu =adult (age class > 20 y.0.), Sub =subadult (age class <20 y.0.); n=number of specimens for each category.
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First, we created a mirrored version of the facial fragment to have a more complete facial skeleton. To align
the two parts (original facial portion and mirrored one), we used the align tool in Meshlab. After setting 4
identical points between the two meshes, the software aligned the two elements and performed an iterative
cluster point (ICP) algorithm to optimize their position. The aligned mirrored version of the facial skeleton was
used to reconstruct the missing left portion of the original ones.

The two fragments of the occipital bone did not have connection points. Instead of aligning the two portions
manually, we preferred to create a mirrored version of the right portion and align it to the original right one
using the align tool and ICP algorithm in Meshlab. Afterward, we aligned the left portion to the mirrored aligned
right one using the same method. The mirrored part was erased leaving only a portion of it that connected
the left and right original fragments. To obtain a more complete neurocranium we then performed another
mirroring of the achieved reconstruction to reconstruct the missing right parietal portion and the left zygomatic
arch using again the align and ICP tool from Meshlab.

The reconstructed facial skeleton and neurocranial part had one portion in direct connection, the zygomatic
suture. By collecting four landmarks on the superior and inferior border of the zygomatic suture on the maxilla
and temporal bone we used the rotmesh.onto() function from the Morpho package®® to align the two meshes
(face and neurocranium).

The last fragment that needed to be aligned was the left fronto-parietal part. In this case, there was no clear
evidence of the presence of connecting points between the fragment and the rest of the calvarium. The alignment
of this portion was achieved manually using Avizo software 7.1. Once the alignment was performed the overall
reconstruction was mirrored again and aligned to the original one using the align and ICP tool in Meshlab to
reconstruct the fronto-parietal portion of the right side. The rest of the mirrored mesh was erased leaving only
the mirrored version of the fronto-parietal fragment in the correct position (final reconstruction in Fig. 5a,b;
Supplementary Fig. 2a—c).

For one of the reconstructions (AC12V1), we estimated also the missing cranial vault. This was done for
aesthetic purposes but none of the landmarks or semilandmarks used for the following analysis was taken on this
estimated portion. The estimation was achieved using 20 landmarks and 220 semilandmarks placed on AC12V1
and AC5. AC5 was then warped using Thin Plate Spline algorithm®® on the AC12V1 reconstruction and its vault
was kept to reconstruct the missing portion of AC12V1.

To assess the reproducibility and reliability of the reconstructions we calculate the pairwise Procrustes
distances among them and compare the distribution of Procrustes distance between the reconstructions with
the interindividual distance among the LUP-Meso-Neo group. Moreover, the scores of the first two principal
components calculated from the principal component analysis of the different reconstructions will also be
evaluated to assess the reliability of this step.

Shape analyses and statistical analyses

We collected a total of 20 common osteometric landmarks (Supplementary Table 4) and 129 surface
semilandmarks placed on AC12 neurocranium (Fig. 5c—e). The surface semilandmarks were digitized on one
reconstruction of AC12 and used as a patch template. Missing landmarks were estimated through mirroring and
Thin Plate Spline (TPS) interpolation, using preserved landmarks® for bilaterally missing landmarks. A list of
specimens and number of landmarks requiring estimation is provided in Supplementary Table 5. Mirroring was
performed using the fixLMmirror() function from the Morpho R Package®®, and TPS interpolation was carried
out using the fixTPS() function from the same package. TPS interpolation estimates missing landmarks based
on the five morphologically closest specimens.

The template patch of semilandmarks was projected on the comparative sample using the placePatch()
function from the Morpho R package®®. Once placed, the semilandmarks were allowed to slide using the
minimum bending energy criterion'%. The slided semilandmarks were then used for the following analyses. The
full raw coordinates of the landmarks and slid semilandmarks are available in the Supplementary_File_ CVS_
Raw_Coordinates.

We performed two geometric morphometrics (GM) analyses using different datasets. The first is based only
on the landmarks configuration and the second adds the surface semilandmarks.

In both analyses we performed Generalized Procrustes Analysis (GPA) in order to translate rotate and scale
all landmarks configurations®1%1-1%% to produce new Procrustes coordinates, in both analyses, before the GPA,
we calculated the mean AC12 configuration and removed all the different versions of AC12 reconstructions
leaving in the GPA only the mean AC12 configuration and the AC120r specimen.

The Procrustes coordinates were analysed using principal component analysis!® (PCA). In each PCA, we
used the covariance matrix built on the comparative sample and AC12 mean reconstruction and the original
ACI12 specimen configuration. Subsequently, we performed an ordinary Procrustes analysis to register the
shapes of the different virtual reconstructions of AC12 on the mean shape of the comparative sample. Lastly, the
registered landmark configurations of AC12 reconstructions were projected to predict their principal component
(PC) score values. In this way, neither the PCA axes nor the Procrustes coordinates of our reference sample were
influenced by the multiple AC12 reconstructions themselves. We explored the PC1 and PC2 scores distribution
through scatterplots adding colour and convex hull to the different groups. Shape variation was visualized in
two different ways in the two analyses. In the landmarks only, wireframes connecting landmarks were morphed
along the major PC axes to visualize how shapes varied along two standard deviations of a given PC axis. Instead,
shape changes along PCs in the landmarks and semilandmarks analyses were visualized as a deformation of a 3D
surface mesh of a reference specimen (AC IV) based on its landmark configuration transformed via Thin-plate
spline interpolation®® along two standard deviations of a given PC axis.

Based on the PC1 and PC2 scores from both analyses, we computed the typicality probability of AC12 for
each group using the typprobClass() function from the Morpho R package. This function tests the null hypothesis
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Fig. 5. Virtual reconstruction of AC12 V1 with landmarks and semilandmarks. (a,b) frontal and left lateral
views of full reconstruction of AC12 V1; (c-e) anterior oblique and inferior views of AC12 V1 showing
landmarks (red dots, numbered as listed in Supplementary Table 4) and semilandmarks (small green dots).

that a specimen belongs to a given group, returning a p-value that indicates how typical the specimen is for
that group. If the p-value is above the alpha level of 0.05, the null hypothesis cannot be rejected, suggesting
the specimen is typical for the group. Conversely, if the p-value is below 0.05, the null hypothesis is rejected,
indicating the specimen is atypical and may be considered an outlier. To estimate the morphological affinities
and to classify both the reconstructions and the original AC12 specimen into the three defined groups (ACM,
LUP-Meso-Neo, pathological), we applied Multinomial Principal Component Logistic Regression (MLR)
models!®>1%, These models were based on the principal component (PC) scores obtained from both analyses.
The models were constructed using the PC scores of the first six principal components derived exclusively
from the comparative sample. The reconstructions and the original specimen were then included a posteriori
to estimate their relative affinities to the comparative groups, expressed as percentage probabilities of group
membership. The classification accuracy of the model was evaluated through cross-validation of the comparative
sample. All analyses were performed using the nnet package!”’” (version 7.3-12).

The total shape difference can be evaluated as Procrustes Distance!?"1%, We explored the distribution of
pairwise Procrustes distances between AC12 and the members of the three groups, we also measured the pairwise
Procrustes distances between all the AC12 reconstruction and the pairwise Procrustes distance between ACM
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individuals and LUP, Mesolithic and Neolithic individuals. The distribution of the distances was visualized as a
violin box plot.

Data availability

All data that support our results are provided in the Supplementary_File_Excel PCA and Supplementary_File_
CVS_Raw_Coordinates. The 3D surface models of the Palaeolithic Ligurian sample are available online in the
MorphoSource project “The Arene Candide 3D Database” https://www.morphosource.org/projects/00000C20
6%locale=en. The 3D surface models of the other individuals used in this study are available upon request from
the host institutions.

Permission statement Permission to study the archaeological skeletal materials was granted by the relevant
Superintendency for Archaeological Heritage, as well as by the Museums and Institutions hosting the collec-
tions (Soprintendenza Archeologia Belle Arti e Paesaggio per le province di Imperia e Savona; Museo di Storia
Naturale di Firenze, Sezione di Antropologia e Etnologia, Universita di Firenze, Firenze; Museo di Archeologia
Ligure, Genova Pegli; Museo di Archeologia del Finalese, Finale Ligure, Savona; Museo Navale Romano di
Albenga, Albenga, Savona; Museo G.G. Gemmellaro, Universita di Palermo, Palermo; University of Ferrara,
Ferrara; Museo Vittorino Cazzetta, Selva di Cadore, Belluno).
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