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ABSTRACT

Fetal or neonatal skeletal trauma is uncommon even in modern clinical settings and is hardly identifiable in the
archaeological record, where preservation constraints and the absence of soft tissues limit diagnostic confidence.
We report a fetal/neonatal individual (RAB ID1; c. 40 lunar weeks) recovered from the Ripari Alti rock shelter
(north-eastern Italian Alps; c. 1100 m a.s.l.). AMS radiocarbon dating of a tibial fragment places the remains
within 3932-3653 cal BCE (20), dating to the Late Neolithic. The assemblage comprises six elements dispersed
within a restricted excavated volume and attributable to a single individual based on osteological coherence,
contralateral pairing of tibiae, and the absence of duplicated elements. Macroscopic examination, digital mi-
croscopy and SEM document: (i) bilateral tibial diaphyseal porosity with metaphyseal lace-like cortical reduc-
tion; (ii) mandibular porosity with lamellar bone deposition; (iii) and a mid-diaphyseal right humeral fracture
with smooth, curved surfaces and an oblique-to-spiral trajectory, showing homogeneous cortical colour across
the fracture plane. The porous and lamellar changes is most consistent with systemic metabolic stress, interpreted
as possible micronutrient deficiency, while acknowledging diagnostic overlap with other conditions and
incomplete skeletal representation. Fracture morphology and microstructural features support a perimortem
origin and, by comparison with clinical literature, are most plausibly compatible with birth-related forces during
a difficult delivery and attempted extraction manoeuvres. This case provides unique osteological insight into
fetal/neonatal risk, maternal-fetal health, and obstetric decision-making within Neolithic alpine mobility
systems.

1. Introduction

1,000 live births, depending on the definitions adopted and the pop-
ulations examined (i.e., Alexander et al., 2006; Onuoha et al., 2020;

1.1. Clinical background of birth-related trauma

Perinatal birth-related trauma is defined as physical injury sustained
by the neonate during labour or the expulsive phase of delivery and
encompasses a broad spectrum of clinical manifestations, ranging from
minor soft-tissue injuries to more severe skeletal and neurological
damage (Warke et al., 2012; Linder et al., 2013; Rubin, 2013). In
modern healthcare settings, such injuries are considered infrequent
events, largely due to improvements in obstetric practice and the early
identification of risk factors (Smith et al., 2013; Surel et al., 2025).
Epidemiological estimates indicate that the overall incidence of birth-
related trauma in neonates generally does not exceed 30 cases per

Aurilio et al., 2025). Within this category, neonatal skeletal injuries
account for a minority of cases when compared with soft-tissue trauma
or neurological injuries, yet they remain of clinical and diagnostic
relevance (Basha et al., 2013; Carvalho et al., 2024).

Among birth-related fractures, clavicular fractures are by far the
most frequently reported, with an estimated incidence ranging from
0.2% to 4.5% of live births, particularly in association with fetal mac-
rosomia, shoulder dystocia, and operative deliveries (Politi et al., 2010;
Choi et al., 2016; Gandhi et al., 2019; Galimberti et al., 2024). In
contrast, fractures of the long bones are significantly less common and
represent only a small proportion of neonatal skeletal trauma,
(Abedzadeh-Kalahroudi et al., 2014: Hogberg et al., 2020). Within this

* Corresponding author at: LaBAAF - Bagolini Archaeology, Archaeometry, Photography Laboratory, Department of Humanities, University of Trento, Trento, Italy.

** Corresponding author.

E-mail addresses: omar.larentis@unitn.it (O. Larentis), francesco.carrer@newcastle.ac.uk (F. Carrer), fabio.cavulli@unina.it (F. Cavulli).

https://doi.org/10.1016/j.jasrep.2026.105961

Received 9 March 2026; Received in revised form 11 July 2026; Accepted 15 July 2026

Available online 26 July 2026

2352-409X/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-1743-1088
https://orcid.org/0000-0003-1743-1088
mailto:omar.larentis@unitn.it
mailto:francesco.carrer@newcastle.ac.uk
mailto:fabio.cavulli@unina.it
www.sciencedirect.com/science/journal/2352409X
https://www.elsevier.com/locate/jasrep
https://doi.org/10.1016/j.jasrep.2026.105961
https://doi.org/10.1016/j.jasrep.2026.105961
http://creativecommons.org/licenses/by/4.0/

O. Larentis et al.

context, humeral fractures are considered rare lesions, with reported
incidences markedly lower than those of clavicular and femoral frac-
tures (Dunkow et al., 2005; Basha et al., 2013; Von Heideken et al.,
2020). Specifically, epidemiological studies indicate that while neonatal
diaphyseal fractures of the femur occur at an incidence of approximately
2 per 1,000 live births, humeral shaft fractures are markedly rarer,
ranging between 0.05 and 0.1 cases per 1,000 births (Sherr-Lurie et al.,
2011; Basha et al., 2013; von Heideken et al., 2020; Carvalho et al.,
2024). Clinical literature consistently indicates that such fractures are
most frequently associated with complicated deliveries, particularly
shoulder dystocia, abnormal presentations (such as breech delivery),
and obstetric emergencies requiring manual or instrumental extraction
manoeuvres (Leung et al., 2011; Dolivet et al., 2018; Rehm et al., 2020).
From a biomechanical perspective, neonatal humeral fractures are
generally interpreted as the result of torsional or traction forces applied
to the upper limb during attempts to disengage the shoulders or facili-
tate fetal expulsion, especially under conditions of fetopelvic dispro-
portion or fetal macrosomia (Rahul et al., 2017; Hamilcikan et al., 2018;
Surel et al., 2025). Although such manoeuvres are performed with life-
saving intent, they carry a documented risk of skeletal and neurological
injury to the neonate (Alexander et al., 2006; Warke et al., 2012;
Ariyawatkul et al., 2017; Carvalho et al., 2024). Obstetric conditions
that predispose to fetal trauma are also frequently associated with
maternal complications, including lacerations of the birth canal, post-
partum haemorrhage, and an increased need for surgical intervention or
invasive manoeuvres, underscoring the bidirectional nature of risk in
complicated deliveries (Huls and Detlefs, 2018; MacArthur et al., 2019).

Taken together, these data demonstrate that perinatal skeletal
trauma—and humeral fractures in particular—represent exceptional yet
well-documented events even in highly medicalised modern clinical
contexts. It is precisely this rarity that lends particular significance to the
identification of analogous lesions in the archaeological record, where
the absence of soft tissues and clinical documentation necessitates a
rigorous, multidisciplinary analytical approach to distinguish between
perimortem trauma, taphonomic alteration, and injury mechanisms
potentially related to childbirth.

1.2. Birth-related trauma in historical and archaeological contexts

For much of human history, childbirth has represented one of the
highest-risk biological events, with potentially severe consequences for
both the mother and the neonate (i.e., Arriaza et al., 1988; Slaus, 2000;
Sayer and Dickinson, 2013; Haeusler et al., 2021). Prior to the advent of
modern obstetrics, complications arising during labour and the expul-
sive phase constituted a major cause of maternal and perinatal mortal-
ity, as documented by historical sources, demographic data, and—albeit
more indirectly—by the bioarchaeological record. Historical pop-
ulations consistently exhibit high rates of neonatal and infant mortality,
often exceeding 20-30% within the first years of life, with a substantial
proportion of deaths concentrated in the perinatal period (i.e. Storey,
1986; Woods 1994). Although specific causes of death cannot always be
identified with precision, childbirth-related complications—including
prolonged labour, abnormal fetal presentations, and dystocia—are
widely regarded as key contributing factors in many pre-industrial so-
cieties (Chamberlain, 2006).

Within the archaeological record, a limited number of osteological
findings have been interpreted as indirect evidence of perinatal trauma,
including cases of neonatal fractures and fetal remains found in associ-
ation with adult female skeletons (i.e., Sjovold et al., 1974; Hawkes and
Wells, 1975; Wells, 1978; Owsley and Bradtmiller, 1983; Pounder et al.,
1983; Persson and Persson, 1984; Hogberg et al., 1987; Malgosa et al.,
2004; Rascon Pérez et al., 2007; Cruz and Codinha, 2010; Willis and
Oxenham, 2013; Lieverse et al., 2015; Zhou et al., 2020; Ejsmond et al.,
2021; Murphy, 2021). From a paleopathological standpoint, fetal and
neonatal skeletal lesions attributable to childbirth are uncommon, both
because of the inherent fragility of immature bone tissue and because of
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the intrinsic limitations of the archaeological record (Halcrow and
Tayles, 2008). Among the traumatic conditions that may be recognis-
able osteologically are fractures of the long bones, which in modern
clinical contexts are well documented as possible outcomes of traction
forces or extraction manoeuvres applied during difficult deliveries
(Basha et al., 2013).

The identification and interpretation of such injuries in archaeolog-
ical contexts must therefore rely on a multi-level analytical framework.
This includes the assessment of fetal osteological characteristics—such
as an estimated gestational age consistent with term or near-term
birth, the presence of fractures localised to long bones (e.g., humerus,
femur) or the clavicle, the absence of bone remodelling indicative of
healing, and fracture morphology compatible with perimortem trauma
— as well as detailed taphonomic and post-depositional evaluation (i.e.,
exclusion of fractures caused by sedimentary compression, excavation
damage, or post-recovery manipulation). Finally, interpretative coher-
ence must be ensured by evaluating the compatibility of the observed
fracture patterns with the biomechanical constraints of childbirth, while
carefully considering alternative explanations.

1.3. Metabolic and nutritional disorders in paleopathology

Over the past decades, the bioarchaeology of non-adult populations
has received increasing scholarly attention, leading to a more nuanced
understanding of growth, health, and disease during infancy and
childhood in past societies (Perry, 2005; Lewis, 2007; Mays, 2017).
Within this field, a substantial body of research has focused on the
identification and interpretation of pathological conditions affecting
immature skeletal remains, with particular emphasis on metabolic and
nutritional disorders (Grauer, 2011; Waldron, 2012; Rotschild et al.,
2023). Among these, micronutrient deficiency diseases have emerged as
a key area of investigation, owing to their high prevalence, systemic
impact, and strong links to environmental, dietary, and social factors
(Larentis et al., 2023; Schattmann et al., 2016; Brickley et al., 2018;
Brickley et al., 2020).

Within the spectrum of micronutrient deficiencies, rickets and scurvy
have been the most extensively studied in paleopathological research.
These conditions are caused, respectively, by deficiencies of vitamin D
and vitamin C and are known to produce characteristic, albeit partly
overlapping, skeletal responses (Carpenter, 1988; Wharton and Bishop,
2003). Importantly, the skeletal manifestations of these deficiencies may
co-occur within the same individual, giving rise to what is defined as a
co-occurrence disease, a condition in which multiple pathological pro-
cesses act simultaneously on the growing skeleton (Schattmann et al.,
2016; Brickley et al., 2018; Brickley et al., 2020). Such co-occurrence
has been reported most frequently in non-adult individuals between
approximately three months and five years of age, a developmental
window characterised by rapid growth and heightened physiological
vulnerability (Ortner, 2003; Ortner and Mays, 1998; Schattmann et al.,
2016; Buikstra, 2019).

Rickets is a multifactorial disease (Misra et al., 2008) that may result
from inadequate cutaneous synthesis of vitamin D due to limited expo-
sure to ultraviolet B (UVB) radiation, which impairs the conversion of 7-
dehydrocholesterol to pre-vitamin D (Granger and Eck, 2018; Holick,
2006). In addition to environmental constraints, rickets may also arise
from congenital conditions (Canepa, 1996), diets deficient in calcium
and phosphorus (Vieth and Fraser, 2002), or dietary regimes rich in
phytates, which inhibit vitamin D metabolism and calcium absorption
(Chaplin and Jablonski, 2009; Mays and Brickley, 2018). The resulting
impairment of mineralisation affects growing cartilage and osteoid tis-
sue, leading to insufficiently mineralised bone, particularly at the met-
aphyses of long bones (Sahay and Sahay, 2012; Holick, 2006).
Macroscopically, this process often manifests as diffuse porosity, cortical
thinning, and, in more advanced cases, bending or deformation of long
bones under muscular load (Lewis, 2007; Larentis et al., 2020, 2023).

Scurvy, by contrast, is caused by a deficiency of vitamin C (ascorbic
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acid), an essential micronutrient required for the hydroxylation re-
actions involved in collagen synthesis. In the absence of adequate
vitamin C, collagen production is disrupted, resulting in weakened
connective tissues, impaired osteoid formation, and defective bone
remodelling (Moore and Koon, 2017). At the skeletal level, existing
osteons may be resorbed without being adequately replaced, leading to
porous cortical surfaces and abnormal bone responses (Ortner et al.,
2001). Clinically and osteologically, scurvy is associated with sub-
periosteal haemorrhages, gingival bleeding, and compromised immune
function, often accompanied by anaemia and increased susceptibility to
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infection (Schwetje et al., 2020). Several of these features—particularly
cortical porosity and metaphyseal surface alteration—may overlap with
those observed in rickets, complicating differential diagnosis (Brickley
and Ives, 2006; Larentis et al., 2023).

In response to these diagnostic challenges, paleopathological
research has progressively refined a set of skeletal criteria aimed at
distinguishing between rickets, scurvy, and their co-occurrence in non-
adult individuals (Ortner, 2003; Schattmann et al., 2016; Buikstra,
2019). These criteria emphasise the distribution, morphology, and
anatomical localisation of bone changes, which typically include

Fig. 1. Location and archaeological context of the Ripari Alti rock shelter system. (a) Geographic setting of the Ripari Alti in the Feltre area, Belluno province, Veneto
Region, north-eastern Italy. (b) Riparo Alto B, situated at approximately 1100 m a.s.l. overlooking the Lamen Valley (c. 46.079006° N, 11.876221° E). (c) Riparo Alto

B during excavation activities.
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increased porosity associated with enhanced vascularisation and
cortical thinning, changes that generally remain confined to the external
cortical surface and rarely penetrate deeply into the bone tissue. When
evaluated within a comprehensive analytical framework, these markers
provide a robust basis for exploring metabolic stress and nutritional
imbalance in past populations.

Journal of Archaeological Science: Reports 74 (2026) 105961
2. Materials and methods
2.1. Archaeological context
The osteological remains analysed in this study derive from a rock
shelter belonging to the so-called Ripari Alti (literally “High Rock

shelters™), a group of natural shelters located at approximately 1100 m
a.s.l. in the Lamen Valley (Feltre, Veneto Region, northeastern Italy)

Fig. 2. Human skeletal remains recovered from the Riparo Alto B (RAB) site. (a) Right hemimandible in mediolateral view, anterior portion to the right. (b) Right
humerus in posterior view, proximal epiphysis to the right. (¢) Right radius in posterior view, proximal epiphysis to the right. Taphonomic alterations (dashed
outlines) and pathological changes (solid outlines) are indicated by Roman numerals. Scale bars = 1 cm.
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(Fig. 1).

These sites represent some of the highest-altitude Late Neolithic
contexts documented in the Dolomitic area and provide clear evidence
of prehistoric groups’ interest in and exploitation of mountain envi-
ronments and resources (Bianchin Citton, 2000).

In 2021, a test trench was opened in the deepest shelter, designated
Riparo Alto A (RAA S1). Two additional trenches were subsequently
opened in a large adjacent shelter located to the south, designated
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Riparo Alto B (RAB S1 and RAB S2) (Carrer and Cavulli, 2023a).
Following the results of these investigations, further excavation cam-
paigns were conducted in RAB S2. During the 2022 field season, the
osteological remains of the present study were recovered.

Material culture and radiocarbon dating place the occupation of the
site within the Italian Late Neolithic, corresponding to the Isera III/Fiave
1 cultural horizon, dated to approximately 3800-3600 cal BCE (Carrer
and Cavulli, 2023a); considering the presence of VBQ ceramics, it is

Fig. 3. Human skeletal remains recovered from the Riparo Alto B (RAB) site. (a) Left rib in ventral view, head to the left. (b) Right tibia in lateral view, proximal
epiphysis to the left. (c) Left tibia in lateral view, proximal epiphysis to the right. Taphonomic alterations (dashed outlines) and pathological changes (solid outlines)

are indicated by Roman numerals. Scale bars = 1 cm.
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more plausible to propose a more stringent comparison with Isera III
(Pedrotti et al., 2022).

The archaeological context where the bones are coming from is the
upper part of the deposit (unit 2) and the radius from the sediment
accumulated against the rock wall (unit 26). The bones have been found
scattered on a surface c. 2 m? large and there is no evidence of any sort of
funeral structure.

2.2. Osteological material

The osteological assemblage consists of seven bone fragments
belonging to six bones identified as human based on preliminary
morphological assessment (Figs. 2, 3; Table 1). The osteological remains
analysed in this study were recovered from two distinct stratigraphic
units (SU 2 and SU 26) and within grid squares named 100/503, 100/
504, and 101/502, a spatial pattern that indicates a limited dispersal of
skeletal elements within an estimated area of c. 0.5x2 m along the rock
wall (Fig. 1c; Table 1). Such a distribution suggests that the bones were
not recovered in primary anatomical connection but were instead scat-
tered across an occupation level, or alternatively underwent post-
depositional reworking, resulting in their gradual incorporation into
the sedimentary matrix of one or more palaeosurfaces over time.

This pattern is consistent with archaeological scenarios in which
human remains, following soft-tissue decomposition, lose anatomical
coherence and are subsequently redistributed by a combination of nat-
ural and anthropogenic processes, including sedimentation dynamics,
minor slope movement, trampling, or surface reworking (Duday, 2009;
Nilsson Stutz, 2003; Kniisel and Robb, 2016). The relatively constrained
spatial dispersion observed here argues against extensive secondary
burial, instead supporting localised post-depositional displacement
within a restricted area of the site (Guy et al., 1997).

Despite the fragmented and dispersed nature of the assemblage,
osteological analysis allows the estimation of a minimum number of
individuals (MNI) equal to 1. This assessment is based on the absence of
duplicated homologous skeletal elements, the presence of clearly
contralateral bones (notably the left and right tibiae), and the consistent
degree of skeletal maturation observed across all elements. Age-at-death
estimations obtained through multiple independent osteometric
methods converge on a similar developmental stage, further supporting
attribution to a single perinatal individual (see Material and methods
section and Table 2).

Variability in cortical surface preservation among the bones is
interpreted as the result of microenvironmental differences in deposi-
tional conditions, rather than evidence of multiple individuals
(Rasmussen et al., 2019). Differential diagenetic alteration affecting
cortical bone quality is a well-documented phenomenon in archaeo-
logical contexts, particularly where skeletal elements are dispersed and
exposed to heterogeneous sedimentary, geochemical, and hydrological
conditions (Hedges, 2002; Nielsen-Marsh and Hedges, 2000; Collins
et al., 2002). In this case, differences in cortical preservation do not
correlate with anatomical duplication or divergent developmental
stages and therefore do not contradict the single-individual hypothesis.

Taken together, the spatial distribution of the remains, the osteo-
logical coherence of the assemblage, the convergence of age-at-death
estimates, and the fact that these represent the only human remains

Table 1
Inventory of the analysed osteological remains. SU = Stratigraphic Unit.

1D no. Site Year SU Location No. of fragments
187 RAB 2022 2 100/504 1
188 RAB 2022 2 100/504 1
193 RAB 2022 2 100/503 1
225 RAB 2022 2 100/504 1
227 RAB 2022 2 100/503 2
507 RAB 2022 26 101/502 1
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Table 2

Anatomical identification of the bone fragments, together with their weights and
maximum lengths. The maximum length reported herein represents the actual
physical measurement of the surviving bone fragment; it does not constitute a
reconstructed estimate intended for anthropometric calculations, unless there is
a superscript numeric reference pointing to a complete measurement, which is
useful for age estimation according to Fazekas and Kosa (1978). In the case of the
hemimandible, the following measurements were recorded: (1) Oblique length:
distance from the mental tuberculum to the posterior border of the condyle; (2)
Body length: distance from the mental tuberculum to the mandibular angle; (3)
Width: distance from the posterior border of the condyle to the tip of the
coronoid process.

D Bone Side Weight Max min Other

no. ® length width measures
(mm) (mm) (mm)

187  Tibia Left 2.55 67.16 15.81 /

188  Tibia Right  1.69 64.12 10.06 /

193  Hemimandible Right 1.36 49.66" 9.12 34.65%

18.14°

225 Humerus Right  1.52 49.87 13.44 /

227  Rib Right  0.53 60.04 4.29 /

507  Radius Left 0.72 54.08 8.36 /

recovered from the excavated area—whose stratigraphic infilling was
completely exhausted—allow the conclusion, with a high degree of
confidence, that the recovered bones belong to a single perinatal indi-
vidual, with an estimated age at death of approximately 40 lunar weeks
from conception, named RAB ID1. The loss of anatomical connection
and subsequent dispersal of the skeletal elements likely occurred after
decomposition, during an undetermined phase of site use or sedimentary
reorganisation, resulting in their gradual incorporation into the palae-
osurface deposits. Such processes are well attested in prehistoric open-
air and rock shelter contexts and do not preclude the interpretation of
the assemblage as deriving from a single biological individual.

The remains were recovered from a mixed assemblage that also
included non-human faunal bones; consequently, the specimens bear
non-sequential IDs.

2.3. Methods of anthropological analysis

All bone fragments were cleaned using demineralised water and a
soft synthetic-bristle toothbrush. After drying at 20°C for 24 h, each
bone was weighed using a laboratory balance (GRAM Lite FS; maximum
capacity 120 g; resolution 0.0001 g). For the purposes of this study,
weights were rounded down to the second decimal place. The remains
were then photographed using a Canon R10 mirrorless camera equipped
with an 18-150 mm STM lens and measured with a Mitutoyo digital
caliper (model 500-181-30; range 0-150 mm; resolution 0.01 mm).

Age at death was estimated using osteometric criteria based on
mandibular dimensions and measurements of the available postcranial
long bones (Fazekas and Kdsa, 1978; Jeanty, 1983; Scheuer et al., 1980).
Macroscopic observations were carried out with the naked eye and aided
by a magnifying lens.

One sample of human bone (ID 188, RAB 2022, SU 2, unit 100/504)
corresponding to a fragment of right tibial diaphysis of 0.99 g, was
submitted for radiocarbon dating at the *CHRONO — Centre for
Climate, the Environment, and Chronology of the Queen’s University in
Belfast, United Kingdom. The 14C/12C ratio in the graphite was
measured with the AMS type MICADAS, mini carbon dating system, at
the 1*CHRONO (Lab-code: UBA-56870) and converted into a radio-
carbon age (expressed in years BP), after correction for isotope frac-
tionation, using the 813C AMS measurement. Calibration of this
radiocarbon age (BP) and all dates cited in the text into calendar years
(BCE) was performed using the software OxCal 4.4 (Bronk Ramsey,
2009) and the atmospheric calibration curve IntCal20 (Reimer et al.,
2020).

Bone anomalies interpreted as possible pathological alterations were
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assessed through comparison with both clinical and paleopathological
literature (Ortner and Ericksen, 1997; Ortner and Mays, 1998; Ortner
et al., 1999, 2001; Ortner, 2003; Brickley and Ives, 2006; Mays et al.,
2006; Mays, 2008; Geber and Murphy, 2012; Schattmann et al., 2016;
Brickley et al., 2018, 2020; Snoddy et al., 2018). Given the profound
difficulties of establishing an unequivocal differential diagnosis from
such highly fragmented material—particularly in the absence of a
complete skeleton required to build a robust diagnostic framework—this
study adopts a probabilistic approach. Consequently, we have relied on
a well-established paleopathological taxonomy that categorizes lesions
as “possible” or “probable” indicators of a specific condition, or alter-
natively, classifies them as overlapping traits shared among multiple
micronutrient deficiencies (Schattmann et al., 2016; Larentis et al., 2023
Vlok et al., 2023, 2024). This classification acknowledges that defining a
unique, macroscopic etiology for these features is often impossible when
dealing with incomplete remains, thereby shifting the interpretive focus
toward a more generalized signature of metabolic stress. Diagnostic
features considered included abnormal porosity, new bone formation in
both cranial and postcranial elements, lytic lesions, alterations of the
growth plates, and fractures. Finally, features potentially related to the
pathological condition of the individual were documented at the
microscopic level using a Hirox RH-2000 digital microscope, allowing
detailed surface analysis at high magnification. To investigate a fracture
identified on specimen ID 225 (RAB, 2022, SU 2, location 100/504) at
ultra-high magnification, the fragment was further examined using a
Phenom XL compact scanning electron microscope (SEM). This analysis
was performed to characterise fracture surface morphology and micro-
structural features relevant to the assessment of fracture timing and
formation processes.

All osteological analyses were conducted in accordance with the
guidelines issued by the Italian Central Institute for Archaeology (Isti-
tuto Centrale per I’ Archeologia, ICA) and the Italian Central Institute for
Catalogues and Documentation (Istituto Centrale per il Catalogo e la
Documentazione, ICCD) (MiC, 2022). All analytical procedures were
formally authorised by the Italian Ministry of Culture (Ministero della
Cultura, MiC).

3. Results

Macroscopic anthropological analysis allowed the anatomical
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identification of the remains as belonging to both the cranial and post-
cranial skeleton, with elements attributable to both the right and left
sides of the body (Table 2).

All osteometric measurements, when evaluated according to the
adopted methodological criter ia, allowed the estimation of the in-
dividual’s age at death at approximately 40 lunar weeks, thus classifying
the remains as belonging to a fetal/neonatal individual.

The fragment of tibial diaphysis, yielded a radiocarbon date (UBA-
56870 ID 188) of 4983 + 34 BP, calibrated to: 3793-3706,/3671-3659
BCE (10) or 3932-3877/3804-3653 (20) (Fig. 4).

The right tibia fragment identified as ID 188 shows limited cortical
surface readability, as diagenetic processes have altered the external
bone surface (Fig. 2 e). This condition, however, does not affect the
remaining skeletal elements, which—although not representing a com-
plete skeleton—preserve sufficiently well-defined cortical surfaces to
allow reliable observation of bone morphology and remodelling
features.

The hemimandible ID 193 exhibits abnormal bone porosity charac-
terised by the presence of newly formed lamellar bone apposed to the
original cortical surface. This alteration is visible on the surface of the
mandibular ramus and extends to the posterior portion of the mandib-
ular foramen (Fig. 2a IV, V; Fig. 5a, b). The affected areas display an
irregular but well-defined surface texture, with clear distinction be-
tween the underlying cortical bone and the superimposed lamellar
tissue.

A small groove is present on the proximal portion of a ID 227 right rib
fragment, located on the infero-ventral aspect of the rib shaft (Fig. 31V;
Fig. 5¢, d). The groove is delimited by a remodelled floor and sharp,
well-defined margins, clearly distinguishable from the surrounding bone
surface. The adjacent cortical bone shows no evidence of fragmentation
or surface abrasion.

A fracture affecting the distal third of the right humerus ID 225 was
identified (Fig. 2b II, III; Fig. 5e-g). The fracture is characterised by
smooth and curved fracture surfaces, with an oblique to spiral fracture
line. The edges of the fracture are sharp and exhibit distinct beveling,
characterized by oblique planes sloping from the external to the internal
cortex. Conversely, along the posterior aspect of the diaphysis, viewed
from a superior-lateral perspective, the fracture margin becomes more
irregular, displaying a characteristic zigzag pattern (Fig. 5e-g). No
discontinuity in colour or texture is observed between the external

Fig. 4. OxCal plot showing the uncalibrated and calibrated radiocarbon date of ID 188, RAB 2022, SU 2, unit 100/504.
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Fig. 5. Detail photographs of the pathological features identified on the analysed skeletal elements. (a-b) Right hemimandible showing abnormal cortical porosity
and areas of lamellar bone deposition on the mandibular ramus and around the posterior portion of the mandibular foramen. (c—d) Left rib exhibiting a focal cortical
alteration with a small groove on the infero-ventral surface of the shaft. (e-g) Right humerus showing a mid-diaphyseal oblique-to-spiral fracture; images illustrate
the smooth and curved fracture surfaces and the absence of colour discontinuity between the external cortex and the fracture plane, consistent with peri-

mortem breakage.

cortical surface and the cortical bone exposed along the fracture plane,
which appear macroscopically homogeneous (Fig. 5g).

A lace-like cortical reduction is observable at the distal metaphysis of
the right radius (ID 507), where the cortical bone appears thinned and
irregularly perforated (Fig. 2c III; Fig. 6a), and a porous remodelled bone
tissue is present at the radial tuberosity (Fig. 2c IV).

As previously noted, the right tibia (ID 188) displays marked

diagenetic alteration, which partially obscures the external cortical
surface. However, comparison with the lateral surface of the contralat-
eral tibia (ID 187) allows the identification of a mild, bilaterally sym-
metrical cortical porosity relative to the sagittal plane, localised at the
mid-diaphyseal region (Fig. 5b, d). Further examination of the right
tibia, which preserves well-defined proximal and distal metaphyseal
regions, reveals a lace-like cortical reduction comparable in appearance



O. Larentis et al.

Journal of Archaeological Science: Reports 74 (2026) 105961

Fig. 6. High-magnification detail photographs of the pathological features identified on the analysed skeletal remains. (a) Lace-like cortical reduction of the distal
radius. (b) Porosity on the medial aspect of the right tibia. (c) Porosity on the medial aspect of the left tibia. (d) Lace-like cortical reduction of the proximal left tibia.
(e) Lace-like cortical reduction of the distal left tibia. (f) Lace-like cortical reduction of the distal right tibia.

and distribution to that observed at the distal metaphysis of the radius.

Scanning electron microscopy of the fracture surface (Fig. 7) reveals
a complex microtopography characterised by multiple delamination
planes running parallel and sub-parallel to the cortical surface
(Fig. 7a—d). At higher magnifications, the exposed cortical microstruc-
ture appears compact and homogeneous, with no visible infilling or
surface weathering. The fracture plane shows a uniform coloration and
texture across its extent, with no discernible contrast between internal
and external cortical surfaces (Fig. 5e-g; Fig. 7).

High-magnification observation of the humeral fracture surface re-
veals a complex microtopography characterised by multiple delamina-
tion planes running parallel and sub-parallel to the external cortical
surface (Fig. 7a, b). These planes define thin, superimposed lamellae
that locally detach from one another, producing a stepped appearance
across both the apical and distal portions of the fracture surface.

Numerous small cortical scales and flakes are present along the
fracture margins and within the fracture plane (Fig. 7c). These elements
vary in size and thickness and show an irregular distribution. Some
flakes remain partially attached to the underlying cortical substrate,
whereas others appear completely detached (Fig. 7d). The margins of

the flakes are sharp and angular, and their surfaces do not display evi-
dence of abrasion, rounding, or sedimentary coating (Fig. 7a-€).

Overall, the fracture surface appears predominantly smooth and
curved, with a continuous fracture trajectory observable at higher
magnification (Fig. 7). In several areas, small microfractures with a
regular concave, conchoidal morphology are present within the cortical
bone tissue (Fig. 7e).

As a morphological comparison with the humeral fracture, we also
examined under SEM the post-mortem fracture affecting the rib shaft
(Fig. 8).

In this case the fracture surface is perpendicular to both the outer and
inner cortical tables (Fig. 8a, d), and the plane of force propagation
disregards the anatomical microstructure of the bone, transecting the
Haversian canals longitudinally (Fig. 8b, c). No portion of the fracture
surface shows features attributable to bone flaking, a stepped appear-
ance, or conchoidal fracturing; on the contrary, the surface is planar and
uniformly rough (Fig. 8a, c).
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Fig. 7. High-magnification detail photograph of the humeral fracture, with circles and letters indicating the areas selected for SEM image acquisition. Orange dots
highlight the areas that best display the stepped morphology and bone flaking, marking the edges along which the steps descend, while the concavity of the
conchoidal fracture is indicated in light blue. (a) Stepped appearance of the apical portion of the fracture surface. (b) Similar stepped morphology characterising the
entire distal portion of the fracture. (c) Cortical scales and flakes observed on the lateral portion of the fracture in anteroposterior view. (d) Cortical scales and flakes
of the same area viewed in mediolateral orientation. (e) Conchoidal microfracture of the cortical bone tissue, consistent with breakage of fresh (green) bone.

4. Discussions

Beginning our analysis with the macroscopic features potentially
linked to pathological conditions, it should be noted that the porous,
remodelled bone tissue observed at the radial tuberosity (Fig. 2c IV)
does not represent a pathological process; rather, it reflects the normal
physiological appearance of the external cortical surface during sub-
adult skeletal development at a site of muscle insertion. This feature,
along with the small lesion identified on the ventral surface of the rib, is
presented specifically to contrast possible post-mortem taphonomic al-
terations and normal developmental variants with genuine pathological
lesions (Fig. 5¢c, d). A definitive pathological origin can likely be ruled
out for the groove observed on the rib; given the ambiguous nature of
this feature, it has been classified as indeterminate in origin. Indeed, the
lesion exhibits sharp, well-defined margins, well-preserved compact
bone tissue, and a depth that appears to penetrate beyond the expected
cortical thickness of a subadult rib. While these macromorphological
features could theoretically argue against a taphonomic modification in
favor of a non-pathological anatomical variant, any conclusive assess-
ment based on these criteria alone would represent an over-
interpretation of the available evidence.

The pattern of skeletal alterations documented in the present
assemblage (Table 3) is characterised by a combination of slightly
increased cortical porosity, lace-like metaphyseal cortical reduction and
lamellar bone deposition, affecting multiple skeletal elements of a fetal/
neonatal individual (Figs. 5 and 6). Although the skeletal representation
is highly incomplete, the distribution, morphology, and anatomical
localisation of the observed changes allows us to propose a cautious
comparison with paleopathological descriptions of micronutrient defi-
ciency diseases (Ortner and Ericksen, 1997; Ortner and Mays, 1998;
Ortner, 2003; Brickley and Ives, 2006; Lewis, 2007; Mays et al., 2006;
Mays, 2008; Geber and Murphy, 2012; Schattmann et al., 2016; Brickley
et al., 2018; Buikstra, 2019; Brickley et al., 2020).
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Increased cortical porosity and reduced cortical density, documented
bilaterally at the mid-diaphysis of the tibiae (IDs 187 and 188), repre-
sent non-specific but recurrent features in metabolic stress conditions,
including micronutrient deficiencies (Ortner, 2003; Brickley and Ives,
2008; Weston, 2009; Brown and Ortner, 2011; Schattmann et al., 2016;
Rittemard et al., 2019). Of particular relevance is the presence of lace-
like cortical porosity localised to the metaphyseal regions of the tibia
(proximal and distal) and radius (distal), a pattern widely described in
association with impaired collagen synthesis and vascular fragility in
growing bone (Lewis, 2007; Schattmann et al., 2016; Snoddy et al.,
2018). Similar metaphyseal surface alterations, described as porous,
finely trabeculated, or lace-like, have been reported in non-adult in-
dividuals affected by possible vitamin C deficiency and interpreted as
the osseous correlate of subperiosteal haemorrhages and abnormal bone
formation (e.g. Brickley and Ives, 2008; Larentis, 2023).

Additionally, a slight support for a metabolic aetiology is provided
by the bilateral involvement of tibiae and by the presence of lamellar
bone deposition associated with increased porosity on the mandibular
ramus and around the posterior portion of the mandibular foramen
(Brickley and Morgan, 2023). Craniofacial involvement, particularly
affecting the mandible, is a well-documented feature in cases of infantile
scurvy, where defective collagen production leads to vascular instability
and reactive new bone formation in areas of muscular attachment and
vascular supply (Patel et al., 2022; Lesic et al., 2024). In this regard, it
must be emphasized that the poor skeletal representation of the subject
precludes the evaluation of critical cranial areas essential for a robust
differential diagnosis, such as the sphenoid, the pars basilaris, and the
squamous portions of the neurocranium (i.e. Schattmann et al., 2016;
Larentis et al., 2023).

A differential diagnosis must nevertheless be considered, despite the
challenges of analyzing a highly incomplete skeleton, as several of the
observed features are not pathognomonic and may overlap with other
pathological conditions. Rickets (vitamin D deficiency) can produce
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Fig. 8. High-magnification detail of the post-mortem rib fracture. (a) The orange dots mark the fracture margin, which meets the cortical bone at 90° and shows no
bone flaking. (b, ¢) The orange dot indicates the margin of a Haversian canal cut longitudinally by the fracture. (d) The fracture margin, again perpendicular (90°) to

the rib cortex, likewise showing neither stepped morphology nor bone flaking.

Table 3

Summary of the observed bone changes. When multiple locations are present on
a single bone, each finding is reported in a separate row.

D Bone Side Location Bone change
no.
187 Tibia Left Diaphysis, outer Increased porosity or
cortex, lateral surface reduced cortical
density
188 Tibia Right  Diaphysis, outer Increased porosity or
cortex, lateral surface reduced cortical
density
188 Tibia Right  Proximal metaphyseal  Lace-like increased
area, outer cortex porosity
188 Tibia Right  Distal metaphyseal Lace-like increased
area, outer cortex porosity
193 Hemimandible  Right  Ramus, outer cortex Increased porosity
and lamellar bone
deposition
193 Hemimandible = Right  Posterior portion of Increased porosity
the mandibular and lamellar bone
foramen deposition
225 Humerus Right  Diaphysis Oblique fracture
507 Radius Left Distal metaphyseal Lace-like increased

area, outer cortex

porosity
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metaphyseal alterations and cortical porosity; however, it is typically
associated with metaphyseal flaring, growth plate widening, and long
bone deformities, none of which are documented in the present assem-
blage (Ives, 2018; Larentis et al., 2020; Pitre et al., 2023; Zinn et al.,
2025). Anaemia-related conditions may also result in porous cranial
and postcranial bone surfaces, but they preferentially affect flat bones
and cranial vault structures and do not usually produce the metaphyseal
lace-like pattern observed here (Anderson et al., 2025; Petiti et al.,
2025).

Taken together, the combination of bilateral long bone cortical
porosity, metaphyseal lace-like cortical reduction, and possible cranio-
facial involvement with lamellar bone deposition, suggest the constel-
lation of features described in the paleopathological literature as
compatible with micronutrient deficiency in non-adult individuals
(Ortner and Ericksen, 1997; Brickley and Ives, 2008; Snoddy et al.,
2018; Larentis et al., 2020; 2023 and already cited literature). However,
the incomplete skeletal representation of RAB ID1, the fetal/neonatal
age of the individual, and the possibility of co-occurring pathological
conditions necessitate interpretative caution. Several skeletal responses
observed in micronutrient deficiencies are shared across different
metabolic and systemic stressors, and the absence of some diagnostic
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skeletal districts limits the strength of a definitive diagnosis.

The skeletal manifestations observed in our sample—specifically the
mild subperiosteal new bone formation on the tibiae, alongside meta-
physeal porosity and the apposition of porous bone on the coronoid
process of the mandible—have traditionally been attributed to possible
micronutrient deficiencies (e.g., Schattmann et al., 2016). Recent
paleopathological re-evaluations underscore that these markers
frequently present as “overlapping features,” lacking the diagnostic
specificity required to isolate a single nutritional deficiency (Vlok et al.,
2023, 2024).

While such lesions may be suggestive of the vascular fragility and
subperiosteal hemorrhaging characteristic of scurvy (vitamin C defi-
ciency), they are also known to manifest in cases of rickets (vitamin D
deficiency) or as a result of other systemic nutritional stressors. Conse-
quently, rather than attributing these traits to a singular, specific
avitaminosis, they are better interpreted as a suite of indicators
reflecting a broader state of metabolic compromise. Viewed through this
lens, these lesions constitute a generalized “metabolic signature” of
physiological stress rather than a pathognomonic marker for a single
disease.

A final consideration concerns the possible presence of a metabolic
pathology in a fetal/neonatal individual, a circumstance that necessarily
requires evaluation within a maternal-fetal biological framework
(Gowland and Halcrow, 2020). At this developmental stage, the indi-
vidual could not have been weaned, and nutritional intake was entirely
mediated through the mother, either via placental transfer during
gestation or, in the very late perinatal period, through colostrum and
breast milk. Consequently, interpreting the lesions as being linked to a
general vitamin deficiency stress, any micronutrient deficiencies
affecting a fetal/neonatal individual could be interpreted as reflecting
maternal nutritional status, rather than independent postnatal dietary
insufficiency (Mudiyanselage et al., 2024; Rahayu et al., 2024).

Fetal skeletal development is highly dependent on the maternal
supply of micronutrients, including vitamin C, vitamin D, iron, and other
essential compounds required for collagen synthesis, bone mineralisa-
tion, and vascular integrity (Fowden and Moore, 2012; Diaz et al.,
2014). During pregnancy, deficiencies in these micronutrients may
compromise fetal growth and skeletal development, resulting in osseous
changes that mirror those observed in the maternal organism, particu-
larly when maternal reserves are limited or chronically depleted
(Roberts and Manchester, 2010; Snoddy et al., 2018).

Paleopathological studies have repeatedly emphasised that skeletal
manifestations of scurvy observed in fetal/neonatal perinatal subjects
are best understood as indicators of maternal deficiency, especially in
contexts where an infant's nutrition would strictly depend on maternal
milk or immediate neonatal care, without the introduction of comple-
mentary foods (Lewis, 2007; Snoddy et al., 2018; Larentis et al., 2023).

In this perspective, the skeletal alterations documented in RAB
ID1—interpreted as consistent with a probable micronutrient
deficiency—are most plausibly understood as the osteological expres-
sion of a shared maternal-fetal metabolic condition. While the maternal
skeleton is not available for direct comparison, the biological depen-
dence of the fetus on maternal nutritional status allows the inference
that, if RAB ID1 experienced micronutrient deficiency, the mother was
likewise affected by a similar condition during pregnancy. Such an
interpretation is further supported by archaeological and historical ev-
idence indicating that nutritional stress during gestation was common in
prehistoric populations, particularly in marginal or seasonally con-
strained environments (Kyriacou et al., 2014; Hochberg and Hochberg,
2019).

In this context, the results obtained from the radiocarbon dating of
the individual become particularly relevant. The chronological interval
between 3900 and 3600 cal BCE falls within a transitional phase be-
tween the late Recent Neolithic and the early Copper Age in north-
eastern [Italy, broadly encompassing the advanced stages of the
Square-Mouthed Pottery (VBQ III) cultural tradition and the emergence
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of Late Neolithic/early Copper Age horizons conventionally referred to
as Isera IlI/Fiave 1 (ca. 3800-3600 cal BCE) (Perini, 1975; Pedrotti
2001). At present, RAB ID1 represents the only human individual
securely attributable to a late phase of the Square-Mouthed Pottery
(VBQ) cultural tradition during the Late Neolithic. In northern Italy, the
only other individual with a broadly comparable radiocarbon date de-
rives from the scattered human remains recovered in Grotta della Poll-
era, identified as Tomb 7 (Sparacello et al., 2019). That assemblage
consists of an incomplete infant skeleton associated with a late Chassean
cultural context. Owing to the extreme fragmentation of the remains,
which precluded detailed paleopathological investigation, and to the
different cultural attribution, no direct comparison is proposed here.

When extending the perspective to the early Copper Age, the avail-
able dataset increases significantly. In this framework, reference to the
South Tyrolean territory is required, and in particular to the necropolis
of Barbiano in the Isarco Valley (Dal Ri et al., 2002). Based on a
radiometric measurement (ETH-17526) of 4810 + 70 BP, corresponding
to 3712-3375 cal BC, the site is placed within the transitional phase
between the Late Neolithic and the Copper Age (95.4% probability) (Dal
Ri et al., 2002; Tecchiati, 2013). At present, the cultural threshold
identifying the Bolzano Basin as a boundary between cremation prac-
tices to the north and inhumation practices to the south, towards
Trentino, remains a matter of debate (Tecchiati, 2013; Mottes and
Nicolis, 2019).

From the earliest phases of occupation at Riparo Marchi (Trento),
human skeletal remains in secondary position have been recovered,
likely displaced to a marginal area of the shelter following a change in
the function of the site. Radiocarbon dating of human bone
(DSH8327_G: 4624 + 47 BP) yields a calibrated range of 3625-3126 cal
BC (Mottes, 2014; Mottes and Nicolis, 2019), placing the site among
those providing the earliest funerary evidence of the Copper Age in the
south-Alpine and central-eastern pre-Alpine regions.

When considered in light of the later Copper Age tradition of using
rock shelters for funerary purposes—a well-documented practice in
Trentino and the Brescian area (see synthesis in Roncoroni, 2013)—the
Lamen find may indicate an early phase of the shelter’s use as a burial
place. New osteological data are currently emerging from the analysis of
materials recovered during the most recent excavation campaign, and
their detailed study and interpretation will be crucial in clarifying this
aspect.

The nature and function of human occupation at the Ripari Alti
during prehistory remain incompletely understood. These natural rock
shelters, distributed along a slope at 1050 m a.s.l., are well suited to
serve as intermediate stopping places during movements between the
valley floor and higher alpine zones. Their location suggests episodic but
structured use, potentially linked to seasonal mobility rather than per-
manent settlement. In the regional archaeological literature, Neolithic
presence at such elevations has been interpreted as evidence for the
progressive expansion of agro-pastoral activities into mid- and high-
altitude environments, beginning during the Neolithic period
(Leonardi, 2004).

Despite this general framework, it remains unclear why Neolithic
and early Eneolithic groups inhabiting the Feltrine area repeatedly and
over several centuries utilised a context that appears geographically
isolated and logistically demanding (Carrer and Cavulli, 2023b). The
osteological evidence presented here, particularly the indicators
consistent with micronutrient deficiency, offers an additional line of
enquiry that may contribute to the broader interpretation of site use and
subsistence strategies.

The skeletal alterations observed in RAB ID1, interpreted as
compatible with a probable micronutrient deficiency, suggest that the
diet of both the fetal/neonatal individual and the mother may have been
nutritionally unbalanced, at least with respect to specific micro-
nutrients. Given the fetal/neonatal age of the individual and the bio-
logical dependence of fetal nutrition on maternal intake, these data are
best understood as reflecting maternal dietary stress rather than an
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individual pathological condition. A genetic impairment affecting
micronutrient absorption in both mother and child is considered un-
likely in the absence of supporting evidence and given the systemic
nature of the observed skeletal changes.

In prehistoric contexts of northern Italy, particularly in alpine and
pre-alpine regions, subsistence strategies during the Neolithic were
predominantly based on cereal agriculture and animal husbandry, sup-
plemented to varying degrees by hunting and the gathering of wild plant
resources (Pessina and Tiné, 2008). While such mixed economies were
generally sufficient in terms of caloric intake, they could nevertheless
result in seasonal or chronic micronutrient deficiencies, especially in
environments characterised by altitude, climatic constraints, and
limited access to fresh plant foods (Roberts and Manchester, 2010).

Vitamin C is of particular relevance in this context, as it must be
obtained entirely through the diet and is primarily supplied by fresh
fruits, leafy vegetables, and certain wild plant resources. In temperate
and alpine environments, the availability of such foods is highly sea-
sonal, and reliance on stored plant products, cereals, and animal-derived
foods may significantly reduce vitamin C intake, particularly during
winter and early spring (Brickley and Ives, 2008; Snoddy et al., 2018).
Ethnographic and archaeological studies have repeatedly shown that
populations inhabiting marginal or high-altitude landscapes are espe-
cially vulnerable to such nutritional imbalances, even in the absence of
overt food scarcity (Larson et al., 2019).

Within this framework, the evidence of probable micronutrient
deficiency observed in RAB ID1 may reflect broader subsistence and
mobility constraints experienced by Neolithic groups exploiting alpine
environments. The use of Ripari Alti as part of a seasonal movement
system—potentially linked to pastoral practices or resource
procurement—may have coincided with periods of increased nutritional
stress, particularly for pregnant individuals.

In the present case, the fracture identified on the distal third of the
diaphysis of the right humerus displays morphological characteristics
compatible with a perimortem oblique fracture, as defined in the
osteoarchaeological and paleopathological literature (Villa and Mahieu,
1991; Pechnikova et al., 2011; Ribeiro et al., 2020). In bioarchaeology
and anthropology, perimortem trauma is generally defined as an injury
inflicted while the bone still retains its organic components, causing it to
biomechanically behave as green or fresh bone (Symes et al., 2012).

SEM analysis of the fracture surface (Fig. 7) provided critical
micromorphological evidence to assess the peri-mortem nature of the
trauma (Christensen et al., 2018, 2021; Goguen et al. 2023). The
observed surfaces exhibited distinct smooth fracture mirrors, which
typically occur when the propagating crack is physically slowed down
by the compliant organic matrix, producing relatively homogeneous and
smooth microscopic regions prior to ultimate failure (Fig. 7a-c). This
viscoelastic behavior is further supported by the presence of conchoidal
fracture patterns—a diagnostic feature that requires highly elastic, fresh
bone tissue to manifest (Fig. 7e). Additionally, numerous microscopic
adherent bone flakes were observed partially attached to the fracture
plane, held in place by the residual tensile strength of the collagen
network (Fig. 7a—-d). These micro-features stand in stark contrast to the
taphonomic criteria established in the literature for dry bone fractures
(Dirkmaat and Cabo, 2016; Kemp, 2016; Anastopoulou et al., 2025). In
dry bone, the taphonomic degradation of the organic component results
in a total absence of collagen pull-out, leading to sharp, rigid, and im-
mediate cleavage planes. Furthermore, dry bone failures characteristi-
cally display a rough, chalky, and granular texture under SEM, driven by
the chaotic detachment of hydroxyapatite crystals no longer bound by
collagen. This is frequently accompanied by distinct micro-flaking and
brittle exfoliation along the margins, without any evidence of plastic
deformation. Consequently, the presence of fracture mirrors, conchoidal
propagation, and adherent micro-flakes firmly identifies the lesion as a
fresh bone fracture. To corroborate our diagnosis and to rule out taph-
onomic or diagenetic factors specific to the depositional context, we
applied the same SEM protocol to the rib fracture, which had been
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morphologically interpreted as post-mortem (Fig. 8a—d). Its features
differ clearly from those of the humeral fracture and fall squarely within
the descriptive and interpretive framework of post-mortem (dry-bone)
fracturing, thereby providing an intra-site diagnostic criterion.

The morphology of bone fracture patterns is directly dictated by the
nature and direction of the applied mechanical forces (Tommasini et al.,
2005); failure occurs when the kinetic energy of the trauma exceeds the
bone's capacity for viscoelastic absorption (Emin and Ismail, 2025).
Structurally, bone tissue is weakest under tension and strongest under
compression (Nyman et al., 2008). Consequently, bending forces subject
the convex surface of a long bone to tensile stress, leading to elongation
and resulting in a classic transverse fracture (Melvin, 1993). Conversely,
torsional loading induces shear stress along the shaft, culminating in a
spiral fracture (VanCourt et al., 2000). In paleopathological and forensic
analyses, macroscopic edge morphology remains a critical diagnostic
criterion: perimortem fractures are characteristically defined by sharp
margins and acute/obtuse angles, whereas post-mortem fractures of dry
bone typically exhibit right-angled edges (Haglund, 2005; Byers, 2008).
Furthermore, the presence of jagged, irregular surfaces at the broken
ends serves to differentiate perimortem trauma from post-mortem
taphonomic damage (Byers, 2008). Advanced diagnostic indicators of
fresh bone failure include the formation of oblique fracture planes
relative to the longitudinal and transverse axes (Villa and Mahieu, 1991;
Kim et al., 2011). At the textural level, fresh bone fractures typically
display a smooth, homogenous surface, whereas dry bone failure yields a
rough, irregular, and stepped texture (Gupta and Zioupos, 2008; Kemp,
2016. The macroscopic and microscopic features in our sample—smooth
and curved fracture surfaces, an oblique to spiral fracture line are
consistent with biomechanical failure occurring while the bone retained
its organic properties (Skinner et al., 2024).

Evaluating the precise timing of skeletal trauma in relation to the
moment of death presents a critical methodological challenge in
paleopathology (Lovell, 1997; Cattaneo and Cappella, 2017; Ribeiro
et al., 2020). Because bone tissue retains its organic collagen matrix and
viscoelastic properties for a post-mortem interval dependent on specific
burial taphonomy, injuries sustained shortly after death can macro-
scopically mimic genuine perimortem trauma (Kemp, 2016). Further-
more, gross skeletal analysis alone cannot definitively establish whether
a neonatal individual was stillborn, succumbed during delivery, or
survived for a brief postnatal period (Hughes et al., 2024). Nevertheless,
the specific biomechanical profile of the humeral lesion documented
here supports an obstetric or mechanical origin over a post-mortem
taphonomic phenomenon. While post-mortem sediment pressure, skel-
etal settling, or accidental impacts, such as trampling, typically generate
compressive or bending forces—resulting in transverse, longitudinal, or
comminuted fracture trajectories—they are generally incapable of
propagating high-torque rotational forces along the longitudinal axis of
a constrained limb (Cappella et al., 2014; Kemp, 2016; Sorg, 2019;
L’Abbé et al., 2021). The distinct spiral morphology of this fracture re-
quires a torsional loading mechanism (Miyasaka et al., 1991; VanCourt
et al., 2000; Theobald et al., 2012).

Within a clinical and biomechanical framework, fractures of this type
are documented as potential outcomes of manual extraction manoeuvres
during complicated deliveries, particularly in cases involving shoulder
dystocia, abnormal fetal presentation, or obstructed labour. In modern
obstetric contexts, humeral diaphyseal fractures are recognised com-
plications of emergency interventions aimed at resolving life-
threatening situations for both mother and child. The close correspon-
dence between the fracture morphology observed here and those
described in clinical literature provides a comparative basis for inter-
preting the lesion as birth-related trauma.

While this represents an uncommon condition (McDonald et al.,
2024), this fracture of the humerus may occur when a rotational force
is propagated along the longitudinal axis of the diaphysis, producing a
helical, corkscrew-shaped fracture trajectory. In the present case, the
specimen exhibits a distinctive spiral fracture localized at the distal third
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of the humeral diaphysis. In clinical and orthopedic literature, this
specific traumatic lesion represents the classic morphological profile of a
Holstein-Lewis fracture (Ekholm et al., 2008, Updegrove et al., 2017;
Singh et al., 2021).

As already stated, from a biomechanical perspective, the failure of
the distal humeral diaphysis occurs when the application of external
forces exceeds the bone's viscoelastic resistance threshold (Emin and
Ismail, 2025). In this case, the primary mechanical driver is torsional
loading. When the limb is constrained—for instance, if the hand or
forearm becomes fixed—and the body undergoes forced rotation along
the longitudinal axis of the limb, kinetic energy propagates through the
humerus, generating significant shear stress (Hamilcikan et al., 2018).
This torsional loading is frequently coupled with bending forces, which
create tensile stress on the convex surface of the bone and compressive
stress on the concave side (Saunier and Chapurlat, 2018). Given that
bone tissue is biologically weaker under tension than compression, the
fracture initiates on the tensile side and propagates distally, yielding the
characteristic oblique or spiral morphology observed (Khalid et al.,
2025).

In neonates and full-term fetuses, the biomechanics of humeral spiral
fractures possess unique characteristics dictated both by the intrinsic
properties of developing bone and the specific dynamics of the causal
event, which is almost exclusively obstetric in nature (Altai et al., 2019;
Delbreil et al., 2019). Fetal/neonatal bone is characterized by a high
organic-to-mineral ratio, resulting in extreme elasticity and ductility.
Consequently, to achieve a complete oblique or spiral fracture of the
distal third, the applied force must be continuous, high-torque, and
highly directional; otherwise, the compliant neonatal bone would un-
dergo plastic deformation (i.e., a greenstick or bow fracture) rather than
a complete failure (Currey and Butler, 1975; Wetzel et al., 2026). In such
young individuals, this fracture pattern rarely results from direct impact
or pure compression (Altai et al., 2019; Delbreil et al., 2019; Wetzel
et al., 2026). Instead, it typically develops during difficult delivery
maneuvers, such as those associated with breech presentation—where
the fetal arms may remain extended or reflected above the head—or
shoulder dystocia, where the anterior shoulder becomes impacted
behind the maternal pubic symphysis (Carlan et al., 1991; Gherman
et al., 1998; Yenigiil et al., 2020; Bothou et al., 2021; Habek et al., 2022;
Carvalho et al., 2024; Yaliwal et al., 2024). In these clinical scenarios,
the combination of a constrained limb and the forceful rotational or
traction maneuvers required for disengagement provides the exact
torsional and bending requirements necessary to produce a spiral frac-
ture of the humeral shaft.

When evaluated in conjunction with the neonatal developmental
stage of the individual and the specific anatomical location of the fail-
ure, clinical and obstetrical literature heavily contextualizes this pattern
as a classic mechanical complication of severe dystocia during difficult
deliveries. Consequently, while alternative postnatal or immediate post-
mortem etiologies cannot be definitively ruled out, the combination of
torsional biomechanics, neonatal age, and robust clinical parallels al-
lows us to parsimoniously propose a birth-related obstetric event as the
most plausible explanation for the observed trauma.

The importance of this finding lies in its exceptional chronological
and cultural context. To date, no published archaeological case from the
Italian Neolithic has provided direct osteological evidence compatible
with the outcome of an obstetric manoeuvre performed during child-
birth. While maternal-fetal deaths and perinatal remains are occasion-
ally documented in prehistoric contexts, most interpretations rely on
spatial association, burial position, or demographic patterns rather than
on unequivocal skeletal indicators of obstetric intervention. In this
respect, the present case represents, to our knowledge, the first osteo-
logically documented evidence suggesting emergency birth assistance in
the Italian Neolithic. Such evidence has important implications for our
understanding of prehistoric reproductive care. The presence of a frac-
ture consistent with an attempted manual extraction implies not only
awareness of the biomechanical challenges of childbirth, but also the
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existence of practical knowledge aimed at preserving the lives of both
mother and child. Although it is impossible to reconstruct the precise
nature of the manoeuvre performed, the lesion itself indicates that an
active intervention took place rather than passive acceptance of an
adverse outcome. This suggests that Neolithic communities possessed
experiential knowledge of childbirth and may have developed culturally
transmitted strategies to manage obstetric emergencies, even in the
absence of formalised medical systems.

The archaeological context further strengthens this interpretation.
The high-altitude rock shelter setting of Ripari Alti suggests that the
remains were deposited within a landscape characterised by seasonal
mobility between lowland and upland zones. Such movements are best
understood as involving groups embedded within broader community
networks, rather than isolated individuals such as solitary herders. The
presence of a fetal/neonatal individual in this context, together with
evidence of attempted obstetric intervention, implies that pregnant
women were moving with their communities and that childbirth—and
its associated risks—occurred within socially cohesive groups capable
of providing assistance. This scenario aligns with broader in-
terpretations of Neolithic alpine land use as involving collective, rather
than individualised, exploitation of mountain environments.

From a broader evolutionary and bioarchaeological perspective, this
case contributes to ongoing discussions concerning the relationship
between Neolithic lifeways and obstetric risk. Multiple studies have
suggested that the transition to agricultural economies was accompa-
nied by increased challenges in childbirth, potentially linked to changes
in female pelvic morphology, nutritional stress, and increased fetal size
(Wells, 1978; Rosenberg and Trevathan, 2002; Thomas et al., 2004).
Elevated mortality among women of reproductive age in Neolithic
populations is consistent with the interpretation of childbirth as a high-
risk event, even if direct skeletal evidence has scarcely been identified
(Willis and Oxenham, 2013). Within this framework, the identification
of a perimortem fetal fracture compatible with birth-related trauma
assumes particular significance (Leung et al., 2011). Such lesions pro-
vide a unique and direct osteological window onto the biomechanics of
childbirth, the limits of human parturition, and the adaptive strategies
developed by prehistoric communities to cope with a biologically crit-
ical yet culturally mediated event. Most published archaeological ex-
amples of problematic childbirth rely on circumstantial indicators and
exclusion of alternative explanations rather than on clear diagnostic
markers. Consequently, each well-documented case substantially en-
hances our ability to explore obstetric practices and perinatal risk in past
populations. Although the present interpretation must remain cautious,
given the inherent limitations of the archaeological record and the
absence of soft tissue or maternal remains, the convergence of fracture
morphology, biomechanical plausibility, and contextual evidence al-
lows the conclusion that this lesion most plausibly represents the oste-
ological outcome of a failed obstetric manoeuvre. As such, it constitutes
a unique contribution to the study of childbirth, care practices, and
reproductive risk in Neolithic Italy and, more broadly, in prehistoric
societies.

5. Conclusions

This study documents a fetal/neonatal individual dated to
3932-3653 cal BCE from a high-altitude alpine rock shelter context,
expanding the empirical basis for investigating childbirth-related risk in
prehistoric Europe. The skeletal assemblage is consistent with a single
fetal/neonatal individual and preserves a distinctive combination of
bone changes suggestive of systemic metabolic stress, while acknowl-
edging diagnostic overlap with other conditions and the limitations
imposed by incomplete skeletal representation. Crucially, the right hu-
meral mid-shaft fracture exhibits morphological and microstructural
characteristics compatible with perimortem oblique-to-spiral failure,
effectively excluding typical taphonomic breakage patterns. Considering
clinical analogues, the fracture most plausibly reflects birth-related
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trauma associated with a difficult delivery and attempted obstetric
intervention. Together, these findings offer a rare osteological window
onto maternal-fetal health and the management of obstetric emergen-
cies in the Neolithic, and they highlight the value of multi-analytical
approaches for disentangling perimortem trauma from post-
depositional damage in fragile fetal/neonatal remains.
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