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Abstract 

Cremation was one of the most widespread funerary practices between the Bronze 

Age and Late Antiquity in Mediterranean societies. Despite its archaeological rele-

vance, the analysis of cremated human remains has long been limited by extensive 

thermal alteration, which hampers the reconstruction of individuals’ biological pro-

files. However, in recent years, renewed methodological attention has highlighted 

the potential of cremated remains to yield reliable bioarchaeological information. In 

this study, we apply an integrated macro- and microscopic approach to the analy-

sis of 26 cremations from the Imperial Roman necropolis of La Cona (central Italy). 

Macroscopic examination was combined with bone histology to discriminate human 

from non-human bone fragments, assess heat-induced taphonomic alterations at the 

microstructural level, and estimate age at death through histomorphometric param-

eters. Although the sample size is necessarily limited by preservation and selection 

constraints, the results demonstrate the effectiveness of histological analysis for 

improving taxonomic attribution and refining age-at-death estimation in cremated 

assemblages. More broadly, this study highlights the methodological value of inte-

grating macroscopic and microscopic evidence for the bioarchaeological investigation 

of Roman-period cremations.

Introduction

The ritual of cremation, consisting of burning the body of the deceased was a wide-
spread funerary practice among ancient human populations. This practice has been 
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widely employed throughout history and is still practiced today by many cultures 
worldwide [1–3].

The earliest evidence of cremation as a funerary practice in Europe dates back to 
the Mesolithic period [4–6]. Still, it was not until the Bronze Age that it became the 
predominant ritual, reaching its peak with the so-called Urn Fields culture [7,8].

Peninsular Italy mirrors the broader European trend, exhibiting a gradual transition 
from inhumation to cremation that commenced in the Middle Bronze Age [7,9,10]. In 
the Early Iron Age, several regional cultural horizons were notable for their crema-
tion rites. One such example is the Latial culture (c. 10th-8th centuries BCE) in Latium 
(central Italy) [11–13]. The Latial people employed distinctive hut-shaped urns for 
the storage of cremated remains, frequently interring them within cylindrical pits. 
The urned cremated remains were often accompanied by miniaturized grave goods, 
including spearheads, knives, and razors, which may reflect symbolic or resource- 
related choices [11,14].

Concurrently, the Villanovan culture (c. 9th–8th centuries BCE) also featured cre-
mation as a central funerary ritual. The cremated remains were placed in biconical 
urns, sometimes accompanied by bowls or helmets, and deposited within pit graves. 
These burials were often accompanied by grave goods that indicate the deceased’s 
social status and gender roles [15,16]. Comparable patterns of cremation have been 
observed among other Italic groups in central and northern Italy [7,17,18] although 
inhumation persisted in some areas, suggesting regional diversity rather than cultural 
uniformity [7].

From the 8th century BCE onwards, the arrival of Greek settlers in Magna Grae-
cia and Sicily brought with it new funerary practices. These rites, often imbued with 
symbolic references to the world of the banquet, centered primarily on cremation and 
stood in marked contrast to the prevailing inhumation traditions of the indigenous 
Italic communities [19–22].

In Rome, cremation was already part of the funerary repertoire, though it coexisted 
with inhumation [23]. It was only in the early Imperial period, from the second half 
of the 1st century BCE, that cremation emerged as the dominant funerary custom 
across the Italian peninsula and within the wider provinces of the Roman Empire 
[24]. For the Romans, cremation was not merely a practical method of corpse dis-
posal [25]; rather, it carried profound ritual significance, likely within the belief that 
the soul departed the body with the final breath [23]. The inclusion of items such as 
meal remains or animal astragali on the pyre further supports this ritual dimension 
[23,25,26].

The analysis of ancient cremated remains provides valuable insights to recon-
struct circumstances and behaviors surrounding death and the funerary sphere [27]. 
The secondary deposition of selected cremated remains – so-called ossilegio– in 
the tomb [28–30] along with the placement of grave goods and animal remains [31] 
provides evidence of specific ritual behaviors. Furthermore, research on the visible 
effects of combustion, such as chromatic alteration [32], fractures [33], and mechan-
ical modifications [29,34] has greatly advanced our understanding of heat-induced 
changes in bone. However, these macroscopic features can only provide a partial 
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and approximate reconstruction [35,36] of some parameters of the cremation process (temperature and oxidation levels 
and duration of the cremation).

Moreover, the destructive nature of the burning process often limits the study of incinerated human remains, making it 
difficult—if not sometimes impossible—to reconstruct both the biological profile of the individual and the mortuary prac-
tices employed [37]. Nevertheless, a high degree of macroscopic alteration does not necessarily correspond to poor pres-
ervation of the bone microstructures [38], although morphological and dimensional modifications are frequently observed 
[38–41].

In recent years, some of these limitations have been overcome using histological and histomorphometric approaches 
in the study of cremated remains [19,41–43]. Osteological research has demonstrated that bone microstructures can 
survive the combustion process, as first observed by Kerley [44] and later confirmed by Kerley & Ubelaker [45]. Bone 
tissues’ histological analysis has proven to be a reliable tool for distinguishing between human and faunal remains, par-
ticularly in commingled assemblages [19,46–52], as bone microstructure exhibits species-specific architectural features. 
For instance, the presence or absence of plexiform bone, the occurrence of osteon banding (i.e., a linear arrangement 
of the secondary osteons, as defined by Mulhern & Ubelaker [47] and the variations in size and geometry of the Haver-
sian system features [19,53–57]have been identified as useful indicators of interspecies differences. Moreover, cortical 
bone histology can provide valuable information on age-related changes in bone microstructures, facilitating age-at-death 
estimation [19,40,44,45,58]. Despite these considerations, the impact of ageing on bone microstructures in cremated 
remains, particularly those from archaeological contexts, remains a matter of debate [53,59–69].

The present study investigates skeletal remains from 26 secondary cremations from the Imperial Roman necropolis of 
La Cona (1st century BCE – 1st century CE, Teramo, Italy), combining macro- and microscopic analysis. Due to the lack of 
previous bioarcheological studies and the fragmentary nature of the cremated sample, the La Cona necropolis served as 
an ideal case study for a multi-scalar investigation on ancient cremations.

After macroscopic observations, bone histology and histomorphometry were applied to evaluate heat-induced alter-
ations in bone microstructure, distinguish human from non-human fragments within cremation contexts, estimate age-
at-death, and assess osteon shape and size variation, throughout age, across the cremated assemblage. Moreover, it 
provided new insights into mortuary practices at the necropolis of La Cona.

Materials and methods

The Imperial Roman necropolis of La Cona

The necropolis of La Cona is located near the modern town of Teramo (Abruzzo region, Central Italy) (Fig 1). The earliest 
use of the site as a burial ground dates back to the Early Iron Age [70]. From the 1st century BCE onwards, during the 
Roman domination of the Picenum territory, cremation burials began to appear in the funerary ritual previously character-
ized by inhumations only. A distinctive feature of the necropolis is the continuity of its funerary use: Roman period crema-
tions respected the spaces of protohistoric inhumations, avoiding any overlap or disturbance [71].

The site was discovered by chance during urban planning in 1961 and subsequently investigated by the Soprinten-
denza Archeologia, Belle Arti e Paesaggio per le province di L’Aquila e Teramo through two major excavation campaigns: 
the first, between the 1970s and 1980s, and the second, between 2000 and 2020 [71–73]. Archaeological investigations 
uncovered a significant number of both primary (busta sepulcra) and secondary cremations, where burnt bone remains 
were collected after the cremation process and interred in ceramic or glass urns or in simple pits dug into the ground, 
often accompanied by grave goods [70]. The practice of cremation was prevalent at La Cona until the conclusion of the 
2nd century CE. During this period, the traditional funerary rite underwent a gradual transition, giving way to a revival of 
the inhumation alla cappuccina, i.e., the burial of the deceased in a pit covered with tiles. The necropolis of La Cona was 
definitively abandoned in the 3rd century CE and subsequently plundered in medieval times [70].
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This study focuses exclusively on secondary cremations from the Imperial Roman period of La Cona necropolis, which 
is the most documented in the burial area [70]. The analyzed sample consists of 26 funerary contexts, dated between the 
1st century BCE and the 1st century CE [70].

The odontoskeletal collection is currently stored at the University of Padua, Department of Cultural Heritage, under the 
supervision of one of the authors (MV). All permissions were obtained for the described study, which complied with all 
relevant regulations.

Macroscopic analysis of the human sample.  Macroscopic analysis of the cremated remains was conducted 
following standard protocols [32] (S1 Table). Distinctions between human and faunal remains were based on 
morphological and morphometric differences in the cortical and inner bone surfaces [52,63,74]. The bone fragments were 
dry-cleaned using wooden sticks and tweezers to remove any surface residues before any observation was done. The 
Minimum Number of Individuals (MNI) for the human sample was estimated based on anatomical features, including bone 
repetitions, robustness, and weight [29,75,76]. Information on recovery and post-excavation procedures, including sieving 
strategies and mesh size, was not consistently available for all contexts; therefore, their potential impact on fragmentation 
patterns and weight-based estimates could not be systematically assessed and is acknowledged as a limitation of the 
study. Color alterations of the skeletal remains were recorded according to Shipman et al. [32] and Walker et al. [77]. This 
system was selected to ensure comparability with previous archaeological and forensic studies of cremated remains; 
however, its limitations are well recognized, particularly the overlap between colour categories and the subjectivity 
involved in linking colour to specific burning temperatures. Accordingly, colour observations in this study were used as 
general indicators of burning conditions rather than as precise proxies for pyre temperature. The cremated remains 
attributed to each burial were weighed [29,78,79].

Fig 1.  Geographical location of the city of Teramo (Abruzzo, Central Italy). Map showing the geographical location of Teramo, in the Abruzzo region 
(from NASA Visible Earth project – credits to Jacques Descloitres, MODIS Rapid Response Team, NASA/GSFC).

https://doi.org/10.1371/journal.pone.0345498.g001
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Estimation of age at death was carried out by following the criteria described by Buikstra & Ubelaker [80] for the adults 
and by AlQahtani et al. [81] for the sub-adults. Biological sex determination was based on osteometric analysis [76] and 
morphometric observations of cranial and pelvic bones [82].

Macroscopic analysis of the faunal sub-sample. The faunal remains were identified at both taxonomic and 
anatomical levels using standard reference works for mammals, birds, and mollusks [83]. Quantitative analysis included 
counting the Number of Identifiable Specimens (NISP) by species and estimating the Minimum Number of Individuals 
(MNI), according to the method proposed by Bökönyi [83]. Precise age-at-death estimation was conducted only for pig 
(Sus domesticus) remains following Bull & Paine [84]. In contrast, for caprine, a general age estimation was inferred from 
bone size and morphology. Species differentiation between sheep (Ovis aries) and goats (Ovis vel capra) was attempted 
through morphological criteria [85] and biometric analysis [86].

Finally, color alterations in faunal remains were analyzed following the methodology outlined by Shipman et al. [32].

Sampling procedure and thin-section preparation for histological analysis

Cremated bone selection for histological analysis was driven by their representativeness and fragmentation degrees. 18 
contexts provided material that was suitable for histological analysis. From each of the 18 cremated remains, one long 
bone sample was collected (humeri, n = 9; femurs, n = 9; total = 18), following the preservation, size, and color criteria out-
lined by Gigante et al. [19] and French et al. [52].

To ensure a blind histological assessment, each sample was labelled with a sequential alphanumeric identifier and not 
the original archaeological provenance label (S2 Table).

The sectioning procedure and microscopic acquisition were performed at BonesLab (University of Bologna) and BIO-
ANTH LAB (Sapienza University of Rome), respectively. Histological and histomorphometric examination was carried 
out independently by two observers (AG and MG). Before the preparation of thin-section, samples larger than 5 cm were 
cut to obtain midshaft segments from the bone’s diaphyseal region. Following standard protocols [87,88], the fragments 
were embedded in a bi-component epoxy resin (EpoThin™2, Buehler Ltd.) and left to cure for 48 hours. The embedded 
fragments were then sectioned transversally across the midshaft using an IsoMet™ Low Speed Saw (Buehler Ltd.) with a 
300 µm-thick diamond blade. The exposed surface of one of the resulting blocklets was lightly abraded using P2500 grit 
sandpaper (CarbiMet™, Buehler Ltd.) and polished with 1 µm polycrystalline diamond suspension (MetaDi™ Supreme, 
Buehler Ltd.) on a dedicated polishing cloth (TriDent™, Buehler Ltd.). After rinsing with demineralized water and air 
drying, the blocks were mounted on glass slides using EpoThin™ 2 epoxy resin and left to cure overnight. The mounted 
blocks were subsequently cut with the low-speed saw to produce ~300 µm-thick sections, which were then ground with 
P1200 and P2500 grit sandpaper to a final thickness of approximately 100 µm and polished again with the polycrystalline 
diamond suspension.

Micrographs of the thin sections were acquired at a magnification of 50x using a transmitted light microscope (Axio 
IMAGER.M2, Carl Zeiss Microscopy GmbH) with a 10x objective and equipped with a digital color camera for microscopy 
(Axiocam 807, Carl Zeiss Microscopy GmbH). Individual micrographs were automatically captured and stitched using the 
Tiles tool in ZenCore software (version 3.8; Carl Zeiss Microscopy GmbH), generating composite images of the entire sec-
tion for each specimen.

Microscopic assessment of bone preservation

The Oxford Histological Index (OHI) was applied to quantify the preservation degree and the level of microstructural deg-
radation in each specimen [52,89,90], with scores ranging from 0 (<5% intact bone) to 5 (<95% intact bone). To ensure 
the reliability of the analyses, histomorphometric measurements were subsequently performed only on specimens with 
OHI scores between 3 and 5.
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Human vs non-human remains

Given the fragmentary nature of the selected bones, the taxon identification as human wasn’t guaranteed, and histological 
analysis was used to discriminate human from potential faunal remains. Human and faunal bone remains were differenti-
ated based on specific architectural features of the non-human cortical bone, including the presence of primary plexiform 
vascular bone, the non-chaotic arrangement of secondary osteons, and the occurrence of osteon banding [19,53,91].

To morphometrically distinguish faunal from human remains, a threshold of 0.025 mm2 of osteon area (On. Ar.) was 
adopted [19,53,56]. All the specimens below this threshold were considered non-human.

Age-at-death and bone microstructures in the human sub-sample

In the human sub-sample, age-at-death was estimated using the Osteon Population Density (OPD) parameter [19,92], 
which reflects the degree of bone remodeling associated with ageing. OPD was calculated by dividing the total number 
of intact and fragmented secondary osteons by the cortical surface area (Ct. Ar., mm2). Based on the OPD values, indi-
viduals were assigned to relative age groups, following established thresholds for human long bones [93,94]. Then, the 
histomorphometric results were compared with age estimations obtained through macroscopic morphological assessment. 
Additionally, to evaluate morphological and dimensional variations of cortical bone microstructures, 25 intact secondary 
osteons (On.) and their corresponding Haversian canals (Hc.) were randomly selected from each specimen. The Haver-
sian canal area (Hc. Ar., mm2), as well as the osteon area (On. Ar., mm2) and circularity index (On. Cr.) [59,60,95] were 
measured using ImageJ software (version 1.54p, NIH, USA) [96].

Statistical analysis

Inter-observer error was evaluated using the technical error of measurement (TEM) analysis. For each histomorphometric 
parameter, %TEM indices and the R coefficient of reliability were calculated [97]. The error of measurement was consid-
ered acceptable when %TEM was lower than 5% and the R coefficient was higher than 0.75 [98,99]. For the On. Ar., Hc. 
Ar. and On. Cr. variables, data distribution normality was first assessed using a Shapiro-Wilk test. To ensure statistical 
accuracy, a non-parametric Kruskal-Wallis test, followed by a Dunn’s post-hoc test, was applied to assess differences 
across age groups. All statistical analyses and graphical output were performed using the R software environment (ver-
sion 4.5.1) [100].

Results

Macroscopic analysis

The morphological analysis of the cremated remains identified a Minimum Number of Individuals (MNI) of 28 from the 26 
secondary cremations analyzed (S1 Table), revealing two secondary double cremations (SU 262 and SU 339). These 
individuals were subsequently re-classified as SU 262A and B, and SU 339A and B, respectively.

As shown in Table 1, the distribution of individual weights within the examined sample displayed considerable vari-
ability, with values ranging from a minimum of 18 g for Tomb 15 to a maximum of 1.217 g for SU 262B (Fig 2). Fragment 
size analysis indicates a high degree of fragmentation, with most bone fragments falling within the 10–30 mm size range; 
only a small proportion of fragments exceeded 40 mm in maximum dimension, and no fragments larger than 60 mm were 
recorded.

All adult individuals exhibited the greatest degree of underrepresentation of the skeletal elements. In these cases, the 
remains consisted almost exclusively of cranial fragments and long bones (S2 Table). By contrast, the subadult individuals 
(except for the subject identified in Tomb 23, whose total weight was calculated at 39 g) had an overall weight greater than 
the average weight distribution within our sample (305 g), ranging between 341 g and 406 g.
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Morphological age-at-death and sex estimations based on the morphological and morphometric analysis of the La 
Cona cremated remains are summarized in Table 1. Most skeletal and dental fragments exhibit a white-calcined struc-
ture and a whitish to greyish coloration, while only a few fragments display a broader range of color alterations, including 
blue-grey, black-grey, and black-brownish hues (S3 Table).The chromatic characteristics of the cremated remains suggest 
exposure to relatively high-temperature burning conditions, as indicated by the prevalence of light grey to white coloration 
across the assemblage. Experimental and archaeological studies have shown that such colours are generally associated 

Table 1.  Results of morphologic and morphometric analyses of cremation burials from the La Cona necropolis.

La Cona
ID

Tomb/ 
SU

Human 
sub-sample
tot. weight (g)

Macroscopic
assessment of 
age-at-death

Sex Faunal
remains

N of animal
bone 
fragments

Odontoskeletal
elements

LC2000 2 28 >20 UND Absent 0 Absent

LC2000 5 22 >20 UND UND 1 UND

LC2000 7 36 >20 UND Absent 0 Absent

LC2000 12 604 >20 UND Ovis aries;
Gallus gallus

2
3

Astragalus, maxilla;
Femurs, coracoid, tarsometatarsus

LC2000 13 168 20-40 UND Ovis vel capra 1 Humerus

LC1980 14 35 >40 F Gallus gallus;
Glycymeris glycymeris

1
3

Tibiotarsus;
Shell fragments

LC2000 15 18 >20 UND Absent 0 Absent

LC2000 18 366 >20 UND Absent 0 Absent

LC2000 19 64 >20 UND Ovis vel capra;
Glycymeris glycymeris;
UND

1
1
Numerous

Upper molar;
Mollusk shell;
UND

LC1980 23 39 15-20 UND Absent 0 Absent

LC1980 24 72 >20 UND Ovis aries 3 Astragali

LC2000 25 69 >20 UND UND Numerous UND

LC2000 27 341 15-20 UND Absent 0 Absent

LC2000 28 371 10-15 UND Sus domesticus 2 Maxilla and metatarsal

LC2000 Olla 1144 20-40 F Absent 0 Absent

LC2011 Olletta 
cineraria

190 >20 UND Absent 0 Absent

La Cona 18 134 UND UND Absent 0 Absent

LC2006 20 150 UND UND Absent 0 Absent

LC2008 262a 406 10-15 UND Absent 0 Absent

LC2008 262b 1217 20-40 F Absent 0 Absent

LC2008 264 190 >20 UND Absent 0 Absent

LC2008 266 159 >20 UND Absent 0 Absent

La Cona 267 371 >20 UND Absent 0 Absent

La Cona 272 225 >20 F Absent 0 Absent

LC2008 272 537 20-30 F Absent 0 Absent

La Cona 337 535 >40 F Absent 0 Absent

La Cona 339a 280 >40 UND Ovis vel capra 1 Lower molar

La Cona 339b 776 >40 F Ovis vel capra 2 Femur and tibia

LC = La Cona (abbreviation according to the different excavation campaigns:1980; 2000; 2006; 2008; 2011); olla = urn (as reported in the excavation 
records); olletta cineraria = small cinerary urn (as reported in the excavation records); UND = undetermined; F = female. Age-at-death estimations are 
expressed in years.

https://doi.org/10.1371/journal.pone.0345498.t001
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with advanced oxidation of organic components and are commonly observed in bones burned at temperatures typically 
exceeding 600–700 °C [77]. However, colour alone cannot be considered a precise or unambiguous proxy for pyre tem-
perature, as it is also influenced by factors such as burning duration, oxygen availability, body position on the pyre, and 
post-depositional alteration [25,32,77].

Morphological age-at-death could be estimated for 26 of the 28 individuals, as two funerary contexts (SU 18; SU 20) 
were excluded due to the extreme fragmentation of the remains. The remaining individuals were grouped into five age 
classes according to Buikstra & Ubelaker [69]: 2 subadults (10–15 years), 3 adolescents (15–20 years), 3 adults (20–40 
years), 1 young adult (20–30 years), and 3 adults (20–40 years), 5 mature adults (>40 years), and 12 adults (>20 years).

Biological sex estimation based on morphological features classified seven individuals as females, and all belonged to 
the adult and mature adult age classes. Four additional individuals (Tomb 14, Olla, SU 337, and SU 339B) were classified 
as probable females. While this proportion may appear relatively high for a cremated assemblage, it should be interpreted 
cautiously. Sex assessment was based exclusively on the preservation of a limited number of morphologically diagnostic 
traits, primarily derived from pelvic and cranial fragments, and no sex estimation was attempted when such traits were 
ambiguous or poorly preserved. The observed predominance of female classifications may therefore reflect preserva-
tion bias and differential survival of sexually dimorphic traits, rather than a true demographic pattern within the La Cona 
assemblage. Accordingly, sex estimates are treated as tentative and are not used as a basis for broader demographic or 
social interpretation.

The morphological examination revealed the presence of an ivory worked element in Tomb 19 (S1 Fig), as well as 
faunal remains (S2 Fig) mixed with the human osteological material in ten depositions (Tomb 5, Tomb 12, Tomb 13, 

Fig 2.  Cremated human remains from SU 262B (2008 excavation campaign) from La Cona necropolis (Teramo, 1st cent. BCE-1st cent. CE). 
Recovered elements: (A) Cranial and axial skeleton – I. skull; II. teeth; III. ribs; IV. scapula; V. sternum; VI. vertebrae. (B) Postcranial skeleton – I. 
humerus, radius/ulna, metacarpus; II. femur, patella, tibia/fibula; III. pelvis. (C) Undetermined long bone fragment – I. small diameter; II. large diameter.

https://doi.org/10.1371/journal.pone.0345498.g002
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Tomb 14, Tomb 18, Tomb 19, Tomb 24, Tomb 25, Tomb 28, and SU 339). Zooarchaeological analysis identified caprine 
(Ovis vel capra; in only a few instances specifically identified as sheep, Ovis aries), pigs (Sus domesticus), poultry (Gal-
lus gallus), and mollusks (Glycymeris glycymeris). Both cranial and postcranial elements were present among domestic 
mammal remains. In Tomb 28, the pig remains belong to a subadult individual. No precise age-at-death data are avail-
able for the caprine; however, their size and morphology suggest subadult or adult individuals rather than juveniles. 
Among the remains of Gallus gallus, limb elements from mature individuals were identified. The three astragali of Ovis 
aries discovered in Tomb 24 exhibit indications of processing, and their provenance could be traced to three distinct 
animals. Numerous unidentified bone fragments were recorded in Tomb 19 and Tomb 25. Although listed in Table 1, 
they were not individually counted but were noted as quite abundant. The faunal remains exhibit a color pattern con-
sistent with the human ones, except for burials SU 339 and Tomb 13, where a slightly different chromatic pattern was 
observed.

Microscopic analysis

Qualitative histological analysis confirmed that the chromatic changes and microfractures observed microscopically were 
consistent with alteration patterns identified in the macroscopic assessment (Fig 3 and S4 Table). For example, under 
microscopic examination, osteological specimens exhibiting blackish-brown staining showed substantial carbon inclusions 
in periosteal and midcortical regions (Fig 3A). The specimen LC14 exhibited, at a histological level, chromatic alterations 
between the periosteum and the endosteum, corroborating previous macroscopic observations (Fig 3B). White-calcined 
and/or white-gypsum remains (LC07 and LC17) displayed characteristic calcination effects [101] in thin section, including 
bone matrix discoloration, micro-fractures, and progressive obliteration of osteocytic lacunae (Fig 3C). The “osteon split-
ting phenomenon” (i.e., the transverse cracking emanating from the Haversian canals and osteons due to heating [102]) 
was also identified throughout the entire sample (Fig 3D).

The arrangement of bone microstructures indicates that the examined specimens exhibited the typical pattern of the 
human Haversian system, characterized by the presence of both intact and fragmentary secondary osteons chaotically 
arranged. The observed degree of bone remodeling varied according to age [92] (Fig 4A and 4B). Only two specimens 
(LC07; LC08) showed sparse osteons within the bone matrix, with a predominance of primary osteons — i.e., with poorly 
defined cement line [103] — over secondary osteons (Fig 4B). Moreover, in LC08, lamellar bone was observed at the peri-
osteal surface. The presence of primary osteons and lamellar bone in human samples has been associated with immature 
cortical bone undergoing further development [103]. Conversely, LC12 exhibited resorption gaps typical of mature cortical 
bone tissue (Fig 4C). The qualitative histological analysis of sample LC11 revealed the presence of osteon banding, char-
acterized by the alignment of osteons in parallel bands [91] (Fig 4D).

All the histomorphometric measurements are reported in S5 Table.
Table 2 summarizes the histomorphometric results, reporting mean secondary osteon areas (On. Ar.), mean Haversian 

canal areas (Hc. Ar.), and mean osteon circularity index (On. Cr.) with standard deviations (SD).
In addition, for each specimen, taxonomic determination is reported according to macroscopic and microscopic obser-

vations. The reliability of the measurements was established since %TEM and R values fell within the expected threshold 
(On. Ar. %TEM = 2.65, R = 0.998; Hc. Ar. %TEM = 2.61, R = 0.998; On. Cr %TEM = 1.44, R = 0.903).

One specimen (LC01), although morphologically and histologically identified as human, exhibited a mean On. Ar. value 
below the established human threshold of 0.025 mm2 [19,53–57]. Consequently, it was classified as faunal remains and 
excluded from the OPD analysis.

Table 3 presents the cortical surface area (Ct. Ar., mm2), the number of intact and fragmentary secondary osteons, and 
the resulting OPD value for each specimen. Comparison with reference OPD values [82,83] allowed the classification 
of 13 adults (20–40 years; OPD range = 11.83–28.59; mean OPD = 19.60; SD = 6.77), one mature individual (> 40 years; 
OPD = 33.13), a young child (2–7.9 years; OPD = 1.23), an older child (8–12.9 years; OPD = 3.46), and an adolescent 



PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 10 / 23

(13–18 years; OPD = 7.68). In addition, for OPD, the reliability of the measurements was established (%TEM = 2.06, 
R = 0.998). Histological age-at-death and previous macroscopic estimations are compared in Table 3.

It is noteworthy that microscopic analysis enabled age estimation for two individuals (LC11; LC12) who could not be 
determined on a morphological basis.

As illustrated in Figs 5 and 6, both On. Ar. and Hc. Ar. show marked inter-individual variability, following comparable 
age-related trends. The youngest individual (LC08, classified as a young child by OPD) exhibited relatively high mean 
values (On. Ar. = 0.035 mm2; Hc. Ar. = 0.004 mm2) and a higher range of variability within the entire sample (min On. 
Ar. = 0.011 mm2; max On. Ar. = 0.067 mm2). The older child (LC07) and the adolescent (LC17) displayed similar or slightly 
lower mean values (On. Ar. = 0.029 and 0.028 mm2; Hc. Ar. = 0.002 and 0.004 mm2, respectively) and reduced variability 
compared to LC08. Among the 13 adults (20–40 years), On. Ar. ranged from 0.025 (LC09) to 0.037 mm2 (LC14), while Hc. 
Ar. ranged from 0.003 (LC02) to 0.007 mm2 (LC04). The oldest individual based on microscopic assessment (LC12, > 40 
years) reports comparatively lower mean values (On. Ar. = 0.026 mm2; Hc. Ar. = 0.002 mm2).

LC01, identified as non-human, showed the lowest mean On. Ar. in the entire sample (On. Ar. = 0.012 mm2). Due to the 
uncertain taxonomic attribution, it was decided to exclude LC01 from histological age-at-death estimation.

Statistical analyses confirmed significant differences among the five age groups for both parameters. For On. Ar., the 
Kruskal-Wallis test (χ² = 38.16, df = 4, p < 0.01) and Dunn’s Honest Significant Difference test revealed significant differ-
ences between adults and the older child, as well as between the young child and the mature adult. Similarly, Hc. Ar. val-
ues were significantly different among groups (Kruskal-Wallis: χ² = 14.43, df = 4, p = 0.006), with Dunn’s post-hoc indicating 

Fig 3.  Chromatic and morphological alterations resulting from the cremation process. (A) LC02, humerus – carbon inclusions in bone matrix; (B) 
LC14, femur – chromatic alterations between periosteum and endosteum; (C) LC07, femur calcined bone with heat-induced microfractures; (D) LC12, 
femur – osteon splitting phenomenon.

https://doi.org/10.1371/journal.pone.0345498.g003
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significant differences between adults, young child, older child, and adolescent; significant differences were also found 
between the young and older child.

The distribution of osteon circularity (On. Cr.) for the human sub-sample (N = 17) is shown in Fig 7. Box and whisker 
plots illustrate intra-individual variability. High mean On. Cr. values are recorded in the younger individuals (LC08 = 0.899; 
LC07 = 0.922, and LC17 = 0.898). Adults show values ranging from 0.848 (LC10) to 0.945 (LC15); the mature individual 
(LC12) exhibited the lowest mean On. Cr. in the entire human sub-sample (0.764), thus identifying it as a probable outlier. 
Differences in On. Cr. values are statistically significant (Kruskal-Wallis rank sum test: χ² = 77.46, df = 4, p-value < 0.01). 
Dunn’s post-hoc test also indicates significant differences between all age classes.

Discussion

By integrating macroscopic and histological analyses, this study can offer a complementary approach to the recent 
multi-analytical protocol proposed by Waltenberger et al. [104] for ancient cremations, which currently does not incorpo-
rate histological examinations.

At La Cona necropolis, the predominance of single secondary cremations closely mirrors the funerary patterns 
observed in other Late Republican and Imperial Roman cemeteries in northern [105–108] and central Italy [109–113]. This 
correspondence suggests that the funerary practices most commonly employed across the Italian peninsula were also 
adopted at La Cona.

Fig 4.  Microscopic features of the Haversian bone system. (A) LC14, femur – secondary osteons in adult bone; (B) LC08, femur – Haversian sys-
tem in immature bone; (C) LC12, femur – mature bone with resorption gaps; (D) LC11, humerus – red arrows indicate osteon banding.

https://doi.org/10.1371/journal.pone.0345498.g004
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Table 2.  Results of the histomorphometric analysis of cremated cortical bones.

SpecimenID Mean
On. Ar.
(mm2)

SD Mean
Hc. Ar.
(mm2)

SD Mean
On. Cr.

SD Macroscopic analysis Qualitative
histology

Histomorphometry

LC01 0.012 0.005 0.002 0.001 0.953 0.027 H H NH

LC02 0.025 0.011 0.003 0.004 0.892 0.029 H H H

LC03 0.032 0.008 0.003 0.002 0.918 0.025 H H H

LC04 0.036 0.011 0.007 0.007 0.884 0.044 NH? H H

LC05 0.026 0.015 0.003 0.002 0.908 0.044 H H H

LC06 0.027 0.007 0.004 0.003 0.906 0.038 H H H

LC07 0.029 0.009 0.002 0.001 0.899 0.038 H H H

LC08 0.035 0.014 0.004 0.003 0.922 0.027 NH? H H

LC09 0.025 0.012 0.003 0.002 0.907 0.035 NH? H H

LC10 0.030 0.009 0.003 0.002 0.848 0.040 H H H

LC11 0.025 0.012 0.003 0.002 0.881 0.034 H H H

LC12 0.026 0.007 0.003 0.002 0.764 0.072 NH? H H

LC13 0.025 0.005 0.003 0.002 0.871 0.045 H H H

LC14 0.037 0.014 0.003 0.001 0.875 0.050 H H H

LC15 0.028 0.013 0.003 0.002 0.945 0.020 H H H

LC16 0.027 0.012 0.003 0.001 0.925 0.023 H H H

LC17 0.028 0.008 0.004 0.002 0.898 0.048 NH? H H

LC18 0.032 0.018 0.003 0.002 0.910 0.050 H H H

On. Ar = secondary osteons area (mm2); Hc. Ar. = Haversian canal area (mm2);On. Cr. = osteon circularity index; SD = standard deviation; H = human; 
NH = non-human.

https://doi.org/10.1371/journal.pone.0345498.t002

Table 3.  Results of Osteon Population Density (OPD) for histological age at death estimation.

Specimen ID Bone sample Ct. Ar. (mm2) OPD (sd) Histological age classes* Morphological age classes

LC02 humerus 52.98 27.76 (0.02) 20-40 20-40

LC03 humerus 36.29 21.71 (0.16) 20-40 >40

LC04 femur 34.48 11.83 (0.06) 20-40 >40

LC05 humerus 42.97 13.74 (0.18) 20-40 >20

LC06 humerus 25.60 17.58 (0.03) 20-40 >20

LC07 femur 64.76 3.46 (0.02) 8-12.9 15-20

LC08 femur 99.30 1.23 (0.01) 2-7.9 10-15

LC09 femur 32.12 21.72 (0.13) 20-40 20-40

LC10 humerus 22.04 19.88 (0.50) 20-40 >20

LC11 humerus 53.48 28.59 (0.14) 20-40 UND

LC12 femur 52.14 33.13 (0.11) >40 UND

LC13 humerus 54.19 26.26 (0.27) 20-40 20-40

LC14 femur 63.43 17.36 (0.12) 20-40 >20

LC15 femur 45.96 26.28 (0.83) 20-40 >20

LC16 humerus 29.30 20.55 (0.08) 20-40 >20

LC17 humerus 19.15 7.68 (0.41) 13-18 20-30

LC18 femur 42.67 23.95 (0.02) 20-40 >40

Age classes reference for infants and children from (Pitfield et al., [83]); age classes reference for adults from (Miskiewicz et al., [94]); Ct. Ar. = cortical 
area (mm2); UND = undetermined.

https://doi.org/10.1371/journal.pone.0345498.t003
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In adult tombs, the majority of recorded weights (<305 g) suggest a general underrepresentation of skeletal elements 
compared to the expected values for archaeological cremated remains. Expected weights generally range between 
1001.5 g and 2422.5 g, with an average of 1625.9 g [29]. These low weights, along with a lack of specific anatomical dis-
tricts(i.e., facial bones, axis, pelvis, hands, and feet) may suggest a specific ritual act involving the burnt remains, known 
as ossilegium, a practice favoring the selective collection of cranial and long bones [19,114,115]. These specific bone 
fragments have been frequently found at the La Cona necropolis.

Interestingly, subadults have weights above the average for the entire sample and a more heterogeneous anatomical 
representation. This result can be attributed to a pars pro toto collection strategy [30]. These distinct practices likely reflect 
ritual behaviors differing by age class.

The analysis of the heat-induced alterations revealed no significant differences between human and faunal remains, 
suggesting that animals — or portions of them — were burnt with or in the same way as the human bodies, possibly as 
food offerings or symbolic companions in the afterlife [116]. However, macroscopic colour alone cannot be considered a 
reliable or exclusive indicator of burning temperature or pyre conditions. Alternative explanations, including post-cremation 
depositional practices involving the association of human and animal remains, cannot be excluded and should be consid-
ered when interpreting colour similarities within the assemblage [74].

The presence of smoothed, burnt astragali of Ovis aries in Tomb 24 (S2 Fig), commonly associated with juvenile burials 
in Roman funerary contexts, but also found in adult tombs [117], suggests multiple symbolic meanings. Similar finds in 

Fig 5.  Box and whisker plots of secondary osteons area (On. Ar.) in the analyzed sample. Boxplots are grouped from the youngest to the oldest 
individuals according to microscopic age-at-death assessment. Colors indicate different age classes (red = young child, yellow = older child, green = ado-
lescent, blue = adults, purple = mature adult, grey = faunal); within each group, specimens are ordered by increasing median values. Each bullet point 
represents an individual measurement; outliers were excluded. The faunal specimen (LC01) is highlighted in grey.

https://doi.org/10.1371/journal.pone.0345498.g005
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Italic and Greek funerary contexts—including the necropolis of Locri Epizefiri (southern Italy), where hundreds of astrag-
ali were arranged in deliberate, often apotropaic patterns—underscore their ritual importance [118]. A comparable case 
is tomb 101 at Varranone (Poggio Picenze, central Italy), where an adult woman was buried with over a hundred caprine 
astragali (Ovis aries and Ovis vel capra) laid in a festoon-like pattern along her left side, interspersed with small clusters of 
iron nails. None of the bones showed signs of modification, reinforcing an interpretation centered on magical protection—
possibly intended to safeguard the deceased or to ward off their return [119]. By contrast, in the so-called “Tomba Zeta” of 
an 8–9-year-old boy at Populonia, around one hundred astragali—many smoothed or bearing cut marks—likely evoke the 
child’s play habits, intended to accompany him into the afterlife [108]. These examples reflect the semantic variability of 
astragali in funerary contexts, shaped by age, modification, and spatial arrangement. Generally, the significance of these 
items may vary depending on the age of the deceased and the nature of the bone modifications, which can represent toys 
for children or amulets for adults, and accompany the individual on their final journey.

An ivory fragment from Tomb 19 (S1 Fig) can be attributed to decorative elements of a funeral bed. The use of funeral 
beds in cremation rituals at the Imperial Roman necropolis of La Cona has already been demonstrated during past exca-
vation campaigns [70], as well as being attested in other necropolises of the Empire [113].

Animal remains, primarily caprine, followed by Gallus gallus and mollusks, were recovered from various burials without 
a discernible pattern of preference. Pig bones were found exclusively in Tomb 28, associated with a juvenile individual, 
possibly reflecting a specific but uncertain ritual significance.

Fig 6.  Box and whisker plots of Haversian canal area (Hc. Ar.) in the human sub-sample. Boxplots are grouped from the youngest to the oldest 
individuals according to microscopic age-at-death assessment. Colors indicate different age classes (red = young child, yellow = older child, green = ado-
lescent, blue = adults, purple = mature adult); within each group, specimens are ordered by increasing median values. Each bullet point represents an 
individual measurement; outliers were excluded.

https://doi.org/10.1371/journal.pone.0345498.g006
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Thin sections from seven specimens showed carbon inclusions, visible as well-defined, black areas in the periosteal 
and midcortical regions, around the Haversian canals (Fig 3A and 3B). This phenomenon has also been documented by 
Hanson et al. [101] and Lemmers et al. [102]. Furthermore, these specimens exhibited enlarged and darkened osteocyte 
lacunae, a feature frequently observed in cremated remains in conjunction with carbon inclusions [102,120]. Sometimes, 
these inclusions can be lost with increasing temperature [102] or unstable pyre conditions [121] Recent studies indicate 
that carbon and oxygen isotopic signals, and thus coloration, can vary between the periosteal and endosteal regions 
of bone fragments [121]. These differences may be linked to uncontrolled burning conditions such as oxygen availabil-
ity, atmospheric pressure, and the season of cremation [121].In the La Cona sample, color differences were observed 
between the endosteum and periosteum in the LC07 and LC08 specimens, both of which were identified as non-adult 
individuals. This variation may be related to low bone density and body mass in non-adults, as well as differences in bone 
turnover that could accelerate carbon exchange [121,122].

Despite these specimens receiving a relatively low OHI score (S4 Table), due to moderate carbon inclusions, the bone 
microstructures were not completely hidden, thus allowing histomorphometric analysis. A greyish-white, calcined-white, 
or chalky-white coloration of the cortical surface, a symptom of calcinated bone, can obliterate the bone microstruc-
tures. Hanson et al.[101] traced such effects to very high temperatures (>900 °C), consistent with bioapatite crystallites 
rearrangement [123]. In addition, heat-induced microfractures found in most of the specimens are comparable to those 
described by Cambra-Moo et al. [41] in cremated human remains from the Lagunita I site (Spain, 1st millennium BCE), as 

Fig 7.  Box and whisker plots of osteon circularity (On. Cr.) for the human sub-sample. Boxplots are grouped from the youngest to the oldest 
individuals according to microscopic age-at-death assessment. Colors indicate different age classes (red = young child, yellow = older child, green = ado-
lescent, blue = adults, purple = mature adult); within each group, specimens are ordered by increasing median values. Each bullet point represents an 
individual measurement; outliers were excluded.

https://doi.org/10.1371/journal.pone.0345498.g007
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well as on forensic samples from Hummel [38] and Squires et al. [123]. Notwithstanding the documented cases of bone 
matrix discoloration, thermal alterations, and osteon splitting in the white-calcined specimens from La Cona necropolis 
(Fig 3C and 3D), it is clear that bone microstructures appear to be preserved. Consequently, it can be hypothesized that 
the funeral pyre could have reached elevated temperature, to completely destroy the bone microfeatures. Several studies 
on cremations have shown that a significant amount of cortical microstructures can retain their shape and remain visible 
for analysis, even at temperatures exceeding 1000 °C [41,46,58,124,125].Qualitative histology was conducted to inves-
tigate the arrangement patterns of secondary osteons within the cortex, revealing a typical human Haversian system in 
all specimens. Human thin sections displayed chaotically arranged secondary osteons, which also reflect the age-related 
remodeling [53,92]. Interestingly, one specimen (LC01, Tomb 2) was estimated as possibly human from qualitative histol-
ogy, but as non-human from histomorphometry (mean On. Ar. < 0.025 mm2) [19,53–57]. LC08 (Tomb 28)’s femoral portion 
showed sparse secondary osteons and almost no remodeling (Fig 4B), with primary osteons found in the entire cortical 
surface and periosteal lamellar bone. This pattern is typical of immature human bone [47,126], consistent with its low OPD 
value (1.39). The combination of these data confirmed LC08 as a young child (2–7.9 years) [94].

Conversely, LC12 (SU 20)’s femur thin section exhibited intense resorption lacunae across the cortical surface, irreg-
ular osteons, and prominent Haversian canals. This histological pattern is consistent with a mature human bone (Fig 4C; 
Fig 6, p. 198 in Grosskopf [127]). This hypothesis is also supported by its high OPD value (mean OPD = 33.89).

In addition, histological analysis identified the phenomenon of osteon banding in a human humerus fragment (LC11, SU 
18) (Fig 4D). The presence of lamellar bone with osteons aligned in parallel rows is usually employed in the discrimina-
tion of human vs. non-human bone in cremated or commingled remains, as it is attributed to large herbivores [19,52,53]. 
Nonetheless, Andronowski et al. [91] proposed that the presence of osteon bands in a single specimen may not neces-
sarily be diagnostic of non-human bone. Indeed, as demonstrated by Mulhern [47], there are some documented cases 
of osteon banding in human bones. However, the underlying cause of the presence of these bands in humans remains 
unclear to date. It is not yet established whether this phenomenon may be influenced by the occurrence of mechanical 
stress [91] or other factors.

Osteon Population Density (OPD), a method previously used mainly in forensic science [40,58], was here applied to 
cremated archaeological remains, similar to the approach in Gigante et al. [19] for the Tomb of Nestor’s Cup found in the 
Pithekoussai necropolis (Ischia, 8th century BCE). As outlined in Gigante et al. [19], although thin sections were obtained 
from different long bones (i.e., humeri and femurs), this did not affect the histomorphometric analysis, as no significant 
micro-anatomical differences were observed between these skeletal elements.

It’s worth noting that bone shrinkage due to the cremation process (estimated to range between 10 and 30% in human 
bones [128]) could affect histomorphometric analyses, but it cannot be easily estimated in archaeological samples. Anyhow, 
assuming a reasonably similar bone shrinkage rate for all anatomical segments where histology could be read, the present 
OPD estimates can be used as a proxy for the age-at-death distribution within the sample, rather than providing accurate 
estimates of true age at death. Consequently, the ages-at-death are presented here adopting very broad age ranges.

The reliability of the histological approach to the age at death was demonstrated, with more than 60% agreement 
between the two methods. It is also noteworthy that histomorphometric analysis facilitated the estimation of the age at 
death for two individuals (LC11 and LC12) who would otherwise have remained undeterminable. Nevertheless, discrepan-
cies between the two methods were observed. In six of the seventeen cases analyzed (LC03; LC04; LC07; LC08; LC17; 
LC18), the age estimates derived from OPD were found to be lower than those obtained from macroscopic analysis. 
This underestimation could be attributed to the partial loss of some bone microstructures during the cremation process 
[40,123]. The age-at-death estimation has revealed that children and adolescents were equally represented in the burial 
space at the Imperial Roman necropolis of La Cona. The absence of infants under 2 years of age may reflect dedicated 
funerary rituals for this age group, as also documented in the coeval Paduan necropolises [105,106]and at Egnazia in 
southern Italy [129]. During the protohistoric phase of the La Cona necropolis (9th–3rd century BCE), infants and perinatal 
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children were buried alongside other members of the community [73]. However, with the transition from the Iron Age to the 
Roman period, these youngest individuals appear to have been excluded from adult burial grounds, a well-documented 
practice in Roman contexts [130,131]. According to Pliny the Elder, infants without teeth were not cremated but instead 
inhumed [132]. However, exceptions can be found. For example, at the Roman cremation necropolis of Bologna, perinatal 
and infant individuals were buried in the same area as adults [133].

Microscopic estimation of age-at-death revealed age-related histomorphometric trends. For example, both mean On. 
Ar. and mean Hc. Ar. tend to be lower in the majority of the adult specimens (76%) than the younger ones, while the 
mature individual showed lower mean areas, with significant differences confirmed by Kruskal-Wallis and Dunn’s post-
hoc tests. These data align with previous studies [59,61–66]. According to Gibson et al. [67] and O’Brien et al. [68], the 
age-related reduction in osteon size may reflect increased bone density and compact cement lines, which reduce the risk 
of microfracture propagation. Similarly, Britz et al. [66] hypothesize that the presence of smaller osteons attenuates the 
expansion of resorption gaps and prevents excessive weakening in mature bone matrix. These trends have also been 
observed in ribs [53,60], but not in metacarpals [69].

Early analyses of On. Cr. suggested a more rounded shape in the osteons of mature individuals, regardless of sex [59], 
consistently with later interpretations relating increased circularity to bone ageing and mechanical adaptation  
[66–68,134–136]. However, no standardized method for analyzing this parameter currently exists [137]. The mean On. Cr. 
parameters recorded in the humeri and femurs from La Cona (Table 2) fell within the ranges of human variability reported 
in the literature [51,136,138]. However, a clear correlation between higher osteon circularity and advanced age could not 
be established in this sample, as some adult individuals (Fig 7) exhibited lower indices than younger subjects. For exam-
ple, the mature individual (LC12, SU 20) showed the lowest mean On. Cr. (0.764) in the entire sample. Leiss et al. [139] 
have reported similar findings, describing less circular, elliptical osteons in mature bone. This condition may be attributed 
to the imperfect transverse sectioning that can artificially alter osteons’ shape [137].

Conclusions

By combining macro- and microscopic analyses, this study shed light on the demographic profile of La Cona’s cremated 
skeletal series during the Imperial Roman period.

The use of the Osteon Population Density (OPD) parameter proved particularly effective, allowing for relative age-at-
death estimations within the examined sample, even in cases where traditional morphological methods were limited by 
fragmentation or poor preservation.

In addition, this research represents the first documentation, in Imperial Roman cremated skeletal series, of osteon 
shape and size variation through histological age, demonstrating that microscopic bone structures can retain significant 
informative potential despite thermal alteration. Microstructural parameters, especially secondary osteon areas, proved 
useful for distinguishing between human and animal specimens, allowing the correct diagnosis for cases that were not 
macroscopically evident.

Beyond the methodological contribution, this work sheds light on the ritual complexity and symbolic depth of Roman 
cremation practices at La Cona, where age-dependent patterns of post-cremation bone selection in ossilegium and the 
inclusion of faunal remains reflected differentiated funerary rituals, dependent on age-at-death. These findings demon-
strate that, while not perfect, histology is a reliable tool when used alongside macroscopic analysis in the investigation of 
cremated human remains. Furthermore, the histological and histomorphometric framework presented in this study could 
be proposed as an additional methodology for multi-analytical approaches currently used for ancient burnt bones.

Additional information

The skeletal and dental collection from La Cona is currently housed at the Archaeology Laboratories of the Department 
of Cultural Heritage, University of Padua, Padua, Italy; the identifiers of the examined specimens are provided in Table 
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Paesaggio per le province di L’Aquila e Teramo for the described study, which complied with all relevant regulations.

Supporting information

S1 Table. Excavation details of funerary contexts from La Cona necropolis (Teramo, Abruzzo, 1st cent. BCE – 1st 
cent. CE). 
(DOCX)

S2 Table. Number of skeletal elements and total weight recorded for each individual. 
(XLSX)

S3 Table. List of funerary contexts selected for histological analysis, blind histological ID, sampled bone, and 
chromatic alteration. 
(DOCX)

S4 Table. Observed characteristics to determine bone preservation according to Oxford Histological Index (OHI). 
(DOCX)

S5 Table. Hiistomorphometric data and osteon count for aeach analysed parameter in the La Cona sample  
(On. Ar.; Hc. Ar.; On. Cr.; OPD). 
(XLSX)

S1 Fig. Ivory elements from La Cona necropolis (Teramo, 1st cent. BCE – 1st cent. CE). Fragment of a decorative 
ivory element from Tomb 19. 
(TIF)

S2 Fig. Burned faunal remains from La Cona necropolis (Teramo, 1st cent. BCE – 1st cent. CE). (A) Limb elements 
of Gallus gallus from Tomb 12; (B) Smoothed astragali of Ovis aries from Tomb 24. 
(TIF)

Acknowledgments

The authors thank the Soprintendenza Archeologia, Belle Arti e Paesaggio per le province di L’Aquila e Teramo for 
granting access to the collection.

Author contributions

Conceptualization: Luca Bondioli, Melania Gigante.

Data curation: Alessia Galbusera, Martina Trevisan, Vito Giuseppe Prillo, Melania Gigante.

Formal analysis: Alessia Galbusera, Stefano Magri, Martina Trevisan, Vito Giuseppe Prillo, Melania Gigante.

Funding acquisition: Alessia Nava.

Investigation: Alessia Galbusera, Stefano Magri, Owen Alexander Higgins, Martina Trevisan, Vito Giuseppe Prillo, Luca 
Bondioli, Melania Gigante.

Methodology: Luca Bondioli, Melania Gigante.

Project administration: Luca Bondioli, Melania Gigante.

Resources: Massimo Vidale, Vincenzo Torrieri.

Software: Alessia Galbusera, Luca Bondioli.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0345498.s007


PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 19 / 23

Supervision: Massimo Vidale, Stefano Benazzi, Luca Bondioli, Alessia Nava, Melania Gigante.

Validation: Stefano Benazzi, Luca Bondioli, Alessia Nava, Melania Gigante.

Visualization: Alessia Galbusera, Melania Gigante.

Writing – original draft: Alessia Galbusera, Stefano Magri, Owen Alexander Higgins, Martina Trevisan, Vito Giuseppe 
Prillo, Melania Gigante.

Writing – review & editing: Alessia Galbusera, Stefano Magri, Owen Alexander Higgins, Martina Trevisan, Vito Giuseppe 
Prillo, Massimo Vidale, Vincenzo Torrieri, Stefano Benazzi, Luca Bondioli, Alessia Nava, Melania Gigante.

References
	 1.	 Holck P. Anthropology. Cremated bones. Encyclopedia of Forensic and Legal Medicine. Elsevier. https://doi.org/10.1016/B0-12-369399-3/00026-4

	 2.	 Symes SA, Rainwater CW, Chapman EN, Gipson DR, Piper AL. Patterned thermal destruction of human remains in a forensic setting. The analysis 
of burned human remains. Elsevier. 2008. p. 15–54. https://doi.org/10.1016/B978-012372510-3.50004-6

	 3.	 Davies DJ, Mates LH. Encyclopedia of cremation. Routledge. 2016.

	 4.	 Cullen T. Mesolithic mortuary ritual at Franchthi Cave, Greece. Antiquity. 1995;69:270–89. https://doi.org/10.1017/S0003598X00064681

	 5.	 Borić D, Raičević J, Stefanović S. Mesolithic cremations as elements of secondary mortuary rites at Vlasac (Serbia). Documenta Praehistorica. 
2009;15:247–82. https://doi.org/10.4312/dp.36.16

	 6.	 Niekus M, Ploegaert P, Zeiler J, Smits L, Grünberg J, Gramsch B. A small Middle Mesolithic cemetery with cremation burials from Rotterdam, the 
Netherlands. Mesolithic burials-Rites, symbols and social organization of early postglacial communities. Tagungen des Landesmuseums für Vor-
geschichte Halle. 2016. 567–92.

	 7.	 Peroni R. L’Italia alle soglie della storia. Roma-Bari: Laterza. 1996.

	 8.	 Fokkens H. The genesis of urnfields: economic crisis or ideological change?. Antiquity. 1997;71(272):360–73. https://doi.org/10.1017/
s0003598x00084970

	 9.	 Bernabò Brea M, Cardarelli A, Cremaschi M. Le terramare, la più antica civiltà padana. 1997.

	10.	 Bettelli M, Vagnetti L. Southern Italy. A Companion to the Archaeology of Early Greece and the Mediterranean. 2019. 1261–86.

	11.	 Nizzo V. Aspetti dell’ideologia guerriera a Roma e nel Latium Vetus durante l’età di Romolo. L’esercito e la cultura militare di Roma antica, Atti del 
XXIX Corso di Archeologia e Storia Antica del Museo Civico di Albano. Albano: Comune di Albano Laziale. 2012. 59–92.

	12.	 Peroni R. Le popolazioni dell’età dei metalli. Archeologia Culture e civiltà del passato nel mondo europeo ed extraeuropeo. 1978. 65–86.

	13.	 Bietti Sestieri AM, De Santis A. Protostoria dei popoli latini. Terme di Diocleziano: Museo Nazionale Romano. 2000.

	14.	 Sommella P. La necropoli protostorica rinvenuta a Pratica di Mare. Tipografia poliglotta Vaticana. 1974.

	15.	 Delpino F. Dinamiche sociali e innovazioni rituali a Tarquinia villanoviana: le tombe I e II del sepolcreto di Poggio dell’Impiccato. Dinamiche di 
sviluppo delle città nell’Etruria meridionale. 2005. 343–58.

	16.	 Bartoloni G. Le donne dei principi nel Lazio protostorico. Aristonothos: Scritti per il Mediterraneo Antico. 2009. https://doi.
org/10.6092/2037-4488/355

	17.	 De Marinis RC. Sui riti funerari della cultura di Golasecca. IpoTESI di Preistoria. 2019;11:1–56.

	18.	 Capuis L, Chieco Bianchi A. La necropoli di villa Benvenuti. Monumenti Antichi dei Lincei. 2006;64.

	19.	 Gigante M, Nava A, Paine RR, Fiore I, Alhaique F, Esposito CM, et al. Who was buried with Nestor’s Cup? Macroscopic and microscopic analyses 
of the cremated remains from Tomb 168 (second half of the 8th century BCE, Pithekoussai, Ischia Island, Italy). PLoS One. 2021;16(10):e0257368. 
https://doi.org/10.1371/journal.pone.0257368 PMID: 34613997

	20.	 D’Acunto M. The Bay of Naples. Lemos I, Kotsonas A. The Archaeology of Early Greece and the Mediterranean. Oxford: Oxford University Press. 
2020. 1287–91.

	21.	 Brea LB. La Sicilia prima dei greci. Il saggiatore. 2016.

	22.	 Cinquantaquattro TE. La necropoli di Pithekoussai (scavi 1965-1967): variabilità funeraria e dinamiche identitarie, tra norme e devianze. Annali di 
archeologia e storia antica. 2012;19:31–58.

	23.	 Toynbee JM. Death and burial in the Roman world. JHU Press. 1996.

	24.	 Ubelaker DH, Rife J. The practice of cremation in the Roman-era cemetery at Kenchreai, Greece. Bioarchaeology of the Near East. 2007;1:35–57.

	25.	 Mckinley JI, Tech B. In the heat of the pyre: efficiency of oxidation in romano-british cremations – did it really matter?. The Analysis of Burned 
Human Remains. Elsevier. 2008. 163–xiv. https://doi.org/10.1016/b978-012372510-3.50012-5

	26.	 McKinley JI. Cremation… the cheap option? Social archaeology of funerary remains. 2006;1:81–8.

https://doi.org/10.1016/B0-12-369399-3/00026-4
https://doi.org/10.1016/B978-012372510-3.50004-6
https://doi.org/10.1017/S0003598X00064681
https://doi.org/10.4312/dp.36.16
https://doi.org/10.1017/s0003598x00084970
https://doi.org/10.1017/s0003598x00084970
https://doi.org/10.6092/2037-4488/355
https://doi.org/10.6092/2037-4488/355
https://doi.org/10.1371/journal.pone.0257368
http://www.ncbi.nlm.nih.gov/pubmed/34613997
https://doi.org/10.1016/b978-012372510-3.50012-5


PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 20 / 23

	27.	 Gonçalves D, Cunha E, Thompson TJU. Estimation of the pre-burning condition of human remains in forensic contexts. Int J Legal Med. 
2015;129(5):1137–43. https://doi.org/10.1007/s00414-014-1027-8 PMID: 24878617

	28.	 Brothwell DR. Digging up bones: the excavation, treatment, and study of human skeletal remains. Cornell University Press. 1981.

	29.	 McKinley JI. Bone fragment size and weights of bone from modern British cremations and the implications for the interpretation of archaeological 
cremations. Intl J of Osteoarchaeology. 1993;3(4):283–7. https://doi.org/10.1002/oa.1390030406

	30.	 Lemmers SA. Burned culture: osteological research into urnfield cremation technology and ritual in the south of the Netherlands. Lunula Archaeol 
Protohistorica. 2012;20:81–8.

	31.	 Hincak Z, Mihelić D, Bugar A. Cremated human and animal remains of the Roman period--microscopic method of analysis (Sepkovcica, Croatia). 
Coll Antropol. 2007;31(4):1127–34. PMID: 18217471

	32.	 Shipman P, Foster G, Schoeninger M. Burnt bones and teeth: an experimental study of color, morphology, crystal structure and shrinkage. Journal 
of Archaeological Science. 1984;11(4):307–25. https://doi.org/10.1016/0305-4403(84)90013-x

	33.	 Buikstra JE, Swegle M. Bone modification due to burning: experimental evidence. Bone modification. 1989;:247–58.

	34.	 McKinley JI. Bone Fragment Size in British Cremation Burials and its Implications for Pyre Technology and Ritual. Journal of Archaeological Sci-
ence. 1994;21(3):339–42. https://doi.org/10.1006/jasc.1994.1033

	35.	 Thompson TJU, Gauthier M, Islam M. The application of a new method of Fourier Transform Infrared Spectroscopy to the analysis of burned bone. 
Journal of Archaeological Science. 2009;36(3):910–4. https://doi.org/10.1016/j.jas.2008.11.013

	36.	 Thompson TJU. Heat-induced dimensional changes in bone and their consequences for forensic anthropology. J Forensic Sci. 2005;50(5):1008–
15. https://doi.org/10.1520/jfs2004297 PMID: 16225204

	37.	 Higgins OA, Vazzana A, Scalise LM, Riso FM, Buti L, Conti S, et al. Comparing traditional and virtual approaches in the micro-excavation and 
analysis of cremated remains. Journal of Archaeological Science: Reports. 2020;32:102396. https://doi.org/10.1016/j.jasrep.2020.102396

	38.	 Hummel S, Schutkowski H. Approaches to the histological age determination of cremated human remains. Berlin, Heidelberg: Springer Berlin 
Heidelberg. 1993.

	39.	 Bradtmiller B, Buikstra JE. Effects of burning on human bone microstructure: a preliminary study. J Forensic Sci. 1984;29(2):535–40. https://doi.
org/10.1520/jfs11701j PMID: 6726157

	40.	 Absolonova K, Veleminsky P, Dobisikova M, Beran M, Zocova J. Histological estimation of age at death from the compact bone of burned and 
unburned human ribs. J Forensic Sci. 2013;58 Suppl 1:S135-45. https://doi.org/10.1111/j.1556-4029.2012.02303.x PMID: 23305177

	41.	 Cambra-Moo O, Barroso Bermejo R, García Gil O, Bueno Ramírez P, Rascón Pérez J, González Martín A, et al. Can histomorphology enhance the 
analysis of cremated human bones in an archaeological context? A case from the Lagunita I archaeological site, Santiago de Alcántara (Cáceres), 
Spain. Journal of Archaeological Science: Reports. 2018;20:675–82. https://doi.org/10.1016/j.jasrep.2018.06.012

	42.	 Schwartz JH, Houghton F, Macchiarelli R, Bondioli L. Skeletal remains from Punic Carthage do not support systematic sacrifice of infants. PLoS 
One. 2010;5(2):e9177. https://doi.org/10.1371/journal.pone.0009177 PMID: 20174667

	43.	 Trocchi M, Fattore L, Cognigni F, Cappella F, Capuani S, Rossi M, et al. Virtual histology based on 3D X-ray microscopy imaging for non- 
destructive age-at-death estimation of incinerated teeth from the Tophet of Motya (Sicily, 6th century BC). Acta IMEKO. 2024;13(3):1–10. https://
doi.org/10.21014/actaimeko.v13i3.1818

	44.	 Kerley ER. The microscopic determination of age in human bone. Am J Phys Anthropol. 1965;23(2):149–63. https://doi.org/10.1002/
ajpa.1330230215 PMID: 5826273

	45.	 Kerley ER, Ubelaker DH. Revisions in the microscopic method of estimating age at death in human cortical bone. Am J Phys Anthropol. 
1978;49(4):545–6. https://doi.org/10.1002/ajpa.1330490414 PMID: 216268

	46.	 Cattaneo C, DiMartino S, Scali S, Craig OE, Grandi M, Sokol RJ. Determining the human origin of fragments of burnt bone: a comparative study of 
histological, immunological and DNA techniques. Forensic Sci Int. 1999;102(2–3):181–91. https://doi.org/10.1016/s0379-0738(99)00059-6 PMID: 
10464934

	47.	 Mulhern DM, Ubelaker DH. Differences in osteon banding between human and nonhuman bone. J Forensic Sci. 2001;46(2):220–2. https://doi.
org/10.1520/jfs14952j PMID: 11305421

	48.	 Cuijpers AGFM. Histological identification of bone fragments in archaeology: telling humans apart from horses and cattle. Intl J of Osteoarchaeol-
ogy. 2006;16(6):465–80. https://doi.org/10.1002/oa.848

	49.	 Martiniaková M, Grosskopf B, Omelka R, Vondráková M, Bauerová M. Differences among species in compact bone tissue microstructure of mam-
malian skeleton: use of a discriminant function analysis for species identification. J Forensic Sci. 2006;51(6):1235–9. https://doi.org/10.1111/j.1556-
4029.2006.00260.x PMID: 17199608

	50.	 Mulhern D, Ubelaker D. Differentiating human from nonhuman bone microstructure. 2011.

	51.	 Crescimanno A, Stout SD. Differentiating fragmented human and nonhuman long bone using osteon circularity. J Forensic Sci. 2012;57(2):287–94. 
https://doi.org/10.1111/j.1556-4029.2011.01973.x PMID: 22103892

	52.	 French KM, Crowder C, Crabtree PJ. Integrating histology in the analysis of multispecies cremations: A case study from early medieval England. 
Intl J of Osteoarchaeology. 2022;32(6):1253–63. https://doi.org/10.1002/oa.3160

	53.	 Jowsey J. Studies of Haversian systems in man and some animals. J Anat. 1966;100(Pt 4):857–64. PMID: 4961449

https://doi.org/10.1007/s00414-014-1027-8
http://www.ncbi.nlm.nih.gov/pubmed/24878617
https://doi.org/10.1002/oa.1390030406
http://www.ncbi.nlm.nih.gov/pubmed/18217471
https://doi.org/10.1016/0305-4403(84)90013-x
https://doi.org/10.1006/jasc.1994.1033
https://doi.org/10.1016/j.jas.2008.11.013
https://doi.org/10.1520/jfs2004297
http://www.ncbi.nlm.nih.gov/pubmed/16225204
https://doi.org/10.1016/j.jasrep.2020.102396
https://doi.org/10.1520/jfs11701j
https://doi.org/10.1520/jfs11701j
http://www.ncbi.nlm.nih.gov/pubmed/6726157
https://doi.org/10.1111/j.1556-4029.2012.02303.x
http://www.ncbi.nlm.nih.gov/pubmed/23305177
https://doi.org/10.1016/j.jasrep.2018.06.012
https://doi.org/10.1371/journal.pone.0009177
http://www.ncbi.nlm.nih.gov/pubmed/20174667
https://doi.org/10.21014/actaimeko.v13i3.1818
https://doi.org/10.21014/actaimeko.v13i3.1818
https://doi.org/10.1002/ajpa.1330230215
https://doi.org/10.1002/ajpa.1330230215
http://www.ncbi.nlm.nih.gov/pubmed/5826273
https://doi.org/10.1002/ajpa.1330490414
http://www.ncbi.nlm.nih.gov/pubmed/216268
https://doi.org/10.1016/s0379-0738(99)00059-6
http://www.ncbi.nlm.nih.gov/pubmed/10464934
https://doi.org/10.1520/jfs14952j
https://doi.org/10.1520/jfs14952j
http://www.ncbi.nlm.nih.gov/pubmed/11305421
https://doi.org/10.1002/oa.848
https://doi.org/10.1111/j.1556-4029.2006.00260.x
https://doi.org/10.1111/j.1556-4029.2006.00260.x
http://www.ncbi.nlm.nih.gov/pubmed/17199608
https://doi.org/10.1111/j.1556-4029.2011.01973.x
http://www.ncbi.nlm.nih.gov/pubmed/22103892
https://doi.org/10.1002/oa.3160
http://www.ncbi.nlm.nih.gov/pubmed/4961449


PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 21 / 23

	54.	 Horni H. The forensic application of comparative mammalian bone histology. Texas Tech University. 2002. https://ttuir.tdl.org/bitstream/han-
dle/2346/10476/31295017084319.pdf?sequence=1

	55.	 Morris ZH. Quantitative and spatial analysis of the microscopic bone structures of deer (Odocoileus virginianus), dog (Canis familiaris), and pig 
(Sus scrofa domesticus). Louisiana State University and Agricultural & Mechanical College. 2007.

	56.	 Urbanová P, Novotný V. Distinguishing between human and non-human bones: histometric method for forensic anthropology. Anthropologie. 
2004;XLII:175–83.

	57.	 Sawada J, Nara T, Fukui J, Dodo Y, Hirata K. Histomorphological species identification of tiny bone fragments from a Paleolithic site in the Northern 
Japanese Archipelago. Journal of Archaeological Science. 2014;46:270–80. https://doi.org/10.1016/j.jas.2014.03.025

	58.	 Mavroudas SR, Meckel LA, Gocha TP, Goldstein JZ, Garza SL. The effects of experimental whole-body burning on histological age-at-death 
estimation from human cortical bone and dental cementum. Biology (Basel). 2022;11(11):1569. https://doi.org/10.3390/biology11111569 PMID: 
36358272

	59.	 Currey JD. Some effects of ageing in human haversian systems. J Anat. 1964;98(Pt 1):69–75. PMID: 14109815

	60.	 Cho H, Stout SD, Madsen RW, Streeter MA. Population-specific histological age-estimating method: a model for known African-American and 
European-American skeletal remains. J Forensic Sci. 2002;47(1):12–8. https://doi.org/10.1520/jfs15199j PMID: 12064637

	61.	 Singh IJ, Gunberg DL. Estimation of age at death in human males from quantitative histology of bone fragments. Am J Phys Anthropol. 
1970;33(3):373–81. https://doi.org/10.1002/ajpa.1330330311 PMID: 4321403

	62.	 Burr DB, Ruff CB, Thompson DD. Patterns of skeletal histologic change through time: comparison of an archaic native American population with 
modern populations. Anat Rec. 1990;226(3):307–13. https://doi.org/10.1002/ar.1092260306 PMID: 2327603

	63.	 Mulhern DM, Van Gerven DP. Patterns of femoral bone remodeling dynamics in a Medieval Nubian population. Am J Phys Anthropol. 
1997;104(1):133–46. https://doi.org/10.1002/(SICI)1096-8644(199709)104:1<133::AID-AJPA9>3.0.CO;2-S PMID: 9331458

	64.	 Watanabe Y, Konishi M, Shimada M, Ohara H, Iwamoto S. Estimation of age from the femur of Japanese cadavers. Forensic Sci Int. 1998;98(1–
2):55–65. https://doi.org/10.1016/s0379-0738(98)00136-4 PMID: 10036760

	65.	 Havill LM. Osteon remodeling dynamics in Macaca mulatta: normal variation with regard to age, sex, and skeletal maturity. Calcif Tissue Int. 
2004;74(1):95–102. https://doi.org/10.1007/s00223-003-9038-3 PMID: 14973638

	66.	 Britz HM, Thomas CDL, Clement JG, Cooper DML. The relation of femoral osteon geometry to age, sex, height and weight. Bone. 2009;45(1):77–
83. https://doi.org/10.1016/j.bone.2009.03.654 PMID: 19303955

	67.	 Gibson VA, Stover SM, Gibeling JC, Hazelwood SJ, Martin RB. Osteonal effects on elastic modulus and fatigue life in equine bone. J Biomech. 
2006;39(2):217–25. https://doi.org/10.1016/j.jbiomech.2004.12.002 PMID: 16321623

	68.	 O’Brien FJ, Taylor D, Clive Lee T. The effect of bone microstructure on the initiation and growth of microcracks. J Orthop Res. 2005;23(2):475–80. 
https://doi.org/10.1016/j.orthres.2004.08.005 PMID: 15734265

	69.	 Denny BJ. Does Mean Osteon Size Change with Age, Sex or Handedness? Analysis of the Second Metacarpal in a 19th Century Sample from 
Belleville, Ontario, Boise State University Theses and Dissertations. 2010. https://scholarworks.boisestate.edu/td/110

	70.	 Cosentino S, Mieli G, D’Ercole V. Costumi funerari in Abruzzo tra l’età del bronzo finale e la prima età del ferro. Piceni e l’Italia medio-adriatica: atti 
del 22 Convegno di studi etruschi ed italici, Ascoli Piceno, Teramo, Ancona, 2003. 1000–28.

	71.	 Torrieri V. La necropoli sulla “Via Sacra” di Interamnia Praetuttiorum. Le recenti scoperte. DFPeT V. Museo Civico Archeologico “F Savini”. Teramo. 
2006. 163–73.

	72.	 D’Ercole V. Teramo (località La Cona). Studi Etruschi. 1988;LIV:401-21.

	73.	 Savini V, Torrieri V. Un nuovo gruppo di tombe della necropoli di La Cona (Teramo). Atti Chieti Celano. 2003;2001:509–21.

	74.	 McKinley J, Bond J. Cremated bone. Thomas. 2015:127-31.

	75.	 Konigsberg LW, Adams BJ. Estimating the number of individuals represented by commingled human remains: a critical evaluation of methods. 
Commingled human remains. Elsevier. 2014. p. 193–220.

	76.	 White T, Folkens P. The Human Bone Manual. Academic Press. 2012.

	77.	 Walker PL, Miller KWP, Richman R. Time, temperature, and oxygen availability: an experimental study of the effects of environmental conditions 
on the color and organic content of cremated bone. The Analysis of Burned Human Remains. Elsevier. 2008. 129–xi. https://doi.org/10.1016/
b978-012372510-3.50009-5

	78.	 Bass WM, Jantz RL. Cremation weights in east Tennessee. J Forensic Sci. 2004;49(5):901–4. https://doi.org/10.1520/jfs2004002 PMID: 15461087

	79.	 Van Deest TL, Murad TA, Bartelink EJ. A re-examination of cremains weight: sex and age variation in a Northern California sample. J Forensic Sci. 
2011;56(2):344–9. https://doi.org/10.1111/j.1556-4029.2010.01658.x PMID: 21265835

	80.	 Buikstra JE, Ubelaker DH. Standards for data collection from human skeletal remains. Arkansas archaeological survey research series. 
1994;44:44.

	81.	 AlQahtani SJ, Hector MP, Liversidge HM. Brief communication: The London atlas of human tooth development and eruption. Am J Phys Anthropol. 
2010;142(3):481–90. https://doi.org/10.1002/ajpa.21258 PMID: 20310064

https://ttuir.tdl.org/bitstream/handle/2346/10476/31295017084319.pdf?sequence=1
https://ttuir.tdl.org/bitstream/handle/2346/10476/31295017084319.pdf?sequence=1
https://doi.org/10.1016/j.jas.2014.03.025
https://doi.org/10.3390/biology11111569
http://www.ncbi.nlm.nih.gov/pubmed/36358272
http://www.ncbi.nlm.nih.gov/pubmed/14109815
https://doi.org/10.1520/jfs15199j
http://www.ncbi.nlm.nih.gov/pubmed/12064637
https://doi.org/10.1002/ajpa.1330330311
http://www.ncbi.nlm.nih.gov/pubmed/4321403
https://doi.org/10.1002/ar.1092260306
http://www.ncbi.nlm.nih.gov/pubmed/2327603
https://doi.org/10.1002/(SICI)1096-8644(199709)104:1<133::AID-AJPA9>3.0.CO;2-S
http://www.ncbi.nlm.nih.gov/pubmed/9331458
https://doi.org/10.1016/s0379-0738(98)00136-4
http://www.ncbi.nlm.nih.gov/pubmed/10036760
https://doi.org/10.1007/s00223-003-9038-3
http://www.ncbi.nlm.nih.gov/pubmed/14973638
https://doi.org/10.1016/j.bone.2009.03.654
http://www.ncbi.nlm.nih.gov/pubmed/19303955
https://doi.org/10.1016/j.jbiomech.2004.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16321623
https://doi.org/10.1016/j.orthres.2004.08.005
http://www.ncbi.nlm.nih.gov/pubmed/15734265
https://scholarworks.boisestate.edu/td/110
https://doi.org/10.1016/b978-012372510-3.50009-5
https://doi.org/10.1016/b978-012372510-3.50009-5
https://doi.org/10.1520/jfs2004002
http://www.ncbi.nlm.nih.gov/pubmed/15461087
https://doi.org/10.1111/j.1556-4029.2010.01658.x
http://www.ncbi.nlm.nih.gov/pubmed/21265835
https://doi.org/10.1002/ajpa.21258
http://www.ncbi.nlm.nih.gov/pubmed/20310064


PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 22 / 23

	 82.	 Cavazzuti C, Bresadola B, d’Innocenzo C, Interlando S, Sperduti A. Towards a new osteometric method for sexing ancient cremated human 
remains. Analysis of Late Bronze Age and Iron Age samples from Italy with gendered grave goods. PLoS One. 2019;14(1):e0209423. https://doi.
org/10.1371/journal.pone.0209423 PMID: 30699127

	 83.	 Bökönyi S. A new method for the determination of the number of individuals in animal bone material. American Journal of Archaeology. 
1970;74(3):291–2. https://doi.org/10.2307/503105

	 84.	 Bull G. Tooth eruption and epiphysial fusion in pigs and wild boar. Ageing and sexing animal bones from archaeological sites. 1982. 55–71.

	 85.	 Zeder MA, Lapham HA. Assessing the reliability of criteria used to identify postcranial bones in sheep, Ovis, and goats, Capra. Journal of Archae-
ological Science. 2010;37(11):2887–905. https://doi.org/10.1016/j.jas.2010.06.032

	 86.	 Davis SJ. Towards a metrical distinction between sheep and goat astragali. Economic zooarchaeology Studies in hunting, herding and early agri-
culture. 2017. 50–82.

	 87.	 Stout S, Crowder C. Bone remodeling, histomorphology, and histomorphometry. 2012. p. 1–22.

	 88.	 Bancroft JD, Gamble M. Theory and practice of histological techniques. 5th ed. Edinburgh: Churchill Livingstone. 2002.

	 89.	 Hedges REM, Millard AR, Pike AWG. Measurements and relationships of diagenetic alteration of bone from three archaeological sites. Journal of 
Archaeological Science. 1995;22(2):201–9. https://doi.org/10.1006/jasc.1995.0022

	 90.	 Cuijpers SAGFM. Distinguishing between the bone fragments of medium-sized mammals and children. a histological identification method for 
archaeology. Anthropol Anz. 2009;67(2):181–203. https://doi.org/10.1127/0003-5548/2009/0021 PMID: 19739468

	 91.	 Andronowski JM, Pratt IV, Cooper DML. Occurrence of osteon banding in adult human cortical bone. Am J Phys Anthropol. 2017;164(3):635–42. 
https://doi.org/10.1002/ajpa.23297 PMID: 28832945

	 92.	 Stout SD, Paine RR. Brief communication: histological age estimation using rib and clavicle. Am J Phys Anthropol. 1992;87(1):111–5. https://doi.
org/10.1002/ajpa.1330870110 PMID: 1736669

	 93.	 Miszkiewicz JJ. Investigating histomorphometric relationships at the human femoral midshaft in a biomechanical context. J Bone Miner Metab. 
2016;34(2):179–92. https://doi.org/10.1007/s00774-015-0652-8 PMID: 25804314

	 94.	 Pitfield R, Miszkiewicz JJ, Mahoney P. Cortical histomorphometry of the human humerus during ontogeny. Calcif Tissue Int. 2017;101(2):148–58. 
https://doi.org/10.1007/s00223-017-0268-1 PMID: 28417147

	 95.	 Parfitt AM, Drezner MK, Glorieux FH, Kanis JA, Malluche H, Meunier PJ, et al. Bone histomorphometry: standardization of nomenclature, sym-
bols, and units. J Bone Miner Res. 1987;2(6):595–610. https://doi.org/10.1002/jbmr.5650020617

	 96.	 Rueden CT, Schindelin J, Hiner MC, DeZonia BE, Walter AE, Arena ET, et al. ImageJ2: ImageJ for the next generation of scientific image data. 
BMC Bioinformatics. 2017;18(1):529. https://doi.org/10.1186/s12859-017-1934-z PMID: 29187165

	 97.	 Ulijaszek SJ, Kerr DA. Anthropometric measurement error and the assessment of nutritional status. Br J Nutr. 1999;82(3):165–77. https://doi.
org/10.1017/s0007114599001348 PMID: 10655963

	 98.	 Ward RE, Jamison PL. Measurement precision and reliability in craniofacial anthropometry: implications and suggestions for clinical applications. 
J Craniofac Genet Dev Biol. 1991;11(3):156–64. PMID: 1761648

	 99.	 Weinberg SM, Scott NM, Neiswanger K, Marazita ML. Intraobserver error associated with measurements of the hand. Am J Hum Biol. 
2005;17(3):368–71. https://doi.org/10.1002/ajhb.20129 PMID: 15849702

	100.	 Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Computing. 2025.

	101.	 Hanson M, Cain CR. Examining histology to identify burned bone. Journal of Archaeological Science. 2007;34(11):1902–13. https://doi.
org/10.1016/j.jas.2007.01.009

	102.	 Lemmers SAM, Gonçalves D, Cunha E, Vassalo AR, Appleby J. Burned Fleshed or Dry? The Potential of Bioerosion to Determine the  
Pre-Burning Condition of Human Remains. J Archaeol Method Theory. 2020;27(4):972–91. https://doi.org/10.1007/s10816-020-09446-x

	103.	 Pfeiffer S. Cortical bone histology in Juveniles. Microscopic Examinations of Bioarchaeological Remains, Keeping a Close Eye on Ancient Tis-
sues. 2006:15-28.

	104.	 Waltenberger L, Bosch MD, Fritzl M, Gahleitner A, Kurzmann C, Piniel M, et al. More than urns: a multi-method pipeline for analyzing cremation 
burials. PLoS One. 2023;18(8):e0289140. https://doi.org/10.1371/journal.pone.0289140 PMID: 37647251

	105.	 Cozza F, Ruta Serafini A. I colori della terra. Storia stratificata nell’area urbana del Collegio Ravenna a Padova. Archeologia Veneta. 
2007;:2004–5.

	106.	 Rossi C. Le necropoli urbane di Padova romana. Università degli Studi di Padova. 2014.

	107.	 Onisto N, Drusini AG. Analisi morfologica, diffrattometrica e termica di resti ossei dalle necropoli a incinerazione di età romana di Altino (Venezia). 
Quaderni di archeologia del Veneto. 1999;15:160–7.

	108.	 Onisto N. Studio antropologico delle tombe a cremazione. Berti F. Mors inmatura–I Fadieni e il loro sepolcreto. 2006. 167–70.

	109.	 Di Giannantonio S, Iorio A, Serafino S. Il rituale funerario della cremazione. Medicina nei Secoli: Arte e Scienza. 2015;27(3).

	110.	 Ortalli I. Il culto funerario della Cispadana romana. Rappresentazione e interiorità. Culto dei morti e costumi funerari romani. Dr. Ludwig Reichert 
Verlag. 2001. 215–42.

	111.	 Cipollone M. Gubbio (Perugia). Necropoli in loc. Vittorina. Campagne di scavo 1980-1982. Notizie degli Scavi. 2000;11:5–371.

https://doi.org/10.1371/journal.pone.0209423
https://doi.org/10.1371/journal.pone.0209423
http://www.ncbi.nlm.nih.gov/pubmed/30699127
https://doi.org/10.2307/503105
https://doi.org/10.1016/j.jas.2010.06.032
https://doi.org/10.1006/jasc.1995.0022
https://doi.org/10.1127/0003-5548/2009/0021
http://www.ncbi.nlm.nih.gov/pubmed/19739468
https://doi.org/10.1002/ajpa.23297
http://www.ncbi.nlm.nih.gov/pubmed/28832945
https://doi.org/10.1002/ajpa.1330870110
https://doi.org/10.1002/ajpa.1330870110
http://www.ncbi.nlm.nih.gov/pubmed/1736669
https://doi.org/10.1007/s00774-015-0652-8
http://www.ncbi.nlm.nih.gov/pubmed/25804314
https://doi.org/10.1007/s00223-017-0268-1
http://www.ncbi.nlm.nih.gov/pubmed/28417147
https://doi.org/10.1002/jbmr.5650020617
https://doi.org/10.1186/s12859-017-1934-z
http://www.ncbi.nlm.nih.gov/pubmed/29187165
https://doi.org/10.1017/s0007114599001348
https://doi.org/10.1017/s0007114599001348
http://www.ncbi.nlm.nih.gov/pubmed/10655963
http://www.ncbi.nlm.nih.gov/pubmed/1761648
https://doi.org/10.1002/ajhb.20129
http://www.ncbi.nlm.nih.gov/pubmed/15849702
https://doi.org/10.1016/j.jas.2007.01.009
https://doi.org/10.1016/j.jas.2007.01.009
https://doi.org/10.1007/s10816-020-09446-x
https://doi.org/10.1371/journal.pone.0289140
http://www.ncbi.nlm.nih.gov/pubmed/37647251


PLOS One | https://doi.org/10.1371/journal.pone.0345498  April 22, 2026 23 / 23

	112.	 Graham E-J, Hope VM. Funerary Practices. A Companion to Roman Italy. 2016. 155–80.

	113.	 Brun JP, Munzi P. La necropoli monumentale di età romana a nord della città di Cuma. Atti del XLVIII Convegno di Studi sulla Magna Grecia, 
2010. 637–717.

	114.	 Hershkovitz I. Cremation, its practice and identification: a case study from the roman period. Tel Aviv. 1988;15(1):98–100. https://doi.org/10.1179/
tav.1988.1988.1.98

	115.	 Drusini AG, Carrara N, Crivellaro F. Studio antropologico dei resti ossei cremati di Colombara (VR). Padusa: bollettino del centro polesano di 
studi storici archeologici ed etnografici. 2001;XXXVII(37):1000–12.

	116.	 Pearson MP, Pearson MP. The archaeology of death and burial: Sutton Phoenix Mill, UK. 1999.

	117.	 De Grossi Mazzorin J, Minniti C. Esame dei resti faunistici rinvenuti nella necropoli delle Grotte a Populonia (scavi 1997-1998). Populonia La 
necropoli delle Grotte Lo scavo nell’area della cava 1997-98. ETS edizioni. 2009. 319–34.

	118.	 Carè B. L’astragalo in tomba nel mondo greco: un indicatore infantile? Vecchi problemi e nuove osservazioni a proposito di un aspetto del cos-
tume funerario. L’enfant et la mort dans l’Antiquité III Le matériel associé aux tombes d’enfants. 2012. 403–16.

	119.	 De Grossi Mazzorin J. Gli astragali della tomba 101 della necropoli di Varranone (Poggio Picenze–AQ): elementi apotropaici per i vivi o per i 
morti?. Vestini e il loro territorio dalla preistoria al Medioevo. 2014. p. 81–9.

	120.	 Grosskopf B. Leichenbrand-biologisches und kulturhistorisches Quellenmaterial zur Rekonstruktion vor-und frühgeschichtlicher Populationen und 
ihrer Funeralpraktiken. 2004.

	121.	 Stamataki E, Gerritzen C, Van Ham-Meert A, Griffith J, De Mulder G, Vercauteren M, et al. High-temperature transformation of bioapatite to  
β-tricalcium phosphate: Structural and isotopic changes in cortical bone up to 1400 °C. Ceramics International. 2025;51(25, Part A):44205–17. 
https://doi.org/10.1016/j.ceramint.2025.07.151

	122.	 Stamataki E, Kontopoulos I, Salesse K, McMillan R, Veselka B, Sabaux C, et al. Is it hot enough? A multi-proxy approach shows variations 
in cremation conditions during the Metal Ages in Belgium. Journal of Archaeological Science. 2021;136:105509. https://doi.org/10.1016/j.
jas.2021.105509

	123.	 Squires KE, Thompson TJU, Islam M, Chamberlain A. The application of histomorphometry and Fourier Transform Infrared Spectroscopy to the 
analysis of early Anglo-Saxon burned bone. Journal of Archaeological Science. 2011;38(9):2399–409. https://doi.org/10.1016/j.jas.2011.04.025

	124.	 Arrowsmith C. An experimental investigation, into the effects of thermal alteration on microstructures in mammalian long bones. Bournemouth 
University. 2022. https://eprints.bournemouth.ac.uk/36717/

	125.	 Meckel LA, Mavroudas SR, Goldstein JZ, Garza SL, Gocha TP. Histotaphonomic signatures of thermally altered human skeletal remains: implica-
tions for archaeological interpretation. Intl J of Osteoarchaeology. 2024;35(1). https://doi.org/10.1002/oa.3371

	126.	 Pfeiffer S. Cortical bone histology in juveniles. Microscopic examinations of bioarchaeological remains, keeping a close eye on ancient tissues. 
2006. 15–28.

	127.	 Grosskopf B. Histological investigation of very small cremated bone fragments–options and limitations. 2023. https://doi.org/10.15496/
publikation-69859

	128.	 Absolonová K, Dobisiková M, Beran M, Zocová J, Velemínský P. The temperature of cremation and its effect on the microstructure of the human 
rib compact bone. Anthropol Anz. 2012;69(4):439–60. https://doi.org/10.1127/0003-5548/2012/0213 PMID: 23350156

	129.	 Scattarella V, De Lucia A, Melone N. Analisi morfologica e diffrattometrica dei resti ossei della necropoli ad incinerazione di Egnazia (Brindisi). 
Antropologia Contemporanea. 1982;5(3–4):269–78.

	130.	 Dasen V. Roman birth rites of passage revisited. J Roman archaeol. 2009;22:199–214. https://doi.org/10.1017/s1047759400020663

	131.	 Carroll M. Infant death and burial in Roman Italy. J Roman archaeol. 2011;24:99–120. https://doi.org/10.1017/s1047759400003329

	132.	 Pliny TE. Naturalis Historia (The Natural History). London: Taylor and Francis. 1855.

	133.	 Masotti S, Mongillo J, Gualdi-Russo E. Burned human remains: diachronic analysis of cremation rituals in necropolises of northern Italy. Archaeol 
Anthropol Sci. 2020;12(3). https://doi.org/10.1007/s12520-020-01013-5

	134.	 Lovejoy CO. Dental wear in the Libben population: its functional pattern and role in the determination of adult skeletal age at death. Am J Phys 
Anthropol. 1985;68(1):47–56. https://doi.org/10.1002/ajpa.1330680105 PMID: 4061601

	135.	 Schaffler MB, Choi K, Milgrom C. Aging and matrix microdamage accumulation in human compact bone. Bone. 1995;17(6):521–5. https://doi.
org/10.1016/8756-3282(95)00370-3 PMID: 8835305

	136.	 Goliath JR, Stewart MC, Stout SD. Variation in osteon histomorphometrics and their impact on age-at-death estimation in older individuals. Foren-
sic Sci Int. 2016;262:282.e1-6. https://doi.org/10.1016/j.forsciint.2016.02.053 PMID: 27021159

	137.	 Maggiano IS, Maggiano CM, Cooper DM. Osteon circularity and longitudinal morphology: Quantitative and qualitative three-dimensional perspec-
tives on human Haversian systems. Micron. 2021;140:102955. https://doi.org/10.1016/j.micron.2020.102955 PMID: 33099207

	138.	 Pitfield R, Deter C, Mahoney P. Bone histomorphometric measures of physical activity in children from medieval England. Am J Phys Anthropol. 
2019;169(4):730–46. https://doi.org/10.1002/ajpa.23853 PMID: 31087660

	139.	 Leiss L, Ramphaleng T, Bacci N, Houlton TMR, García-Donas JG. Osteon shape variation in the femoral diaphysis: A geometric-morphometric  
approach on human cortical bone microstructure in an elderly sample. J Forensic Sci. 2024;69(5):1826–39. https://doi.org/10.1111/ 
1556-4029.15584 PMID: 38992860

https://doi.org/10.1179/tav.1988.1988.1.98
https://doi.org/10.1179/tav.1988.1988.1.98
https://doi.org/10.1016/j.ceramint.2025.07.151
https://doi.org/10.1016/j.jas.2021.105509
https://doi.org/10.1016/j.jas.2021.105509
https://doi.org/10.1016/j.jas.2011.04.025
https://eprints.bournemouth.ac.uk/36717/
https://doi.org/10.1002/oa.3371
https://doi.org/10.15496/publikation-69859
https://doi.org/10.15496/publikation-69859
https://doi.org/10.1127/0003-5548/2012/0213
http://www.ncbi.nlm.nih.gov/pubmed/23350156
https://doi.org/10.1017/s1047759400020663
https://doi.org/10.1017/s1047759400003329
https://doi.org/10.1007/s12520-020-01013-5
https://doi.org/10.1002/ajpa.1330680105
http://www.ncbi.nlm.nih.gov/pubmed/4061601
https://doi.org/10.1016/8756-3282(95)00370-3
https://doi.org/10.1016/8756-3282(95)00370-3
http://www.ncbi.nlm.nih.gov/pubmed/8835305
https://doi.org/10.1016/j.forsciint.2016.02.053
http://www.ncbi.nlm.nih.gov/pubmed/27021159
https://doi.org/10.1016/j.micron.2020.102955
http://www.ncbi.nlm.nih.gov/pubmed/33099207
https://doi.org/10.1002/ajpa.23853
http://www.ncbi.nlm.nih.gov/pubmed/31087660
https://doi.org/10.1111/1556-4029.15584
https://doi.org/10.1111/1556-4029.15584
http://www.ncbi.nlm.nih.gov/pubmed/38992860

