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MicroCT imaging of canid diaphyses: bone ontogeny from a
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ABSTRACT

X-ray microCT offers the possibility of studying the internal structure of animal remains by detecting age-related changes in bone
microstructure. In the present work, we analyse developmental patterns of the diaphyseal structure in canids. In particular, the first
metacarpal of current and archaeological individuals of red fox (Vulpes vulpes) and wolf (Canis lupus) was analysed. Variables describing
bone structure were measured by inferring bone development through the observation of cross-sections. The results show how bone
structure changes over the course of a lifetime and how this approach makes it possible to separate young and older individuals. This is
important from a zooarchaeological point of view to estimate the age at death of fragmentary animal remains and to discriminate taxa
characterised by similar morphology but different adult body size using a non-destructive approach.
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1. INTRODUCTION

Computed microtomography (microCT) has been proposed
and successfully used in several zooarchaeological studies [1], [2],
[3], [4], [5] during the last decade. An interesting, but as yet
insufficiently investigated application in prehistoric studies, is the
estimation of the age-at-death of individuals through structural
analysis of bone tissue. This is of great importance when skeletal
elements from archaeological contexts lack diagnostic features,
such as metaphyses, that are useful for estimating the age-at-
death. Ossification centres may be naturally absent (as, for
example, in most of basipodial elements) or may be missing due
to fragmentation. Correctly estimating the age-at-death of
individuals is crucial for understanding the strategies adopted by
past human communities in the exploitation of animal resources

[3]; moreover, age-at-death can be useful in discriminating taxa
or domestic breeds characterized by a close morphology but
different adult body size [4]. Furthermore, bone microstructure
may be helpful for taxonomic identification of bone remains [6].
As we have already tested the usefulness of analysing age-related
parameters of spongy bone tissues in zooarchaeology [1], [4], this
paper will focus on the diaphyseal structure. A sample of red fox
and wolf metacarpals will be analysed, and porosity of the
diaphyseal portions will be quantified to identify age-related
changes in compact bone tissues. Our research is part of a project
aimed at providing new tools for the identification of domestic
animal bones from prehistoric sites.
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2. MATERIALS AND METHODS

In this work, we investigate the first metacarpal of 10 modern
red foxes (Iulpes vuipes Linnaeus, 1758), from a few months old
cubs to adults, to define the microstructural parameters related
to their age-at-death. The samples are part of the comparative
osteological collections of the Department of Physical Sciences,
Earth and Environment, Research Unit of Prehistory and
Anthropology, of the University of Siena (Italy). As they belong
to complete skeletons, age-at-death of individuals was estimated
considering tooth eruption and epiphyseal fusion [7]. The results
are shown in Table 1.

In addition, we analysed the first metacarpal of nine wolves
(Canis lupus Linnaeus, 1758). Three of them are modern wild
wolves from Italy (n°® 362, 353, 361); three are modern zoo-
wolves (n°180, 52, 214); among the latter, there are no data on
their living conditions and whether they were born in captivity
or not. Finally, three specimens (n® 1971, R23 R24) are Late
Pleistocene wolves from Grotta Paglicci. This is an important
prehistoric  cave-site located in Apulia on the Gargano
promontory (FG, southern Italy) [4], [8], [9]. The chronology of
all three specimens indicates cold paleoenvironmental conditions
referable to a time span between the late MIS 3/beginning of
MIS 2 and the Late Glacial (i.e., between approximately 30,000
and 13,000 years before present) [10], [11], [12]. Stratigraphy of
Grotta Paglicci is characterized by evidence of several phases of
Upper Palacolithic human frequentation; the accumulation of
animal bones is mostly related to human hunting activities [9],
[12]. Late Pleistocene wolves from Grotta Paglicci are
characterised by a large body size, comparable to that of present-
day wolves from northern Europe [4].

The modern specimens are part of the aforementioned
osteological reference collection held at the University of Siena.
Specimens 362 and 353 belong to not fully developed young
individuals. Specimens 196, 361, and the zoo-wolves belong to
individuals whose skeletal growth and development is complete.
For this reason, they can all be considered adults [7], [13]. All
archaeological specimens show a fully fused distal epiphysis. As
these are isolated and scattered bones, complete data on the
skeletal ontogeny are not available. For this reason, only a general
age for wolves is given in Table 2.

MicroCT scanning was performed at the Multidisciplinary
Laboratory of the Abdus Salam International Centre for
Theoretical Physics of Trieste, in Italy [14]. The instrumentation
is designed for the analysis of archaeological and palacontological
specimens [3], [15]. The obtained pCT slices were reconstructed
with the commercial software DigiXCT (DIGISENS) in 32-bit
format. A semi-automatic threshold-based segmentation was

Table 1. Red fox specimens Table 2. Wolf specimens analysed in this

analysed in this paper. paper.

Specimen Age Specimen Development
(months) Not fully

Fox 253 2 Wolf 362 developed
Fox 254 2
Fox 329 5-6 il dZ'S;?F','Zd
Fox 458 6 Wolf 361 Adult
Fox 73 6-8 Zoo-Wolf 180 Adult
Fox 313 6-8 Zoo-Wolf 52 Adult
Fox 160 8-12 Zoo-Wolf 214 Adult
Fox 47 >12 Pleistocene Wolf 1971 Adult
Fox 299 >12 Pleistocene Wolf R23 Adult
Fox 338 >12 Pleistocene Wolf R24 Adult

Figure 1. Cross-sections on Zoo-Wolf 52

performed using AVIZO software (Thermo Fisher Scientific
Inc.) to separate the bone component from the interstitial air
[16], [17], [18].

After segmentation, all specimens were aligned to their
longitudinal axis. The diaphysis was isolated by separating the
two epiphyses. The proximal one was separated from the rest of
the bone using a transverse plane tangent to the distal ridge of
the articular facet on the palmar side. The distal epiphysis was
separated using a transverse plane tangent to the most proximal
ridge of the distal articular facet on the palmar side (Figure 1).
Once the diaphysis was isolated, seven cross-sections were
digitally extracted, starting from the proximal end, at 20 %, 25 %,
40 %, 50 %, 60 %, 75 % and 80 % of the length of the diaphysis
respectively. When extracting cross-sections, we did not consider
the total biomechanical length of the bone as proposed by other
authors [19], to extend the method even to fragmentary
archaeological remains. Using Image] software [20], the Porosity
Surface to Bone Surface (PS/BS) ratio was calculated on the
seven cross-sections for each specimen. Marrow cavity was not
considered as part of the “Porosity surface”.

3. RESULTS

The data collected on foxes can be seen in Table 3 and
Figure 2, while those on wolves can be seen in Table 4 and
Figute 4. Red fox cubs show a very porous diaphysis: PS/BS
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Figure 2. Red fox: PS/BS across the diaphysis.
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Figure 3. Cross-sections on young wolf 353 (left) and on fox cub 254.

0,12

0,10
—i=52

——362
180
0,06
353
o361
0,04
——1971
R23

0,02 N

Figure 4. Wolves: PS/BS across the diaphysis.

ratio is always above 0.2 and reaches values above 1 in the distal
part of the element. When individuals reach full body size,
although still young (5-6 months), the porosity decreases (values
are always below 0.1) and is comparable to that of adults.
Individuals aged between 5 and 12 months show the most
compact diaphysis. Older individuals (>12 months) show a very
slight increase in porosity. This may be due to age- and life
conditions-related elaboration of the compact bone tissue.
Indeed, as observed in cancellous tissue, the architectural
adaptation phase of growing bones to external loads is preceded
by an increase in bone volume [21].

Young wolves show a similar pattern to foxes: their porosity
is very different from that of adult individuals. In this case, the
porosity of specimens 353 and 362 is much lower than that of
young foxes, but this can be explained by the fact, that young
wolves analysed in this paper are not just a few months old cubs.
These are growing wolves that have left the den and probably
have already taken part in pack activities [22]. In contrast, the fox
cubs analysed in this work still had a limited range of activities
and did not leave the den. Therefore, the mechanical loads
applied to their bones were very weak. The difference in porosity
between a fox cub (n° 254) and a young wolf (n° 353) can be
seen in Figure 3. Furthermore, by comparing Figures 1 and 3, the
differences in porosity between an adult wolf, even a zoo wollf,
and a growing wolf can be seen. However, among adults, the
zoo-wolves are the individuals with the highest porosity at the
extremities of the diaphysis. Adult wild wolves, both modern and
fossils, form a homogeneous group (Table 4, Figure 4).

4. DISCUSSION AND CONCLUSIONS

Our data, albeit at a preliminary level due to the small sample
size, show that the internal diaphyseal structure can provide
information on the age-at-death of individuals. This cannot be
used to construct accurate mortality profiles due to the low
sensitivity of the method. In fact, only young and still growing
individuals can be separated from the others. However, this type
of data can be used to discriminate between different taxa
characterized by similar morphology and different adult body
size. From this point of view, it is interesting to point out that 5-
6 months old foxes, which should have already reached adult
body size [23], [24], show a bone porosity that is comparable to
that of older individuals. As already stated in a previous
methodological paper [1], the possibility of discriminating
between populations characterized by different body size is of
pivotal importance for the study of domestication. A similar
method, based on the analysis of spongy bone tissue, has already
been successfully applied on a Palaeolithic sample from Grotta
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Pag]icci, leading to the Table 3. Red fox: PS/BS ratio in the seven cross-sections.
identification of the oldest -
domestic dog remains Specimen 20% 25% 40 % 50 % 60 % 75 % 80 %
discovered in Italy so far [4]; 253 0.390 0.374 0.263 0.260 0.302 0.705 1.104
here we add clues on a 254 0.354 0.387 0.394 0.318 0.332 0.302 1.811
different type of bone tissue. 329 0.003 0.001 0.000 0.000 0.001 0.003 0.013
Furthermore, the increased 458 0.002 0.001 0.000 0.000 0.000 0.001 0.009
potosity of the diaphysis in 73 0.001 0.000 0.001 0.000 0.000 0.001 0.004
soo-wolves is of interest for 313 0.002 0.003 0.000 0.000 0.000 0.001 0.003
the study of  animal 160 0.000 0.000 0.000 0.000 0.000 0.000 0.000
domestication: the external 47 0.006 0.002 0.007 0.009 0.014 0.052 0.097
and internal structure of 299 0.005 0.004 0.004 0.006 0.006 0.010 0.019
bones are influenced by 338 0.004 0.003 0.002 0.001 0.002 0.012 0.035
external mechanical loads
(i.e., living conditions) [25],  Table 4. Wolf: PS/BS ratio in the seven cross-sections.
[20], [27], [28] and can be -

. . Specimen 20% 25% 40 % 50 % 60 % 75 % 80 %
used to identify, among
Zooarchaeological samples, Wolf 362 0.106 0.097 0.074 0.063 0.067 0.130 0.148
bones of individuals who Wolf 353 0.063 0.036 0.025 0.033 0.037 0.055 0.140
lived in captivity [29]’ [30]. Wolf 361 0.001 0.002 0.000 0.000 0.000 0.002 0.001
MicroCT has already been Zoo-Wolf 180 0.020 0.005 0.000 0.000 0.004 0.011 0.021
applied on human remains to Zoo-Wolf 52 0.006 0.008 0.002 0.001 0.001 0.000 0.000
infer  about  locomotive Zoo-Wolf 214 0.034 0.008 0.011 0.011 0.014 0.005 0.015
behaviour [31], while some Pleistocene Wolf 1971 0.000 0.000 0.007 0.002 0.000 0.009 0.004
preliminary results already Pleistocene Wolf R23  0.001 0.001 0.001 0.003 0.002 0.001 0.002
show the potential of these Pleistocene Wolf R24  0.000 0.001 0.001 0.000 0.000 0.002 0.001
methods in identifying the
impact of captivity on the [4] F. Boschin, F. Bernardini, E. Pilli S. Vai, C. Zanolli, A.

skeleton of domestic animals [32]. This is of crucial importance
when research focuses on the early stages
domestication, when domesticated animals were
morphologically very close to their wild counterparts [24], [33],
[34] but could live in very different conditions.

of animal

5. ACKNOWLEDGEMENTS

We are grateful to Soprintendenza Archeologia Belle Arti e
Paesaggio per le Province di Foggia, Barletta e Trani and to prof.
Annamaria Ronchitelli for granting permission to study the Late
Pleistocene material.

MicroCT scans wete supported by the ICTP/Elettra EXACT
Project (Elemental X-ray Analysis and Computed Tomography)
funded by Autonomous Region Friuli Venezia Giulia (Italy).

Data have been collected and elaborated at the Department
of Physical Sciences, Earth and Environment of the University
of Siena in the frame of the project “FIDO, Fiutare I
DOmestici” supported by the University of Siena (F-CUR
projects).

REFERENCES

[1] F.Boschin, F. Bernardini, C. Zanolli, C. Tuniz, MicroCT Imaging
of red fox talus: a non-invasive approach to evaluate age at death,
Archaeometry 57 S1 (2015), pp 194-211.

DOI: 10.1111/arcm.12122

[2] F. Boschin, C. Zanolli, F. Bernardini, F. Princivalle, C. Tuniz, A
look from the inside: MicroCT analysis of burned bones,
Ethnobiology Letters 6 (2015), pp. 258-266.

DOI: 10.14237/¢bl.6.2.2015.365

[3] R. Duches, N. Nannini, A. Fontana, F. Boschin, J. Crezzini, F.
Bernardini, C. Tuniz, D. Giampaolo, Archeological bone injuries
by lithic backed projectiles: new evidence on bear hunting from
the Late Epigravettian site of Cornafessa rock shelter (Italy),
Archaeol. Anthropol. Sci. 11 (2019), pp. 2249-2270.

DOI: 10.1007/512520-018-0674-y

[10]

Tagliacozzo, R. Fico, M. Fedi, ]J. Corny, D. Dreossi, M. Lari, A.
Modi, C. Vergata, C. Tuniz, A. Moroni, P. Boscato, D. Caramelli,
A. Ronchitelli, The first evidence for Late Pleistocene dogs in Italy,
Sci. Rep. 10 (2020), 13313.

DOI: 10.1038/541598-020-69940-w

S. Bello, I. De Groote, G. Delbarre, Application of 3-dimensional
microscopy and micro-CT scanning to the analysis of Magdalenian
portable art on bone and antler, J. Archaeol. Sci. 40 (2013), pp.
2464-2476.

DOI: 10.1016/j.jas.2012.12.016

A. Lefebvre, G. Y. Rochefort, F. Santos, D. Le Denmat, B.
Salmon, J.-M. Pétillon, Non-destructive method for distinguishing
reindeer antler (Rangifer tarandus) from red deer antler (Cervus
elaphus) using X-ray micro-tomography coupled with SVM
classifiers, PloS ONE 11 (2016), e0149658.

DOI: 10.1371/journal.pone.0149658

K.-H. Habermehl, Altersbestimmung bei Wild- und Pelztieren:
Moéglichkeiten und Methoden: ein praktischer Leitfaden fir Jager,
Biologen und Tierdrzte, Vetlag Paul Parey, Betlin, 1986. [In
German)|

F. Boschin, P. Boscato, C. Berto, J. Crezzini, A. Ronchitelli, The
palacoecological meaning of macromammal remains from
archacological sites exemplified by the case study of Grotta
Paglicci (Upper Palacolithic, southern Italy), Quat. Res. 90 (2018),
pp. 470-482.

DOI: 10.1017/qua.2018.59

F. Boschin, Exploitation of carnivores, lagomorphs and rodents at
Grotta Paglicci during the Epigravettian: The dawn of a new
subsistence strategy?. J. Archaeol. Sci.: Reports, 26 (2019), 101871.
DOI: 10.1016/j.jasrep.2019.101871

C. Berto, P. Boscato, F. Boschin, E. Luzi, A. Ronchitelli,
Paleoenvironmental and paleoclimatic context during the Upper
Palacolithic (late Upper Pleistocene) in the Italian Peninsula. The
small mammal record from Grotta Paglicci (Rignano Garganico,
Foggia, Southern Italy), Quat. Sci. Rew. 168 (2017), pp. 30-41.
DOI: 10.1016/j.quascirev.2017.05.004

S. Ricci, G. Capecchi, F. Boschin, S. Arrighi, A. Ronchitelli, S.
Condemi, Toothpick use among Epigravettian Humans from

ACTA IMEKO | www.imeko.org

September 2023 | Volume 12 | Number 3 | 4


https://doi.org/10.1111/arcm.12122
https://doi.org/10.14237/ebl.6.2.2015.365
https://doi.org/10.1007/s12520-018-0674-y
https://doi.org/10.1038/s41598-020-69940-w
https://doi.org/10.1016/j.jas.2012.12.016
https://doi.org/10.1371/journal.pone.0149658
https://doi.org/10.1017/qua.2018.59
https://doi.org/10.1016/j.jasrep.2019.101871
http://dx.doi.org/10.1016/j.quascirev.2017.05.004

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

(22]

23]

Grotta Paglicci (Italy). Int. J. Osteoarchaeol. 26 (2016), pp. 281-
289.

DOI: 10.1002/0a.2420

P. Boscato, I macromammiferi dell'Aurignaziano e del
Gravettiano antico di Grotta Paglicci, in Paglicci. L'Aurignaziano
e II Gravettiano Antico, A. Palma di Cesnola (editor). Claudio
Grenzi Editore, Foggia, 2004, pp. 49-61. [In Italian]

M. Geiger, K. Gendron, F. Willmitzer, M. R. Sanchez-Villagra,
Unaltered sequence of dental, skeletal, and sexual maturity in
domestic dogs compared to the wolf, Zool. Lett. 2 (2016), 16.
DOI: 10.1186/540851-016-0055-2

C. Tuniz, F. Bernardini, A. Cicuttin, M. L. Crespo, D. Dreossi, A.
Gianoncelli, L. Mancini, A. Mendoza Cuevas, N. Sodini, G.
Tromba, F. Zanini, C. Zanolli, The ICTP-Elettra X-ray laboratory
for cultural heritage andarchaeology, Nucl. Instr. Methods Phys.
Res. Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 711 (2013), pp. 106-110.

DOI: 10.1016/.0nima.2013.01.046

F. Bernardini, A. Vecchiet, A. De Min, D. Lenaz, A. Mendoza
Cuevas, A. Gianoncelli, D. Dreossi, C. Tuniz, M. Montagnari
Kokelj, Neolithic pottery from the Trieste Karst (northeastern
Italy): A multi-analytical study, Microchem. J. 124 (2016), pp. 600-
607.

DOI: 10.1016/j.microc.2015.09.019

R. J. Fajardo, T. M. Ryan, J. Kappelman, Assessing the accuracy
of high resolution X-ray computed tomography of primate
trabecular bone by comparisons with histological sections, Am. J.
.Phys. Anthropol. 118 (2002), pp. 1-10.

DOI: 10.1002/2jpa.10086

M. N. Coleman, M. W. Colbert, Technical note: CT thresholding
protocols for taking measurements on three-dimensional models,
Am. J. Phys. Anthropol. 133 (2007), pp. 723-725.

DOI: 10.1002/ajpa.20583

M. Bousxsein, S. K. Boyd, B. A. Christiansen, R. E. Guldberg, K.
J. Jepsen, R. Miiller, Guidelines for assessment of bone
microstructure in rodents using micro-computed tomography, J.
Bone Min. Res. 25 (2010), pp. 1468-1486.

DOI: 10.1002/jbmr.141

C. B. Ruff, W. C. Hayes, Cross-Sectional Geometry of Pecos
Pueblo Femora and Tibiae — A Biomechanical Investigation: 1.
Method and General Patterns of Vatiation. Am. ]. Phys.
Anthropol. 60 (1983), pp. 359-381.

DOI: 10.1002/ajpa.1330600308

C. A. Schneider, W. S. Rasband, K. W. Eliceiri, NIH Image to
Image]J: 25 years of image analysis, Nature Methods 9(7) (2012),
pp. 671-675.

DOI: 10.1038/nmeth.2089

E. Tanck, J. Homminga, G. H. Van Lenthe, R. Huiskes, Increase
in Bone Volume Fraction Precedes Architectural Adaptation in
Growing Bone, Bone 28 (2001), pp. 650-654.

DOI: 10.1016/88756-3282(01)00464-1

L. D. Mech, L. Boitani, Wolf social ecology in Wolves: Behavior,
Ecology, and Conservation, L. D. Mech, L. Boitani (editors),
University of Chicago Press, Chicago IL, 2003, pp. 1-35.

A. F. Chirkova, Fox, vixen, red fox, Iulpes vulpes Linnaeus 1758,
biology in Mammals of the Soviet Union, vol. I, part 1a, V. G.
Heptner, N. P. Naumov (editors), Smithsonian Institution
Libraries and The National Science Foundation, Washington DC,
1998, pp. 504-561.

M. Hartova-Nentvichovda, M. Andéra, V. Hart, Cranial
ontogenetic variability, sex ratio and age structure of the red fox,
Central European Journal of Biology 5 (2010), pp. 894-907.

28]

[29]

[30]

[31]

[32]

[33]

[34]

DOI: 10.2478/511535-010-0093-2

L. Shackelford, F. Marshall, J. Peters, Identifying donkey
domestication through changes in cross-sectional geometry of
long bones. J. Archacol. Sci. 40 (2013), pp. 4170-4179.

DOI: 10.1016/}.jas.2013.06.006

A. Houssaye, A. de Perthuis, G. Houée, Sesamoid bones also show
functional adaptation in their microanatomy—The example of the
patella in Perissodactyla. J. Anat. 240 (2021), pp. 50-65.

DOI: 10.1111/j0a.13530

D. Neaux, H. Harbers, B. Blanc, K. Ortiz, Y. Locatelli, A. Herrel,
V. Debat, T. Cucchi, The effect of captivity on craniomandibular
and calcaneal ontogenetic trajectories in wild boar. J. Exp Zool B
Mol Dev Evol. 338 (2022), pp. 575-585.

DOI: 10.1002/jez.b.23130

S. Niinimaki, L. Hirkénen, H.-L. Puolakka, M. van den Berg, A.-
K. Salmi, Cross-sectional properties of reindeer long bones and
metapodials allow identification of activity patterns. Archaeol.
Anthropol. Sci. 13 (2021), 146.

DOI: 10.1007/512520-021-01337-w

M. Pelletier, A. Kotiaho, S. Niinimdki, A.-K. Salmi, Impact of
selection and domestication on hindlimb bones of modern
reindeer populations: Archaeological implications for eatly
reindeer management by Sidmi in Fennoscandia. Hist. Biol. 34
(2022), pp. 802-820.

DOI: 10.1080/08912963.2021.1947268

M. Pelletier, A. Kotiaho, S. Niinimdki, A.-K. Salmi, Identifying
catly stages of reindeer domestication in the archaeological record:
a 3D morphological investigation on forelimb bones of modern
populations from Fennoscandia. Archaeol. Anthropol. Sci. 12
(2020, 169.

DOI: 10.1007/512520-020-01123-0

R. Sorrentino, N. B. Stephens, D. Marchi, L. J. DeMars, C. Figus,
E. Bortolini, F. Badino, J. P. P. Saers, M. Bettuzzi, F. Boschin, G.
Capecchi, F. Feletti, T. Guarnieri, H. May, M. P. Morigi, W. Parr,
S. Ricci, A. Ronchitelli, J. T.Stock, K. J. Carlson, T. M.Ryan, M.
G.Belcastro, S. Benazzi, Unique foot posture in Neanderthals
reflects their body mass and high mechanical stress. J. Hum. Evol.
161 (2021), 103093.

DOI: 10.1016/j.jhevol.2021.103093

H. Harbers, C. Zanolli, M. Cazenave, J.-C. Theil, K. Ortiz, B.
Blanc, Y. Locatelli, R. Schafberg, F. Lecompte, 1. Baly, F. Laurens,
C. Callou, A. Herrel, L. Puymerail, T. Cucchi, Investigating the
impact of captivity and domestication on limb bone cortical
morphology: an experimental approach using a wild boar model,
Sci. Rep. 10 (2020), 19070.

DOI: 10.1038/541598-020-75496-6

A. Evin, L. G. Flink, A. Bilisescu, D. Popovici, R. Andreescu, D.
Bailey, P. Mirea, C. Lazir, A. Boroneant, C. Bonsall, U. S.
Vidarsdottir, S. Berhard, A. Tresset, T. Cucchi, G. Larson, K.
Dobney, Unravelling the complexity of domestication: a case
study using morphometrics and ancient DNA analyses of
archacological pigs from Romania. Phil. Trans. R. Soc. B 370
(2015), 20130616.

DOI: 10.1098/rstb.2013.0616

C. Lega, D. Fulgione, A. Genovese, L. Rook, M. Masseti, M. Meiri,
A. C. Marra, F. Carotenuto, P. Raia, Like a pig out of water:
seaborne spread of domestic pigs in Southern Italy and Sardinia
during the Bronze and Iron Ages, Heredity 118 (2017), pp. 154-
159.

DOI: 10.1038/hdy.2016.74

ACTA IMEKO | www.imeko.org

September 2023 | Volume 12 | Number3 | 5


http://dx.doi.org/10.1002/oa.2420
https://doi.org/10.1186/s40851-016-0055-2
https://doi.org/10.1016/j.nima.2013.01.046
http://dx.doi.org/10.1016/j.microc.2015.09.019
https://doi.org/10.1002/ajpa.10086
https://doi.org/10.1002/ajpa.20583
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1002/ajpa.1330600308
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/S8756-3282(01)00464-1
https://doi.org/10.2478/s11535-010-0093-2
http://dx.doi.org/10.1016/j.jas.2013.06.006
https://doi.org/10.1111/joa.13530
https://doi.org/10.1002/jez.b.23130
https://doi.org/10.1007/s12520-021-01337-w
https://doi.org/10.1080/08912963.2021.1947268
https://doi.org/10.1007/s12520-020-01123-0
https://doi.org/10.1016/j.jhevol.2021.103093
https://doi.org/10.1038/s41598-020-75496-6
http://dx.doi.org/10.1098/rstb.2013.0616
https://doi.org/10.1038/hdy.2016.74

