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ABSTRACT

Fragmented human and non-human bones can be found in forensic contexts, such as mass disasters,
mass graves, and crime scenes, as well as in archaeological deposits. When fragmented skeletal
remains are found, one of thefirst questions asked iswhether or not the fragments are human or non-
human. If none of the diagnostic features is visible, the origin of the fragments may be difficult to
assess. Most of the methods currently employed to identify the origin of bone fragments, such as

microscopic and biomolecular methods, are invasive and time consuming.

The aim of the research presented in this thesis was to explore the potentia of non-destructive
procedures, such as GIS (Geographic Information System) software, morphological examination and
Micro-Computed Tomography, in determining whether or not a bone fragment is human. These
techniques were applied on skeletal features not commonly used for the human-nonhuman bone
differentiation. Cranial suture patterns, cranial curvature and rib shaft curvature were assessed and
measured using a GIS software. In addition, the morphology of the occipital condyles and the linea
asperaof thefemur were investigated and compared between human and non-human species. Finally,
primary nutrient foramina and cross-sectional shape of long bones were analysed using micro-CT.
More than 700 human and non-human bones were used; the non-human species sel ected are the ones

whose remains are likely to be found in forensic or archaeological contexts in the United Kingdom.

Most of the bone features considered and the procedures used in this study proved to be reliable for
the differentiation between human and non-human fragmented bones. Blind tests performed on
fragments whose human or non-human origin was not known further demonstrated the applicability
and effectiveness of the methods and features explored in this study. The results of this research
provide a vauable contribution to the fields of forensic anthropology, bioarchaeology, and

comparative anatomy.

Keywords. forensic anthropology, bone fragments, macroscopic methods, GIS software, Micro-
Computed Tomography
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Chapter 1: INTRODUCTION

Bone fragments, ranging from 5 millimetres to 10é&Atimetres, can be found in both forensic and
archaeological contexts, such as crimes sceneig| Bites, mass graves or mass disasters. Natural,
accidental or manmade mass disasters after whitlahand non-human commingled remains might
be found are earthquakes, floods, transportaticidents, bombings, and hurricanes (Stout, 2009).
Furthermore, a skeleton or a single bone might rgulenany processes before its discovery and
recovery, such as animal gnawing and scavengimgilcalism (although rare), peri-mortem trauma,
post-mortem dismemberment, specific funerary raesl, burial disturbance, during excavation or in

antiquity by human, non-human or natural activityran, 1994; Knusel and Outram, 2004).

The analysis of the bone remains is carried out liyrensic anthropologist, or bioarchaeologist in
case of archaeological contexts, though a foreargiaropologist can be involved in an archaeological
case and sometimes a bioarchaeologist can be et/atva forensic case (Ubelaker, 2016). When
severe or extreme fragmentation occurs, the foremasithropologist or the bioarchaeologist
determines whether the fragment is bone or otheenad if the fragment is securely identified as
bone, the next step is to determine its human armonan origin. In case of human remains, the
biological profile of the individual(s), which inatles sex, age at death, ancestry, height, patleslogi
and trauma, is reconstructed, in order to deterrhiaeor her identity, cause of death, or mobility
(Obenson, 2014; Christensenal., 2015). In case of non-human remains, the ingastin is not
further carried out, or a zooarchaeologist is chalparticularly in archaeological contexts (Reitd a
Wing, 2008).

As mentioned above, when fragmented bones are fioudodensic contexts or in archaeological sites,

one of the first questions to address is whethenair the remains are human, or in case of
commingling following disasters or mass-graves,clwhbones are human and which ones are non-
human (Anstett and Dreyfus, 2015).

Understanding the origin of bone fragments is Vitalthe ongoing investigation, as in the majority
of cases the investigation would be interruptethé remains turned out to be non-human, saving
time and money. Furthermore, in case of commingkmgwing the human or non-human origin of
the fragments is important to calculate the minimommber of human (and in some cases non-
human) individuals (Klein and Cruz-Uribe, 1984).several cases, remains are recovered and sent

to police departments, but they are identified @s-human or even not bone. According to the FBI,



10-15% of the remains initially identified as hunsamt to them turned out to be non-human or other

materials (Ubelaker and Scammell, 2006).

The differentiation between human and non-humaretMderemains is straightforward when the
remains are complete, but it becomes increasinffigult in case of fragmentation, especially when
the diagnostic features, such as long bone epighyskcial bones, are no longer visible. This rhigh
become more difficult with burnt bones, as the mgmrocess leads to colour, dimensional and
morphological changes, dehydration, and mass ladanis, 2007; Fairgrieve, 2008; Thompson,
2005). The non-human remains that are commonlyderigified as human are those of animals used
for meat consumption or animal exploitation in gahesuch as chickens, pigs or calvébe
fragmented bones of these animals may appear h(fioraexample, chicken bones look similar to
human juvenile bones), as they share a numberavcteristics with the human bones (see Chapter
2, 5, 6 and 7 of this thesis). Furthermore, themains are often found in both archaeological and
forensic scenes, but in most cases they turn dag jast leftovers from meals (Adams, Crabtree and
Santucci, 2008).

When fragments are too small or miss the commootgpted diagnostic features, the procedures
considered as most appropriate for the human/nomahuorigin distinction are the microscopic
methods, such as histology or genetic analysisghviequire destructive sampling. However, some
of these methods might produce incorrect resuéis (3hapter 3; Dirkmaat, 2014). The observation
of bone morphology is currently not considered wragj method for the human/non-human
differentiation of bone fragments, as it is lesndiardized and more related to the experienceeof th

observer, therefore more prone to bias (France9)200

The main aim of the research presented in thisghedo assess methods of distinction between
human and non-human remains that do not requirasime sampling and that can rely on

macroscopic procedures only, focusing on bone featilhat have not been previously considered or
have not been fully explored from this point ofwiéA GIS software was used to identify the pattern
of the sagittal suture and measure the curvatuggaoétals and rib shafts; occipital condyles and
linea aspera were morphologically examined; Micam¥@uted Tomography was employed to

analyse the primary nutrient foramina and the csestional shape of long bones. These bone
features can appear very similar between humannanéhuman species, and therefore lead to a
misidentification of fragments; an investigationsmaeeded, in order to highlight the differences

among species and use them as a tool to distinguisitan from non-human bone fragments.



The results obtained in this study represent aalmdéu contribution to the field of biological
anthropology, and are applicable to forensic amblagy, bioarchaeology, comparative and
evolutionary anatomy. Non-destructive methods djinridentification allow the anthropologists to
distinguish bone fragmented remains without usirestmictive, costly and time-consuming

procedures.

1.1 Thesisoutline

This thesis presents the research carried out orahuand non-human bones, where macroscopic
methods were applied on certain bone featuresderdio assess their utility for the human/non-
human differentiation of bone fragments. Chapteen@ 3 introduce the human/non-human bone
differentiation topic through the explanation oé tmain differences between human and non-human
skeletons and the techniques currently used tdandissh them in fragmentation scenarios,
respectively. In chapter 4, the aims and objectwkshis research are specified, and chapter 5
describes in detail the materials and methods &eapter 6 contains the results of this study, tvhic
are discussed in chapter 7; chapter 8 draws cdnokigbout the results obtained and discussed in
the two previous chapters. Appendices A and B digphbles with the values obtained from the

cranial and rib curvature calculation.



1.2 Examplesof caseswhere human-nonhuman bonedifferentiation wasrequired

This section shows some examples of forensic addaaological scenarios where differentiating
between human and non-human skeletal remains gasted. Separating human remains from the
non-human ones is vital when mass and naturaltdisasccur, or when mass graves are found, in
order to proceed with the identification of the kamremains (subsections 1.2.1, 1.2.2, 1.2.3). There
are cases where fragmented skeletal remains anél,fand determining their human or non-human
origin is important to decide whether further invgstions are needed or not (subsection 1.2.4).
Finally, in many forensic cases the distinctiondEn human and non-human remains is a necessary

step in identifying the victims of crimes (subsentil.2.5).

1.2.1 Massdisasters: 9/11/2001

The outcome of the terrorist attacks at the Wontdd€ Center in New York that took place on
September 11 2001 is an example of commingled huamdmon-human fragmented remains found
on the same site. The other two locations of ttecks, the Pentagon and the crash site of the dnite
93 flight in Shanksville, Pennsylvania, had tearharaghropologists who had to distinguish between
human and non-human remains, separate the commiiogés and identify every small fragment, as
the airplanes impact resulted in high fragmentabbmoth vehicle and occupants (Kontanis and
Sledzik, 2008). However, these two scenarios wese thallenging than the one present at the WTC
in New York, as they represented closed populaifaith known number and identity of the victims),
and the victims were indeed all identified in thneenths, particularly through ante-mortem data such
as DNA, fingerprints and dental prints (Sledgilal., 2009; Stout, 2009).

The aftermath at the Twin Towers was the most ehglhg for the anthropologists, as extreme
commingling and fragmentation occurred, and nondnumemains coming from the restaurants in
the buildings mixed with the many human ones ambitbde separat§ddams, 2007). Furthermore,
in this case there was an open population, noth@rmpassengers of the two flights, the American
Flight 11 and the United Flight 175, but for theopke who were in the towers (Sled=kal., 2009).
Many things made the recovery and subsequent fabatitbn of the remains extremely difficult: the

impact of the planes with the towers and their sghsnt collapse, the fire and then the water to



extinguish the fire, the heavy machines that weseduo remove the debris, and the long time the
recovery process took made remains fragment and Débfkade. Burnt bone undergoes physical
changes associated with shrinkage, warping, ablaifcsurface tissues and bone cortex, spalling,
increased porosity and fracturing (Beisaw, 2013)e Done transformation can be divided in four
phases: dehydration, at a temperature between 18 600°C; decomposition, with colour changes
and further weight loss, at 300-800°C; inversioithwcrease in crystal size, at 500-1100°C; fusion
with reduction in dimensions and changes in poypsit a temperature over 700°C (Thompson,
2005). The colour changes are related to the nticrctsiral alterations to the hard matrix of bone,
caused by the increasing temperatures. Bones aplaeikrwhen they have lost the periosteum, and
their inorganic components are combusted; grey whgstals alter their shape and size; white when
the loss of organic portion and recrystallizatioa eomplete (Klepinger, 2006). The last stagees th
one where peak dimensional alterations occur astblbgical examination becomes fruitless; the
amount of useful biological data for identificatias reduced, and the accuracy of identification
techniques is affected, including DNA analysis (§aeve, 2008). In heavily burnt bone fragments,
DNA can be highly degraded and contaminated. Téstification via DNA analysis is still possible
with semi-burnt bones, but becomes increasingljcdit and less reliable with bones burnt at higher
temperatures (Schwark, Heinrich, Preusse-PrangeMuomb-Schwark, 2011). When the extraction
and profiling of DNA is possible, a reliable iddmation of a specific individual remains unlikely
(Von Wurmb-Schwark, Simeoni, Ringleb, OehmichemQ40 Even in the case of the WTC, the
identification of the victims was not based on DMAting alone, but on morphological and genetic
analyses combined; in many cases, the identificatias not possible, but only the minimum number
of individuals was determined, given the high degpéalteration of the remains (Budimlgaal.,
2003).

The remains, around 20,000, were taken to the RAfdihlandfill in Staten Island, and here the
anthropologists spent months separating human nsnilom non-human ones, before sending the
human remains to the OCME (Office of the Chief MadliExaminer) mortuary. Years later, in 2005
and 2006, the anthropologists had to deal withsdae issues, following the discovery of human
remains in the area of the World Trade Center. Kesearches began in hundreds of subterranean
structures and on the roofs of the buildings nearmyuding the Deutsche Bank Building, where 783
bone fragments were found, the Haul Road and therty Street Parcel, where 600 bone fragments
were recovered, and the site of the St Nicholagks€@rthodox Church, destroyed when the Towers
collapsed, where around 270 bones were found (N0U6; Sledzilet al., 2009).



1.2.2 War crimes and mass graves: Bosnia and Her zegovina

Fragmented human remains can be found in massgjraye@ consequence to a conflict or a human
rights violation, where hundreds of individuals dde be identified. Some examples of scenarios
where anthropologists had to deal with thousandsagiented and commingled human remains are
Bosnia and Herzegovina, Rwanda, East Timor, Cypfkile, Guatemala, and Argentina

(Christensen, Passalacqua and Bartelink, 2014).

In Bosnia and Herzegovina, the mass graves wegehith the natural caves that its mountainous
terrain has, where the human remains were mixeld mon-human ones in order to conceal the

evidence of the crimes (Komar and Buikstra, 2008).

In the early 90s, the Serbs nationalists were gadunslims and Croats as an obstacle for the cneatio
of the Greater Serbia, which was supposed to iecliwtbntenegro and most of Bosnia and
Herzegovina, and thought their populations hadet&ilbed (Malcolm, 2002). The starting point for
the killings of Bosnian Muslims and Croats by thert$ was the declaration of independence of
Bosnia and Herzegovina by the European Union aeduhited States on thé"ef April 1992
(Maass, 1997). Hundreds of thousands of Muslims@uoets were imprisoned and killed, and after
three and a half years 250,000 of them died an@0BOyere missing (Glenny, 1997). In July 1995,
in only one week 8,000 Muslim men were killed attez fall of Srebrenica (Rohde, 2012). The only
way Serbians found to deal with thousands of bodi&s to bury them in clandestine mass graves,
caves, wells and even rivers, and at times thedsadere left unburied in forests and fields. In ynan
cases, rocks and animal bones from nearby slaughises were thrown into the caves to cover the
bodies (Silber and Little, 1997). The exhumatidasted in October 1995. The majority of the bodies
recovered from the caves were skeletonized or bdeéépmposed, due to the long time that had
passed from their death to their recovery, and lmeavater was continuously dripping in the caves
where the bodies lied (Klonowski, 2007).



1.2.3 Natural disasters: the 2011 tsunami in Japan

Disasters or mass fatality accidents can range &drmuse fire to a plane crash, or can be related t
a natural cause, as happens in earthquakes, tsumamirricanes (Christensen, Passalacqua and
Bartelink, 2014).

Two examples of natural disasters that causedragtfeagmentation of the victims remains are the
Hurricane Katrina, a deadly tropical cyclone thaswesponsible for 1,833 fatalities (source: FEMA-
Federal Emergency Management Agency), and thecgedie with subsequent tsunami that struck
Japan in 2011.

The earthquake of magnitude 9.0 that hit the Nathef Japan (Tohoku region) orf"larch 2011
caused a powerful tsunami, with waves whose heegthed over 39 meters. Over 15,800 casualties
were reported (Mimurat al., 2011). The violent collision of the bodies agaisistfaces caused by
the strong waves, and in some cases the wide-8oedecaused by the explosion of propane gas

canisters, led to severe fragmentation of humamanehuman remains (Takezawa, 2016).

Years later, in 2016, the Japanese police wasstliching for the remains of the over 2,500 mgssin

people, and working on the found remains in ordadéntify them (TheJapanTimes, 2016).

1.2.4 Bone fragments of doubtful origin: the casesin York, Canada, in Colorado, USA,

and in Bucharest, Romania

There are cases where bone fragments are fourmhsgtraction sites, caves, or in suspicious bags in
airports. In all these cases, it is important tiedaine the human or non-human origin of the resiain

as the presence of human remains would requirkeeduimvestigations.

An example is the case of Thornhill, a neighbouth@ao the Regional Municipality of York in
Ontario, Canada, where suspected human remains faxenel in a construction site. During an
archaeological assessment of the area, very ato3@drnhill’s first official cemetery, established
between 1804 and 1830, a number of bone fragmeeats found; more precisely, rib and teeth
fragments, along with a small iron clasp, were bimwhat appeared to be a small grave (Queen,

2016). At first the remains were considered hunaawd, the main hypothesis was that the remains of
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an individual buried in the nearby cemetery couénbeen disturbed, so the construction works
were interrupted. However, as soon as an expdraaatogist looked at the bones, it turned out that
those fragments came from a small cow or a horgenghe number of ribs and the size of the teeth.
The presence of bovine remains was justified byfdbethat the site had been used as a tannery for

a short period of time (Javed, 2016).

In another case, skeletal remains found in a cav@alorado were firstly identified as those of a
human infant; money and time were spent becausevés being treated as a forensic case. However,
when Diane France, a professional anthropologisi dédicated her life to comparative anatomy,

saw the fragments, they turned out to be porcuipomes (Evidence Technology Magazine, 2016).

Bear paws have a skeletal structure that appeamnaxly similar to that of human hands and feet,
especially when the distal phalanges are removieddng and Bachman, 2009). Since bear hunting
is a common practice in some countries, and beas e eaten or used in traditional Chinese
medicine (Leung, 2016), is not uncommon to findrigeawvs in the field or during baggage checks in
airports. An example is the case of the Henri Caalmtiernational Airport, Bucharest, Romania,
where what seemed a human foot was found in a pgsss luggage. The foot, immediately seized
by the police, was subjected to osteological amliblagical examination, and identified as a bear
paw. The characteristics that allowed to identhg foot as a bear paw were the following: the
presence of 11 sesamoids, 1 between the naviculathe medial cuneiform and 10 semilunar ones
on the head of each metatarsal; a ridge at thaec@ftthe metatarsal heads that separates the
sesamoids; a deep V-shaped groove on the head pfalkimal phalanges, and a deep groove at the
base of the intermediate phalanges; calcanealdsitgrsustentaculum tali and Bnetatarsal styloid

process more developed than in humans §bwg, Dermengiu and Viorel, 2012).



1.2.5 Crime scenes and forensic cases. Jeffrey Dahmer, the disappeared woman, and

the missing children

In many forensic cases fragmented remains of unknagin are found. There are cases where the
identification of the remains is the key for theastigation, and others where the perpetrator has

already been found and committed, but other finglimged to be properly identified.

This is the case of Jeffrey Dahmer, arrested inLi@%is home in Milwaukee, Wisconsin, after he

carried out 17 murders. He used to pick up mentonwhe offered money for photographic sessions,
but as soon as they were in his house he druggesteangled them, and mutilated their dead bodies;
he also claimed to practice cannibalism. He wasggth957 years of prison, but in 1994 he died for

a head injury following an attack by a prison inené®earson, 2015).

His first murder was discovered only when he wassted in 1991, after the police searched his
parent’'s home in Bath, Ohio. Dahmer had killed 8tekicks, an 18 year old man, with a strike on
the head with a barbell, and then strangled hinnnbsr dismembered the body with a bowie knife,
and placed the body parts closed in plastic bagmtdehe house. He confessed that later he decided
to dig up the plastic bags and to crush them willealgehammer, after which he scattered the
fragments in the same place. When the police mgated him, Dahmer told them about his first
victim and the police started searching for theais of Hicks in his parent’'s house. They found
hundreds of fragmented human bones mixed with nonam ones, which turned out to be domestic
animals such as chickens and cows. The anthroptdogalled from the Smithsonian Institution in
Washington, D.C., had to separate the human booesthe non-human ones. The human fragments
were 250, and all of them turned out to be fromkdliFerllini, 2003).

The identification of the human or non-human originthe remains was the key in the case of a
woman disappeared with her car in 1986 in Miss@and whose remains were found and identified
only years later. Two years later her disappeardmaecar was discovered in a storage facilityGat 4
km where she was seen for the last time, and 31 bor@e fragments were found inside it (Stout,
2009). After a microscopic analysis made to essabfi the fragments were bone material, the next
step was to understand if the remains were of hwonaonn-human origin. Among others, the cortical
thickness, the lack of plexiform bone (commonlygarmet in large fast-growing animals such as cows
and pigs), and the typically human osteonal crestienal area, allowed to identify the bone
fragments as human, and specifically those of alividual between 50 and 65 years of age

(calculated on the basis of the osteon populatiensily; Dix, Stout and Mosley, 1991). The
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microscopic analysis of the samples showed thafrdgments were from the skull, and that the
individual consumed antibiotics within three monttedore dying. The bone sections were examined
using fluorescent microscopy, and tetracycline-blading was observed. The bands of tetracycline
(an antibiotic) were all located on bone surfacebjch means that the antibiotic had been
administered recently. The human bone remodellmts uequire approximately three months to be
completed, therefore the antibiotic was administevehin three months prior to death. The medical
records of the woman confirmed this hypothesis. DN& test confirmed that the remains found in

that car were those of the missing woman (StoutRoss, 1991).

Two similar cases, the April Jones case in the édhKingdom and the José Bretdn case in Spain,
show the importance of identifying the human or4haman origin of fragmented (and burnt) skeletal
remains. In both cases, severely fragmented bameains were found in a fireplace and among
bonfire remains, respectively, and the determimatifctheir human or non-human origin took months
(BBC News, 2013; Albert, 2012). In both cases, determination of the human origin of the
fragments was essential for the investigation andhe conviction of the murderers (The Telegraph,
2017; Albert, 2013).
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Chapter 22 MAIN DIFFERENCES BETWEEN HUMAN AND

NON-HUMAN BONES

This chapter explains the main macroscopic diffeesrbetween human and non-human bones, and
mentions those present on a microscopic level.sBEo#on dedicated to macroscopic differences is

divided in subsections focused on the single btim&sform a vertebrate skeleton.

This chapter, as the research presented in thssstHecuses on the supercldstrapoda, namely the
four-limbed vertebrates, and more specifically e tladeAmniota, which includes birds and
mammals. The similarities between human and nonamysnimate bones were not considered in this
research, because they would need to be invedigate separate research. Humans and apes are
part of the same superfamilifominoidea, therefore their bones are very similar; beingsaper
closest relatives, the relations between humangapeslare investigated in evolutionary anthropology
and primatology (France, 2009). Furthermore, nomdou primates are not indigenous to the United
Kingdom; they are present only in zoos or rarelpeis (illegally in most cases; Garrod, 2016).

2.1 Macr oscopic differences

The mammal skeleton is made up of over 200 bomesspecific number of bones varies among

species, but the overall structure of the skeletlivided in axial and appendicular portions, is the

same in all species, including humans (Lyman, 1984&)an skeletons share with mammals the

general number and structure of bones, with sogmfgiant differences, due to the adaptation to

flight; light bones with a thin cortex, fused in lple areas such as the vertebral column and the
limbs, make avian skeletons different from the maihanes, as discussed in this chapter (Evans,
2016).

When bones or skeletons are complete, they ardycidantifiable as human or non-human, and in
case of non-human species, at least the animal @basl, mammal, reptile, amphibian, or fish) can
be identified straightforwardly. The differencessetvable in the skeletons of different animal
species, including humans, are due to differenedypf locomotion, biomechanics, growth,
development, environment, and nutrition (Jurmainlgate, Trevathan and Ciochon, 2014).
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Locomotion and function are the main factors thltience the shape of animal bones. For example,
the adaptation to flight makes the bones of flylirgls very light and with a thin and smooth cortex,
while mammals have much more robust bones withick,thvood-grain like cortex, as they are

involved in activities that include running, diggiror jumping (Dumont, 2010; Fig. 2.1-2.2).

Fig. 2.1-2.2. Pheasant (2.1) and human (2.2) humerus

Non-human mammal bones tend to be denser and thiltive to size than human ones. In humeri
and femora the cortical thickness is about ¥4 ofttha bone diameter in humans, and %2 in non-
humans; however, this is a very generic rule, anany cases the cortical thickness may be greater

in humans than in non-human mammals. For exanpecartical bone at the femoral mid-shaft in
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humans was proved to be thicker than in other mdsmreach as sheep and kangaroo: the cortical
thickness index, or proportion of shaft diametesumied by the cortex, is 51.5% in humans, 34.6%
in kangaroos, and 25% in sheep. This may be dinetbigher load on the human femur, as in humans

a larger body mass is carried on two legs, instéddur (Croker, Clement and Donlon, 2009).

The trabecular (internal) bone of bird long boresharacterized by large air pockets, and is denser
at the articular ends; as for mammals, the tralaeatdver the medullary surface in human long bones,
while in non-human mammals the medullary surfacelsgo be relatively smooth, as the trabeculae
are largely absent (Fig. 2.3-2.5). For this reasio®m boundary between cortical and trabecular bone

is well defined in non-human bones and less visibleuman bones (Beisaw, 2013).

Fig. 2.3-2.4-2.5. Internal structure of avian bone, with large aickats (left, blogs.bu.edu), human bone,

with clearly visible trabeculae (Visuals Unlimitddg.), and mammal bone, with a smooth interndieser.

The articular surfaces are generally smoother mdns, as the range of movements that characterizes
the human skeleton is larger than that seen in masthuman mammals, whose joints tend to be
more massive and interlocked, therefore less efftcin motion but much more stable (Komar and
Buikstra, 2008).
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2.1.1 Skull

Human crania appear generally as more roundedtitfeanon-human ones, although the differences
in curvature might become less obvious when fradatem occurs. The bones of the cranial vault,
when fragmented, can be difficult to identify asrtan or non-human, as human crania share some
characteristics, such as curvature, suture pattanasoccipital condyles appearance, with some non-
human mammals (as shown in Chapter 5 of this thedisnan cranial vault bones tend to show a
clear sandwich-like structure, with spongy bond@sed between two inner and outer cortex tables;
this structure is not always visible in non-humaanmmal crania (Watson and Mc Clellamd.).
Birds’ crania are very thin, and in many casesdiiaent, and cannot be misidentified as human bone

even in a fragmentary state (see Chapters 5 anth&dhesis).

The facial bones, including the more robust oneh @8 zygomatic, maxilla, and mandible, show
more differences between human and non-human spéberefore they would be less challenging
to identify in a fragmentation scenario. Human Ekhlave an orthognathic (non-projecting) face,
with a bulbous vault, while non-human skulls tendhtave a prognathic (projecting) large and
elongated face, with a smaller vault (Beisaw, 20H8)man orbits are located at the front of the Iskul
and above the nasal aperture; conversely, non-haihveare their orbits located laterally and posterior
to the nasal aperture. Birds have very large eggsoshowing an ossicular ring, and a brain case th

is small relative to the size of the skull (Kais2®07)

Both in human and non-human skulls, the mandibdéesh@uch denser bone than the rest of the skull.
Generally, the mandible is U-shaped in humans astaped in non-humans (including birds, whose
mandible is called dentary). Non-human mandiblesoften not fused at the mandibular symphysis,
depending on the type of occlusion (the human nid@duses by 6-12 months of age), and never
show a chin, which is only seen in human mandiBesker, 1986; Lieberman and Crompton, 2000).

2.1.2 Teeth

Humans have vertically implanted anterior teethalganines, and bunodont (with rounded cusps)
molars, as a consequence of an omnivorous dietngrniee very few non-human species that have

bunodont teeth there are pig and bear, raccoogehed, and the members of the fankilyminidae,
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which includes, besides humans, orangutans, garilad chimpanzees (Fig. 2.6-2.7). An adult
human has generally 32 teeth, 8 in each quadraheahouth: 2 incisors, 1 canine, 2 premolars and
3 molars; the dental formula, or number of teeth qpeadrant, of non-human mammals is highly
variable (Christensen, Passalacqua and Barteldi)2 Variation in number, size and shape of teeth
also occurs within species. In most mammals, sedinabrphism can be seen in tooth size (usually

based on crown diameter), as males tend to hagerlteeth than females (Hillson, 2003).

Non-metrical dental variations are an important topidentification of human individuals. The most
common non-metrical traits considered for humathteee the presence, number, morphology and
position of molar cusps, the pattern of fissuremalar occlusal surfaces, and the presence or ebsen
of teeth, in particular the third molar (Hillson996). In humans, there are also ancestry-related
differences, more marked in the permanent dentifi@n example, shovel-shaped incisors (with a
concave lingual surface bound by mesial and digtges) are typically found in Asian individuals,
particularly those from North-East Asia and the Aigces; other characteristics seen in Asian
dentition are large incisors, small premolars, éangplars, and a parabolic arch (Moreno, 2013). In
Black individuals, a midline diastema and an inseghtendency for the existence of supernumerary
teeth are commonly observed; in Caucasians, the@uSarabelli, an additional cusp usually found

on the first molar, is a common trait, rarely prasa Asian and Black dentitions (Broekal., 2009).

Fig. 2.6-2.7. Pig (left) and black bear (right) teeth (utep.edusp.edu)

Generally, carnivore species have small incisotslarge and conical canines, and sharp premolars
and molars, adapted for raw meat grabbing, ripping eating. Herbivores have small or missing
canines, and broad and tall cheek teeth with déspqrinfundibula, to grind up plants (Hillson,
2003).
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Rodents Rodentia) have large incisors and robust mandibles, addpteghawing, and do not have
canines; premolars (sometimes absent) and molarflaarand have shallow valleys between the
peaks (Beisaw, 2013).

Since teeth are among the most valuable sourcdarfmation (e.g. diet, health, disease, ancestry) i
a skeleton, they are commonly investigated in sgparesearches; for this reason, they were not
considered in this thesis. Dental anthropology faneinsic odontology are the disciplines that focus

on studying teeth (Hillson, 1996).

2.1.3 Hyoid

The hyoid bone, located in the anterior portiothef neck in humans, is present in many non-human
species, including mammals, birds and fish (Liel@ald Kénig, 2007). Non-human mammals have
a hyoid apparatus that appears as more complexnhammans, with more developed horns and a

lingual process (Fig. 2.8-2.9). The avian hyoid d@aextremely different from the human one, as it

is very thin and is part of the cranium (Fig. 2.K@jser, 2007).

Fig. 2.8. Human hyoid (width: 4.5 cm), antero-lateral vievakform.me); a: greater horns, b: lesser horns, c:
body.Fig. 2.9. Horse hyoid, antero-lateral view (asu.edu); a-bxpnal and distal ends of cornu, c:
corniculum, d: bodyFig. 2.10. Avian hyoid, superior view (etc.usf.edu). The hybwhe wraps around the

skull; the lingual process (arrow) supports thegtan
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2.1.4 Shoulder girdle

Human scapulae are triangular in shape and elothgat@ero-inferiorly, with a projecting acromion
and coracoid process; in non-human mammals, saapetal to be elongated medio-laterally (for
guadrupedal locomotion), or quadrangular, as seéears, and have much less projecting acromion
and coracoid process, because of a limited rangeotibn (Christensen, Passalacqua and Bartelink,
2014). Most non-human mammals do not have clayiblesause the scapulae need more freedom of
motion, particularly in fast-running animals (Karap 1995). The clavicle is present in the non-
human mammals that have grasping hands, suchmaatps and squirrels (Beisaw, 2013).

The shoulder girdle of birds has a peculiar stmgtwhich is formed by scapulae, coracoids and
furcula. Birds scapulae do not share their appearaith the mammals ones, but appear as thin ribs;
the coracoids have a unique shape, as they hawamlikef blade and a hook-shaped proximal
articulation (Fig. 2.11). The furcula is formedthe two fused clavicles, and appears as a convex V-
shaped bone that projects anteriorly (Kaiser, 2007)

Scapula

-------- Coracoid

Clavicle Costal facets

Fig. 2.11. Avian shoulder girdle and sternum (eku.edu)
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2.1.5 Sternum and ribs

Human and non-human mammal sterna have the saowtusé, as they are both formed by the
manubrium, the mesosternum made of sternebraeth@ndyphoid process. Non-human mammal

sterna tend to be less curved and have more proadwattachments for ribs (Arbabi, 2009).

As seen in Fig. 2.11, birds’ sternum is a very datigree-sided bone, with thin walls but robust
borders, characterized by a prominent keel, facathent of pectoral muscles used to fly; in flight

birds, the sternum has the same shape, but dostowtthe prominent keel (Kaiser, 2007).

Human ribs tend to be more curved than the non-numammal ones, and show a well-defined
costal groove, which is absent in non-humans (@msen, Passalacqua and Bartelink, 2014). Bird
ribs are flat in cross-section, and are dividedansal ribs, which articulate with the vertebraed a
ventral ribs, which articulate with the sternune ttorsal ribs have an uncinated process that adach
caudally to the rib below (Kaiser, 2007).

When the ribs are complete, the shape of the vaidtaelticular facets can help with the differentat

between human and non-human ribs, as they diffengmspecies; however, when only fragmented
shafts are discovered, their origin identificaticem become much more difficult, as none of the
diagnostic features would be visible (Hillson, 2D0Bhe identification can become particularly
challenging with those non-human species whosedshare multiple similarities with the human
ones, and that are frequently found in archaecédgind forensic contexts; fragmented pig ribs, for

example, can be misidentified as human bone (sept€h5 of this thesis).

2.1.6 Vertebrae

The human vertebral column has an S-like shape w&en from a lateral point of view; this peculiar
shape is one of the adaptations of the human sketetbipedalism (Williams and Russo, 2015). In
a non-human mammal quadruped, the spine is owjigtsticurved, and does not have multiple curves
as occurs in the human spine; this important difiee in the curvature of the spine is responsdsle f
the different appearance of human and non-humaebrae (France, 2011). Human vertebrae are
wedge-shaped, and are gradually larger becaudeeahtreasing weight they have to sustain; the

vertebral bodies are relatively flat and broad, #redspinous processes are short (Mallett, Blytite a
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Berry, 2014). Conversely, in non-human mammalssghieous processes tend to be much larger and
longer (particularly in the thoracic vertebrae)dahe vertebral bodies are more cylindrical, with
concave or convex articular surfaces, in some cagibsa ventral ridge that runs cranio-caudally
(Hillson, 2003). In quadrupeds, vertebrae do netan an increasing weight as in humans, therefore
the vertebral bodies are similar in height and tkengith the exception of the small caudal vertebra
(Aspinal and Cappello, 2015). The differences mshape of the first cervical vertebra or atlas and

the atlanto-occipital joint are discussed in Chapten relation to the occipital condyles shape.

Birds’ vertebral bodies are saddle shaped andgitrdocked to each other, as rigidity is needed for
flight; for the same reason, in many cases theattiorvertebrae are fused, forming titarium,
which in adult age fuses with the synsacrum (sadused with lumbar and some caudal vertebrae).
On the sides of most cervical vertebrae there laeehypaphophyses, namely thin rear-facing
projections (Adams, Crabtree and Santucci, 2008 TBst caudal vertebrae fuse to form the

pygostyle, where tail muscles and feathers attielsér, 2007).

2.1.7 Pelvic girdle

Bipedal locomotion and childbirth made the humaltvipegirdle different from the non-human
mammals. In humans, the pelvis is wide and braatptd the internal organs, while in non-human
mammals is long, acting as a lever arm for therarpesterior movement of the legs (France, 2011).
The human pubic bones connect through the pubipbysas, a fibrocartilaginous joint; in some non-
human mammals, the pelvis is fused along the papmphysis (Christensen, Passalacqua and
Bartelink, 2014; Fig. 2.12-2.13).
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Fig. 2.12-2.13. Human female pelvis (width: 17.8 cm), with sacrumd @occix (left, BoneClones, Inc), and
goat pelvis. A: ilium; b: ischium, c: pubis.

In birds, the pelvic girdle is formed by ilium, lFam and pubis fused with the synsacrum. As thee res
of the avian skeleton, the pelvis comprises mamebdused together for stability, but is very light
for flight (Fig. 2.14); in lateral view can be sagmto three foramina (depending on the bird spggcie
namely the sciatic foramen, the obturator foranaew, the acetabulum (Beisaw, 2013; Fig. 2.15).
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Fig. 2.14-2.15. Pheasant pelvis, frontal view (left) and laterawi(right); a: synsacrum, b: ilium; c: ischium,

d: pubis.

Some non-human mammal species, in particular pespabdents, and carnivores, have an additional
bone named baculum, or penis bone, which has éikedtructure with an inferior groove for the
passage of the urethra (Ewer, 1998). The pecuigpesand the absence of the baculum in the human
skeleton make this bone impossible to misidentsihhaman bone, even if fragmented; furthermore,
it can considerably change among species, anthiforéason it can be used to identify specific non-

human species (Ramm, 2007).
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2.1.8 Long bones

Human long bones are generally more gracile themtin-human ones, with less marked muscle
markings (with some exceptions) and smoother daticsurfaces, adapted for bipedal locomotion

and joints flexibility (Komar and Buikstra, 2008).

The humeri of many non-human mammals, in partiautaulates (with hooves) such as horse, cattle,
pig and deer, have a large greater tubercle (Fl$)2in digging animals like badgers or beavérs, t
deltoid tuberosity is very pronounced (France, 30The proximal epiphysis of avian humerus is

different from the mammalian one, as it has a fk@-shape (Fig. 2.1).

Fig. 2.16. Pig humerus, antero-medial view

Radii and ulnae of species with prehensile hamdsuding humans, have a styloid process at the
distal articulation; furthermore, radius and ulma aqual in size and have a rounded and simple
proximal articulation, in order to allow flexiblergnation and supination of the forearm (Beisaw,
2013). Conversely, most non-human mammals show leongpticulations, as radius and ulna need
to be rigidly locked to increase stability (Fran26,11). In birds, radius and ulna are long and;thin
avian ulna is generally characterized by the preseriquill knobs, namely bony bumps running
along the shaft that are the attachment for thgieathers (Kaiser, 2007).
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Human femora have femoral heads that are more esutithn non-humans, and are larger relative
to the size of the femur (Christensen, Passalaagdaartelink, 2014). Generally, human and non-
human femora, including birds, are similar, esdbcia the diaphysis or shaft (see Chapters 5 and 6
of this thesis).

The patella is present in humans (where patelkifioation begins at three years of age) and intmos
bird and non-human mammal species, with the exaemti marsupials. In humans, the patellae are
circular-triangular sesamoid bones that protecktiee joints and the quadriceps tendon, and allow
for a more effective knee flexion (Fox, Wanivenhand Rodeo, 2012). In non-human mammals, the
patellae are more robust than in humans, and peaudenhanced lever system for the knee joint,
which helps the hindlimbs in resisting gravity; ithehape varies among species, as it can be
triangular, rounded, or oval (Samuels, Regnaultiatthinson, 2017). In birds, the patellae are the
extension of the cnemial crest, a bony protrusiantle frontal, proximal end of the tibiotarsus
(Konig, Korbel, Liebich and Klupiec, 2016).

Bipedal locomotion is responsible for the large #mdk proximal surface of human tibia, as this
bone, along with the femur, has a weight bearingtion (Cartmill and Smith, 2009). In humans,
tibia and fibula allow the rotation of the foot, ihin non-human mammals (except for pig, dog and
cat) these bones are fused together, and onlyptre shaft or the remains of the fibular extreesit
are visible. The avian tibia, called tibiotarsisgenerally characterized by a proximal-laterallsma
crest lying on the attachment with fibula, and bghallow canal that runs along the posterior and
distal portion of the shaft (France, 2011).

The main long bones - humerus, radius, ulna, femrhig - can be straightforwardly identified as
human or non-human when the epiphyses are presenihese show clear differences among the
species and are therefore diagnostic for the ifiestion. When fragmentation occurs and the
epiphyses are not visible, the differentiation ew human and non-human long bones can become
more challenging. The long bone shafts are commfmipd both in archaeological and forensic
contexts, as the relatively thick cortex allowsnthi® be better preserved than other bones (Adams
and Byrd, 2008). Human and non-human shafts, velgticomplete or fragmented, without the
epiphyses can be very similar. There are some omameh species in particular, such as pig, sheep,
and deer, whose long bones may appear human; nigeblanes of some birds, such as chicken or
duck, may be misidentified as human juvenile boirethese cases, the species identification ik stil
possible when other features, for example crossesgt shape, nutrient foramina, muscle markings,
or cortex appearance, are considered (see Chapterg of this thesis).
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Humans have five metacarpals in the hand and fiemtarsals in the foot. Both are tubular bones,
with squarish proximal bases and rounded distaldatr surfaces (White and Folkens, 2005). In non-
human mammals, metacarpals and metatarsals arstyobetacarpals are smaller in size, and are
generally D-shaped in cross-sections, while metatauthave a squared cross-section (Beisaw, 2013).
The number of metapodials varies in non-human speé€ior example, pigs have 4 metapodials per
limb, cats and dogs have 5 metacarpals and 4 msdtacows have two metapodials per limb (the
third and the fourth), and horses have only oneaputial per limb, which is the third digit, called
cannon bone, flanked by thesplint bones, namely the remnants of the second and fourthpodtals
(Hillson, 2003). In birds, the carpometacarpushis iesult of the fusion between the distal row of
carpals and metacarpal, and the tarsometataruraied by the distal row of tarsals and 4 metatarsa
fused together (Adams, Crabtree and Sant€¢€8).

In humans, hand and foot phalanges are flatteng@hbmar view and rounded in dorsal view; foot
phalanges are smaller and shorter (ChristensersaRagua and Bartelink, 2014). Non-human
phalanges tend to have one or multiple ridges ngqposteriorly in proximal-distal direction, and
strong articular surfaces that give stability te gaws (Adams, Crabtree and Santucci, 2008). Human
and non-human distal phalanges are extremely diftgwith the exception of primates), as in non-

human species they are claws or hooves (Klepi2§86).

2.1.9 Carpalsand tarsals

Non-human mammal carpals and tarsals have the lsasieshape of human carpals and tarsals, and
in many cases when found complete they can onigdygified as generically mammal or avian, with
the exception of calcaneus and talus/astragalusg®e2013). In birds, most carpals and tarsals are
fused together (Kaiser, 2007).
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2.2 Microscopic differences

On a microscopic level, the mammal bone can be wovéanmature, and mature or lamellar. Woven

bone develops in prenatal life, being generallyaegd by mature bone when growth occurs, and is
also present in the new bone produced after traamdan some bone tumours; it appears in form of
bundles of collagen fibres arranged in a randortepa({White and Folkens, 2005). Conversely, the
lamellar bone is dense and strong bone charaatidoiz@n organized structure, with parallel aligned

lamellae, and is found both in cortical and tralb@chone (Kardong, 1995).

The trabecular bone receives its nutrients fronodbleessels, while the cortical bone is nourished
through the Haversian system, made by parallellsaoatained within osteons through which blood,
lymph and nerve fibres pass; Volkmann’s canalsabiguely and link to the Haversian canals. In
each lamella there are canaliculi, channels tlaaisport nutrients to the lacunae, small cavitias th

contain osteocytes or bone cells (Young, Lowe, &ts\and Heath, 2006).

Generally, human bone has circular osteons, anehonoran bone exhibits plexiform bone, which

has a “brick-wall” appearance, and fibrolamellan®&d¢Vigorita, 2008). Plexiform bone forms more

rapidly than Haversian bone, and is not usuallyébin humans, although it might be present in the
bones of immature individuals; furthermore, non-lammbones might have Haversian canals,
particularly near muscle attachments in large alsr(fdulhern and Ubelaker, 2009; Mulhern and

Ubelaker, 2012). Fibrolamellar bone is also foumnduman foetal and pathological bone (Hillier and
Bell, 2007).

Osteon banding, namely the organisation of ostewaslistinct layers, is generally not seen in hama
bone (Mulhern and Ubelaker, 2001). The osteonseptea non-human bone are likely to be more

rounded than those present in human bone (Cresooreamd Stout, 2012).
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2.3 Concluding remarks

In this chapter, the main differences between humat non-human bones were shown, with
particular attention to the species considerecdhis thesis. The differences are mostly related to
locomotion, nutrition, and size, and are clearlsilMe when bones are complete. However, most of
the differences between human and non-human b@nenach more difficult to detect in case of
fragmentation, particularly with cranial bonessrdnd long bones. There are several techniqués, bot
macroscopic and microscopic, that are used tandigish between human and non-human bone when
fragmentation occurs. The most common techniqued tm this purpose are discussed in Chapter
3.
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Chapter 3: METHODSUSED TO DISTINGUISH HUMAN FROM
NON-HUMAN FRAGMENTED BONE

In this chapter, the main techniques to differéatiauman from non-human fragmented bone are
introduced. The macroscopic, microscopic and biecwhr procedures presented are the most

common ones and those accepted as valid for thamimon-human differentiation.

3.1 Introduction

When complete or nearly complete bones are foumely human or non-human origin can be

identified straightforwardly if the human and thesle non-human bone anatomy are known, or with
the use of atlases or reference collections (WdnteFolkens, 2005). However, when fragmentation
occurs, a different approach must be used in aodgetermine whether the material is human or non-
human. The choice of the approach to be used dementhe condition of the bone fragment and the

circumstances under which it is found.

Before the identification of the human or non-hurnagin of a fragment, in many cases the first step
is to establish if the fragment is actual boneth@se are some materials with a similar appearance,
such as rocks, wood, drywall or plastic, especi#llgxposed to heat or taphonomic alteration
(Gilchrist, Vooght and Soames, 2011). many cases, a high-quality dissecting microscipe
sufficient to detect the structure of the fragmant] to determine whether it is bone or not, bthef
alteration is very high many diagnostic featurey tma lacking and the type of material may not be
detected; furthermore, the preparation procedudessructive and may preclude molecular analysis
(Adams and Byrd, 2008). Scanning Electron Micrgscwith Energy Dispersive Spectroscopy
(SEM/EDS), a technique that combines microscopi witemical microanalysis, is very useful for
the differentiation between bone and other typasaterial, as it produces highly magnified images
and compositional spectra that help identifying ftzagment (Ubelaker, Ward, Braz and Stewart,
2002).

To identify the human or non-human origin of a bé@gment, knowing the environment and the

economy of the region of interest, namely which-haman species are present and which ones are
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used for meat consumption, clothes production,sopets, might be an advantage (France, 2011).
Information about the context where the fragmen¢sfaund should not influence the human/non-
human differentiation itself, as the latter shob&lunbiased. However, since there are some non-
human species whose fragmented bones can be V¥aeyltlto distinguish from the human ones, it
might be helpful to know if those specific speaas be present in the area (see Chapters 6 and 7 of
this thesis). Although there are cases where nahfpecies are found in an archaeological or facens
site, because of long-distance trade networks aitways recommended to check the local non-human
species before considering the exotic ones (Bei2@h3). The presence of butchery marks on a bone
may help assessing a non-human origin, but tmetisalways the case, as there are cases of human
body dismemberment, carried out to hinder the itieat the victim or to facilitate the transporiati

of the remains (Adams, Crabtree and Santucci, 2008)

3.2 Macr oscopic methods

Morphological observation is the first procedurdé&used for the identification of a human or non-
human fragment; the overall morphology of skel&altures, their presence or absence, and their

degree of expression are among the criteria usea¢g, 2009).

Morphological differences dictated by evolutiorzesinutrition and locomotion can still be visikhe i
bone fragments, depending on the degree of fragitient As seen in Chapter 2, teeth, facial bones,
scapulae, vertebrae, and pelvis are among the diaghostic bones for the human/non-human
differentiation, while some cranial bones, ribsgd dong bones (excluding metacarpals, metatarsals

and phalanges) are the ones where human and noarrgpecies show many similarities.

The use of bone reference collections can be velpfil in the morphological observation of
fragments; if a reference collection cannot be s&ed, photographic atlases with human and non-
human bones can be used (Adams, Crabtree and 8a20@8; Elbroch, 2006; France, 2009 & 2011,
Hillson, 2003).

A macroscopic approach has advantages and limtatlois considered less standardized and more
prone to bias than microscopic and biomoleculahoad, and more subjective, since it relies on the
experience and training of who examines the bolesthermore, the presence of specific

pathological conditions (such as tuberculosis, ies®, ankylosing spondylitis), trauma or
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taphonomic alterations can lead to an incorreattiieation of human remains as non-human, or

viceversa (Haglund and Sorg, 1997; see Chaptethiothesis).

However, macroscopic analysis is a non-destructiwst and time-effective method, can be highly
reliable and a valid alternative to microscopic &mmolecular analysis (Christensen, Passalacqua
and Bartelink, 2014).

The use of X-ray imaging is a non-destructive boterstandardized method to distinguish between
human and non-human bone fragments. For this perpasliography was used to measure the
cortical thickness of long bones (Croker, Clemerat Bonlon, 2009). Through radiography, the sharp
transition between cortical and trabecular bon@an-human species can be seen, as well as the
cortical spicules that extend from the cortical daiw the medullary canal (Brogdon, 1998).
Chilvarqueret al. (1987) looked at the trabeculae pattern in humahrem-human long bones, and
concluded that in human long bones the trabecuae lfollows a circular oblong pattern, showing
homogeneous but sparse distribution, while in nemdn long bones the trabecula is more
homogeneous and dense. Heat treatment and diag@a@scause drastic changes to the trabecula,
both in human and non-human bones. In burnt bahegrabecular bone can change in shape (from
plate-like to rod-like or vice versa), in thicknemsd spacing. The trabecular thickness and spacing
tend to decrease because of the bone dehydratibshaimkage, respectively. The banding pattern of
collagen fibrils degrades, which means that itmamonger function as an energy absorbing medium
(Fantneret al., 2004). Since trabecular parameters such as geseswrganization, macroporosity
and apical activity are related to age at deatl, ¢hanges caused by heating can lead to
misinterpretations (Boschin, Zanolli, Bernardinrjrieivalle and Tuniz, 2015). Bone diagenesis in
soil is another cause for collagen loss, which tee@athways that facilitate microbial invasion.
Factors such as humidity, pH and temperature havefluence on the extent of the changes: for
example, a neutral pH promotes microbial actiwitizile extreme pH or high temperatures accelerate

the physico-chemical deterioration of the bone (BarMelloet al., 2017).

Computed tomography and micro-computed tomograpbyeaa to be valuable methods for the
human/non-human bone identification, although is tield further research is needed (Franklin and
Marks, 2013). The research using CT or micro-CTHoman/nonhuman bone differentiation has
mainly focused on evolution and primates (Cogeal., 2016). Rerollest al. (2013) used CT to
determine if the corticomedullary index (CMI), defd by the ratio of the diameter of the medullary
cavity to the total diameter of bone, could be usetistinguish between human and non-human long
bones. Measurement were taken on CT-scans of hupigngog, and sheep femora, tibiae and

fibulae. However, the origin identification basedtbe CMI resulted effective for only 22.6% of the
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samples used; it was concluded that the calculatfothe CMI is not an effective method for
determining the human or non-human origin of bamaains. In his review of the bone alterations
caused by the burning process (in particular cailmmaweight reduction, shrinkage, deformation,
fragmentation and DNA degradation), Imaizumi (20&%)lored the application of micro-CT to burnt
bone identification. The images produced allowedéde the detailed structure of both cortical and
spongy bone (the latter by using virtual slicinghd to look at the histological structures with
intensely focused virtual slicing. The use of mi€@® led to the identification of the bones analysed
and to a positive distinction between human andmanan bone, as the histological differences

between the species could be clearly seen (Fie3.2)1

Fig. 3.1-3.2. Left: 3D images of cremated human humerus, proxapalhysis, before and after virtual

slicing. Right: compact bone structure of humaratdnd bovine metacarpal (Imaizumi, 2015)
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3.3. Microscopic and biomolecular methods

The observation of morphological differences fa thfferentiation between human and non-human
bone is a time-saving, non-destructive proceduwiethere are cases where no diagnostic feature is
visible, or where the human and non-human boneag shany similarities and the differences cannot
be detected macroscopically. In these cases, thefumicroscopic and biomolecular methods is
recommended, although they are generally more expeand time consuming (Apps, Vesely, Alys
and Blythe 2014).

In this section, histological, immunological an@miolecular procedures are presented, as they are
the most widely accepted microscopic and biomobecaoiethods used for the human/non-human
bone differentiation (Franklin and Mars, 2013);@timethods that have been explored but still need

further investigation are briefly mentioned in thst subsection.

3.3.1 Histological analysis

As briefly seen in Chapter 2, growth rate, sizeigive and hormones activity of human and non-
human species determine the appearance and orgamipd their bone cells; the structural and
organizational differences at the histological lgw®vide the basis for the differentiation between

human and non-human bone (Gosman, 2012).

Histology is the study of tissues and cells miatogure, as seen through a microscdpebio-
anthropology, it is used to determine the matenatase of fragments, to assess age, to diagnose
diseases, and to distinguish between human andme@n bone tissue (Christensen, Passalacqua
and Bartelink, 2014). For histological analyses) thone sections 50-100m (micrometres) thick

are used, which are embedded in stabilizing reqienmtoo small or weathered; the thin slides
obtained, that transmit light and have no overlagtructures, are mounted on a glass microscope
slide and analysed through light microscopy, wiisue staining or polarized light (Mulhern and
Ubelaker, 2012)The histological assessment of age is based oaltbervation of the age-related
changes in the cortical bone microstructure thatdare to the bone remodelling process. The most
common criteria for histological age estimation: aveteon (intact and fragmentary) population

density, number of primary vascular canals, amainin-remodelled lamellar bone, amount of

31



remodelled bone, average size of secondary ostandsaverage size of Haversian canals (Streeter,
2012). Long bones are commonly used for histoldgiga estimation; when these are not available,
ribs and clavicles are used. The use of ribs aadales is preferred, as these bones are lesscsubje
to non-age related remodelling (which affects welgraring bones such as femur or tibia), and have
a relatively small area that allows to sample there cross-sectional cortex and reduce sampling
errors related to spatial variability (Mnich, Skraamd Szostek, 2017). In fact, bone remodelling can
vary depending on the bone, the specific areaeobtine, and other factors such as age, sex, physica
activity, ancestry, nutritional status and heattis (Streeter, 2012). Since bone remodellingss |
visible in juvenile bones, growth and modelling pbs, which are more evident, are preferred for age

estimation of juvenile individuals (Maggiano, 2012)

Histopathology is the study of microscopic changesssues, both soft and hard, caused by disease,
trauma, or drug abuse. In forensics, histopatholsggn important tool for the assessment of
mechanism and cause of death; firearms and explsmjuries, stab wounds, asphyxiation,
starvation, hypothermia, embolism, substance itilomlaand infections are among the causes of

death that can be identified by the histopatholiganalysis of tissues (Dettmeyer, 2018).

As a general rule, human and non-human primatee b&hibits a Haversian system, while non-
human, non-primate bone has plexiform or fibroldardbone (Vigorita, 2008). However, there are
some exceptions. In humans, plexiform bone carobed in foetal bones and in bones where there
is osteonal formation in response to injury oranimation (periostitis). In large mammals the bone
surfaces near muscle attachment sites can showstavdone; Haversian and plexiform bone can
often coexist within the cortical bone of long bsrand ribs, where plexiform bone appears near the
periosteal surface and Haversian bone appeargheeandosteal surface (Hillier and Bell, 200i).
fact, the compact bone internal structure can dife&dween individuals of the same species, between
different bones of the same individual, and inetiéht areas of the same bone, because of sex and
age differences or type of mechanical stress (MolH2016). Furthermore, both in human and non-
human bone, pathological conditions can affecthis¢ological appearance of cortical bone. For
example, in humans hyperparathyroidism causes @ease of bone remodelling, resulting in an
increased number of Haversian systems; diabetdgusalauses the opposite process, a decrease in
the number of Haversian systems, because of askepnein remodelling rates (Stout, 1998). With
Paget’s disease, there is an increase in boneptesgrand the new bone formation is more rapid and
disorganized. Other pathological conditions thaiseahistological changes to human bones are
osteoporosis, osteomalacia, osteogenesis imperfactamegaly, and paralysis (Hillier and Bell,

2007). The microscopic appearance of bone tissn@lsa change in non-human bones, because of
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metabolic disorders, infections, hormonal distudes, developmental anomalies, and trauma
(Zachary, 2017).

To avoid misidentification of a bone fragment, gresence of osteon banding, generally considered
as not present in human bone but common in non-humanmalian bone, was used to safely identify
a bone fragment as human. The presence of distns of five or more osteons was considered a
strong indicator of non-human bone (Gilchrist, Vbbgnd Soame2011). However, a very recent
research carried out on adult male bones by Andvekip Pratt and CoopdR017), who used SR
micro-CT (Synchroton radiation-based micro-CT s@ag) with high resolution 3D visualization of
bone microarchitecture, proved that osteon bandamgbe present in human bone and therefore is
not diagnostic of non-human bone. Multiple oste@mds were seen in temporal, parietal, and
occipital bones; this is due to the minimal direechanical loading on the cranial bones of a human
adult (particularly in comparison to long bones)hene lamellar opposition is continued and
remodelling is slowed. Linear arrangements of prim@steons into bands are also present in the
bones of human juveniles (from infancy to adolesegnbecause the remodelling process is not as

continuous as in adult bones (Cuijpers, 2009).

Quantitative microscopy, a method where quantigatheasurements are taken on image data, has
been used to calculate, among others, cortical buokness (Croker, Clement and Donlon, 2009),
osteon area and circularity (Dominguez and Crow@6€4,2), and Haversian system and canal
diameter (Dettmeyer, 2011). The mean human ostegoularity is generally lower than the non-
human one. However, osteon circularity can be fieamong the bones of the same individuals
(both human and non-human), particularly betweag lloones and ribs, because of biomechanical
differences (Crescimanno and Stout, 2012). Theutation of the Haversian system and canal
diameter is considered the most successful amanguhntitative microscopic techniques, because
the diameters are very different between humamanehuman species, in particular rat, hare badger,

raccoon, dog, cat and deer (Benedix, 2004).
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3.3.2Immunological analysis

Immunological analysis can determine the humanoormuman origin of a bone fragment and the
specific species in case of non-human bone, by uniegsthe interspecies interactions of antigens
and antibodies (Christensen, Passalacqua and iBkyt2014). A successful study was carried out by
Ubelaker, Lowenstein and Hood (2004), who usedtepr radioimmunoassay (pRIA) to determine
the origin of bone fragments. Protein is extradteth the sample and combined with rabbit antisera
(blood serums containing antibodies against speaiitigens), which have been exposed to sera of
selected species. The antibodies of the selecexlespare combined with the protein extracted and
the rabbit antisera to observe the antibody-antiggactions. Radioactive antibodies are then
combined with the sample to detect the strongestiss-specific, antibody-antigen reaction. This
method allows to safely identify human and non-harbane fragments, and requires a sample of
only 200mg or less (Mulhern, 2016). The limitatiaishis method are the limited number of species
available for comparison, and the possible misifleation due to diagenetic alteration of proteins
in archaeological and poorly preserved bone renm(@aoter, Reuther, Lowenstein and Scheuenstuhl,
2010).

Another immunological technique tested for theidetton between human and non-human bone is
ELISA (enzyme-linked immunosorbent assay), a pteteed assay technique used to detect and
measure substances such as peptides, proteirn®dias, and hormones (Porwit, Mc Cullough and
Erber, 2011). ELISA is commonly used to diagnoseorg others, HIV, Lyme disease, syphilis,
chicken pox, Zika virus, and coeliac disease; dlg$0 used to detect food allergens (Gates, 2003).
The method uses various antigen-antibody combingtiavith an enzyme-labeled antigen or
antibody. The enzyme activity is detected and nreaisbhy adding a substrate that changes colour
when modified by the enzyme; the light absorptibthe product formed after the substrate is added
is measured and converted to numeric values (VZi{ld,3). Proteins such as albumin have been
identified in 3000 years old human bones, includicrgmated ones. Albumin’s prolonged
preservation is probably due to its encapsulatida the bone hydroxyapatite crystals (Cattaneo,
Gelsthorpe and Sokol, 1994). Since albumin is exdlg species-specific, it can be used for the
identification of the human or non-human origin fothgmented remains, both forensic and
archaeological. Cattan@bal. (1999) performed ELISA on samples of human andmaman, burnt
and unburnt, cortical bone, using albumin as tapgatiein. Aloumin was detected in all the unburnt

bones, but only in five out of eleven human indixats exposed to high temperatures (800 to 1200°C).

34



3.3.3 Genetic Analysis

Mitochondrial DNA (mtDNA) is used for degraded dragmented bone analysis, because it contains
a higher copy number within cells than the nuc@B8A; furthermore, it is unique between species
and can be used to safely distinguish human frommonan bone (Pereira, Carneiro and van Asch,
2010). The primary skeletal sources of mitochonnd»¥A are bone marrow and dentin (Lee, 2007).
Genetic species identification is used not onlglifterentiate human remains from non-human ones,
but also to investigate the illegal hunting andi¢raf animals, and the presence of animal tissues i
human murder cases (Savolainen and Lundeberg, .1999)

The species determination is possible becauseeofrlgmentation of DNA sequences at unique
genetic points: each genetic sample yields a @iffenumber of fragment lengths that correspond to
the different locations of the genes between spg@dawnayet al., 2007). Most studies involving
genetic analysis for human/non-human bone ideatiba focused on using different primers (initial
short strand of DNA used as basis for replicatasgociated with genes at different locations betwee
species (Nicklas and Buel, 2006). The origin deteation is based on the comparison of the sample

to be identified to a control sample from a knoweaes (Hiroshiget al., 2009).

The most commonly used mitochondrial loci for spedifferentiation are cytochrorbgcyt b, one

of the 11 proteins in complex Ill, part of the nubt@ndrial respiratory chain), and the displacement
loop (D-loop, or control region); the 12S and 1@®somal RNA (rRNA) genes are also used for
species identification (Shewadeal., 2007; Tobe and Linacre, 2008).

The hypervariable regions 1 and 2 (HV1 and HV2nitbNA have been successfully amplified and
used for the identification of human skeletal ramarom the Vietnam war and the differentiation

between human and swine fragmented bones (Imai&aitph, Sekiguchi and Yoshino, 2002).

Cytochromec oxidase |, a protein key in aerobic metabolisng aBo been identified as potential
marker for species differentiation; this proteirspecies-diagnostic, but misidentification can occu
because few data from reference species existdiedyein comparison with cyb), and a low
percentage match can be obtained (Davabai., 2007).

Bellis et al. (2003) found that the TP53 gene, which is locatedhe short arm of chromosome 17

and encodes a tumour suppressor protein, can deaasepotential animal species identification.tool
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Other studies focused on genes that are uniquertaihs, such as the genes related to language
development. An example is FOXP2, a gene linketiealevelopment of speech and language; it is
present in similar forms in many non-human spe@aesticularly in birds), and its mutation causes a
speech disorder in humans (latial., 2001). Hiroshigeet al. (2009) used this gene to distinguish
human remains from those of non-human primatesthn@ene that can be potentially used for the
human/non-human differentiation is KIAA0319, a miat coding gene involved in neuronal
migration during development of the cerebral nemegrin humans, variations of this gene are
associated with learning difficulties such as dyisi€Denniset al., 2009).

Despite DNA analysis has become easier to perfonnita costs have been reduced, there are still
some limitations, including limited species-relataimple data, potential non-sterile environments
and DNA degradation (Apps, Vesely, Alys and Blyt2€14). DNA and ancient DNA (aDNA)
sequences can be difficult to analyse because tdamar damage and exogenous contamination.
There are several guidelines to follow in ordeolbtain reliable results, such as the use of desficat
laboratories, biochemical preservation tests, iplgltinegative controls during extraction and
amplification, screening for human DNA in non-hunramains (or vice versa), and reproducibility
of results (Malmstrémat al., 2005). However, the results might not be correehaf/all the guidelines
are followed. This happens because the same hppktgombinations of markers or alleles, can be
present in both the remains analysed and modetarmamants, and therefore the sequence obtained
may not be authentic; the contaminations can kEadyr present in the samples, or can be derived
from pre-laboratory handling of the remains. Theetpf pre-treatment of the samples may also have
an influence on the level of contamination. The hoosnmon treatment methods involve the use of
brushes, UV light, hydrochloric acid, bleach, anlic@e rubber; none of these methods can

guarantee a complete elimination of contaminat®itbert et al., 2003).

As seen in Subsection 1.2.1, DNA cannot be amgliiiem bones burnt at high temperatures. When
the skeletal remains are compromised, becauseeafation or taphonomic changes, quantitative
microscopy is considered more reliable than geraetadysis (Cattanee al., 2009).
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3.3.4 Zooar chaeology by Mass Spectrometry (ZooM S)

ZooMS, short for ZooArchaeology by Mass Spectromesr a relatively new biomolecular method
of species differentiation and identification basedthe use of mass spectrometry to fingerprint
collagen (Buckleyet al., 2014). Mass spectrometry is a widely used technigquehemistry,
biochemistry, pharmacy and medicine; it is usedeatify a compound from the molecular or atomic
mass(es) of its constituents. A mass spectromeatetupes charged particles or ions from the
chemical substances analysed, and then uses ntagnédtelectric fields to measure the mass of the
charged particles (Gross, 2017). In ZooMS, bonesidgentified by differences in the mass of the
peptides (Bucklewt al., 2010). The triple helical structure of collagen gEsses enough amino acid
sequence variation to be able to discriminate not between human and non-human material, but

also between closely related species, such as simelegoat (Buckley, 2017).

Collagen (Type | collagen) is among the most abohgdeoteins in vertebrates, and it can survive for
thousands (in some cases millions of years) imfixgary bones; its long term survival is linked to
the entrapment of its fibrils into the bone apgiNelsen-Marstet al., 2002). In fact, collagen persists
in mineralised tissues, such as antler, teeth ame;bthe more rapid loss of other proteins like
haemoglobin and osteocalcin leads to a selectiviehenent of collagen into the bone, which
increases the ease of obtaining a collagen fingerfCovingtonet al., 2008). It was proved that
collagen resists also at high temperatures (BuckBojlins, Thomas-Oates and Wilson, 2009).
Species differentiation based on collagen analgsimore efficient than genetic analysis, because
collagen degrades at a slower rate than DNA,ntush more stable, and it can be sampled directly
from bone, which allows to avoid the risk of contaation during the amplification process usually
carried out for DNA analysis. Furthermore, ZooM& iquicker and much less expensive technique
(Buckleyet al., 2014).

Despite its efficiency, ZooMS presents some linotad, related to the collagen’s content
preservation itself, which can be affected by saviarctors, such as pH and hydrology, and to the

lack of an extensive reference database (Lebrgdkgan and Abbona, 2018).

37



3.3.5 Other methods

Several alternative methods of human/non-human ergification have been investigated, with
variable success. Calcium/Phosphorus ratio in hydyeatite (the mineral content of bones) was
investigated as a method of differentiation, butas not effective, as the values obtained werdasim
between human and non-human species, especidlipse cases where diet and environment were
the same (Zimmerman, Meizel-Lambert, Schultz agin@n, 2015)Raman spectroscopy and laser-
induced breakdown spectroscopy (LIBS), both basedth®e detection of sample elemental
composition, have successfully provided speciesipenformation with a minimally destructive
procedure, but currently are not routinely usedtierhuman/non-human bone differentiation (Vass,
Madhavi, Synstelien and Collins, 2005; McLaughlindaLednev, 2012). Scanning Electron
Microscopy (SEM), which provides high-resolutionages by using a focused electron beam, and
Energy Dispersive X-ray Spectroscopy (EDX), a cleammicroanalysis technique, were used by
Ubelaker, Ward, Braz and Stewart (2002), resultm@ highly correct classification. Other two
techniques that are not standardized yet but hiateen®d valid results are X-Ray fluorescence (XRF)
and handheld XRF, both based on the determinatioineo elemental composition of materials
(Christensen, Smith and Thomas, 2012; ZimmermahultSand Sigman, 2014).
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3.4 Concluding remarks

In this chapter, the main macroscopic and microsdeghniques used for the differentiation between
human and non-human fragmented bones were descilibete are benefits and limitations in each
technique. Histological, immunological and biomallee analyses are effective techniques, and their
cost is no longer prohibitive; however, they in@bsample alteration or destruction (which can lead
to ethical issues), and in some cases may prodwamerect results (Mayst al., 2013). Further
research using non-standardized methods is ne€dedise of non-destructive techniques, especially
those involving the use of X-ray imaging, need ® farther investigated. Furthermore, new
macroscopic techniques, and bone features thatr@veeen considered yet as a parameter for the
human/non-human distinction, should be investigaidus latter was the aim of the research
presented in this thesis, where the potential ofaestructive techniques, such as GIS and micro-
CT, and of bone features never or rarely used & ghst for the human/non-human origin
identification was explored. It is important to @stigate thoroughly the potential of non-destructiv

methods, in order to prevent bone damage and rexhalgsis time.

39



Chapter 4: AIMS AND OBJECTIVES

The overal aim of the research presented in this thesis was to investigate new or rarely used features

for the differentiation between human and non-human fragmented bones, using non-destructive

methods. Thiswas achieved through athorough examination of human and non-human skeletons and

the experimental use of non-destructive procedures, as some of the features and the methods used in

this research have not yet found widespread application in the human-nonhuman bone differentiation.

Theindividua thesis objectives were as follows:

Investigate crania curvature, crania sutures, rib curvature, occipital condyles, linea aspera,
nutrient foramina and cross-sectional shape as features on which to base the identification of
the human or non-human origin of bone fragments;

Investigate the scientific validity of GIS (Geographic Information System) software,
morphological examination and Micro-Computed Tomography in the human-nonhuman bone
fragments differentiation;

Identify the non-human species living in the United Kingdom whose bones have the most
human-like characteristics, in order to take into account the presence of their remainsin case
of uncertain origin identification of bone fragments;

Evaluate whether fragmented bones can be differentiated using non-destructive methods. This
is currently debated and not widely accepted, as destructive procedures are considered more
reliable;

Expedite the process of human-nonhuman origin identification of bone fragments.
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Fig. 4.1 provides a summary of the parameters and the methods employed in thisresearch in order to
meet the aims and objectives. The materials and the methods used are described in detail in Chapter
5. Thefindings of this research are reported in Chapters 6-7 and Appendixes A and B.

Observation of human and non-human skeletons

ranial curvatur
GIS ]

Cranial sutures
Software

Rib curvature

Occipital condyles

: Morphological
Examination

Linea aspera

Nutrient foramina

Wﬁ OW

Micro-Computed
Tomography

Fig. 4.1. Summary of features and procedures used in thisthesis. After apreliminary assessment of human
and non-human skeletons, crania curvature, cranial sutures and rib curvature were analysed with aGIS
software; occipital condyles and linea aspera were morphol ogically examined; nutrient foramina and cross-
sectional shape of long bones were observed using micro-CT.
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Chapter 5: MATERIALSAND METHODS

This chapter outlines the materials and the methedd. Section 5.2 (Materials) shows number and
type of bones used for each part of the reseamnhgely calculation of cranial curvature and suture
pattern, calculation of rib curvature, analysis aufcipital condyles, linea aspera, and nutrient
foramina, and identification of limb bones crosstemal shape. The analytical techniques, namely
GIS software, morphological examination and micfb4€anning, are outlined in sectior85The
concluding remarks section (5.4) includes a diagthat summarizes the methods used and the
materials on which they were applied.

5.1 Introduction

A preliminary analysis was carried out on human ao-human skeletons, in order to identify the
non-human species present in the United Kingdomselbmnes can be misidentified as human in a
fragmentation scenario, and which specific bonesfaatures should have been further investigated.
The skeletal features observed for this research alesen because their appearance can be similar
in human and non-human bones; in a hypotheticghfemtation scenario where fragments showing
these features (e.g. sutures, linea aspera, nutoiamina) were found, their identification as ham

or non-human bone might be difficult. The skeletadas and features investigated in this research
have been rarely or never used in forensic anthoggdor the purpose of differentiating human from

non-human bone.

The non-human skeletons visualized were part ofréference collection of Oxford Archaeology

(South OA, Oxford) and the displayed collectiontioé Grant Museum of Zoology, London; the

human skeletons were part of the reference cadlectif the Cranfield Forensic Institute. The

collection of human disarticulated skeletal matenas donated to Cranfield University from the

Medical Sciences Teaching Centre at the Univeddi@xford. The exact provenance of these human
remains is unknown. The collection may have preslypbelonged to the Department of Physiology,

Anatomy and Genetics (DPAG), which received theaiesias donations by colleges from within

the University of Oxford (Boston and Webb, 2012heTskeletons, probably of British and Indian

individuals, were used as teaching material inl®f&century (Boulter, 2016).
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More than 1000 bones were photographed and visaadlysed; the specific species and the number

of skeletons observed are shown in Table 5.1.

Species

Materials

Source

Common Pheasant

(Phasianus colchicus)

1 adult (male)

1 adult (female)

Oxford Archaeology

1 juvenile
Wood Pigeon 1 adult Oxford Archaeology
(Columba Palumbus) 1 juvenile
Feral Pigeon 1 adult Grant Museum of Zoology
(Columba Livia) 1 adult mounted skeleton
Mute Swan 1 adult Oxford Archaeology
(Cygnus Olor) 1 adult mounted skeleton Grant Museum of Zoology
Chicken 1 adult Oxford Archaeology
(Gallus gallus) 1 juvenile

1 adult mounted skeleton

Grant Museum of Zoology

Turkey 2 adults Oxford Archaeology
(Meleagris gallopavo)
Duck 2 adults Oxford Archaeology
(Anas platyrhynchos)
Goose 2 adults Oxford Archaeology
(Anser anser)
Cat 2 adults Oxford Archaeology
(Felis domesticus) 1 juvenile
1 foetal
Rabbit 2 adults Oxford Archaeology
(Oryctolagus cuniculus) 1 juvenile

1 adult mounted skeleton

Grant Museum of Zoology

Hare 1 adult Oxford Archaeology
(Lepus europaeus) 1 juvenile
Brown Rat 1 adult Oxford Archaeology
(Rattus norvegicus)
Grey Squirrel 2 adults Oxford Archaeology
(Sciurus Carolinensis)
Badger 1 adult Oxford Archaeology
(Meles meles) 1 juvenile

1 adult mounted skeleton

Grant Museum of Zoology
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Fox 1 adult Oxford Archaeology
(Vulpes vulpes) 1 juvenile
Dog 3 adults Oxford Archaeology
(Canis lupus familiaris) 2 juveniles
1 neonatal

7 infant skulls

2 adult mounted skeletons

Grant Museum of Zoology

1 adult skull
Cow 2 adults Oxford Archaeology
(Bostaurus) 2 juveniles
Horse 1 adult Oxford Archaeology
(Equus caballus) 1 foetal
1 young skull Grant Museum of Zoology

Sheep

(Ovisaries)

Goat

(Capra aegagrus hircus)

2 adults (1 male, 1 female)
2 juveniles
1 juvenile skull
2 adults
1 juvenile
1 adult skull

1 juvenile skull

Oxford Archaeology

Grant Museum of Zoology

Oxford Archaeology

Grant Museum of Zoology

Pig
(Sus scrofa domesticus)

1 adult
1 foetal
1 juvenile mounted skeleton
1 adult skull

Oxford Archaeology

Grant Museum of Zoology

Fallow Deer
(Dama dama)
Roe Deer

(Capreolus capreolus)

2 adults (1 male, 1 female)
1 juvenile

2 adults (1 male, 1 female)

Oxford Archaeology

Red Deer 1 adult
(Cervus elaphus)
Brown Bear 1 juvenile Grant Museum of Zoology
(Ursus arctos)
Grey seal 2 adult skulls Grant Museum of Zoology

(Halichoerus grypus)
Common seal

(Phoca vitulina)

1 juvenile skull
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South American Fur Seal 1 adult skull Grant Museum of Zoology
(Arctocephalus australis)
Leopard Seal 1 adult skull
(Hydrurga leptonyx )
Green Turtle 1 adult skull Grant Museum of Zoology

(Chelonia Mydas)
Hermanns’s Tortoise
(Testudo Hermanni)

Loggerhead Turtle

(Caretta caretta)

Mata Mata
(Chelus fimbriata)

Common Snapping Turtle

1 adult mounted skeleton

1 adult mounted skeleton

1 adult skull

1 adult mounted skeleton

1 adult mounted skeleton

(Chelydra serpentina)
Human 13 adult skulls/skull fragments Cranfield Forensic Institute
(Homo sapiens) 10 juvenile skull fragments

12 adult skeletons (bones not
from same individuals)

2 juvenile partial skeletons

(bones not from same individua‘I)

Table 5.1. Materials used for a preliminary analysis, dividigdspecies. When known, the sex of the

individuals is in brackets

Some non-human species were excluded becausétmeis are very different from the human ones
(brown rat, grey squirrel, loggerhead turtle) ocdngse they don't live in the United Kingdom (brown
bear, South American fur seal, leopard seal, gtedle, Hermann’s tortoise, mata mata, common
snapping turtle). Interesting similarities wereioed between some human and mute swan long
bones, but further analyses on this species cooidba carried out, because of the difficulty of

obtaining its bones.
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5.1.1. Ethical consider ations

The human remains analysed for this research weaieet with dignity and respect (Walker, 2008).
No destructive analyses were carried out on huraarains. The morphological examinations and
the calculations with a GIS software did not reg@iny destructive procedure; the hundreds of photos
that were taken were not shared or published farswentific purposes. As for the analyses carried
out using a micro-CT scanner, the human bones n@reut with a band saw (procedure used for

some non-human remains, see Section 5.3).

The human bones used were more than one-hundreslgldabut were not archaeological (with the
exception of six cranial fragments, see Subsed@i@r?). In England, the standards of research for
archaeological human remains can be found in dootsr@eated by the Department for Digital,
Culture, Media and Sport (DCMS), English Heritagyed other Institutions that carry out research on
archaeological human remains, like the British MusgDe Witte, 2015).

For the research presented in this thesis, thdatgus set out in the Human Tissue Act 2004 were
followed. The Human Tissue Act 2004 is an act & United Kingdom Parliament that covers
England, Wales and Northern Ireland, regulatechieyHuman Tissue Authority (HTAta.gov.uk).
The Act regulates activities concerning the remostdrage, use and disposal of human tissue,

including bones, defined as “relevant material” (i#un Tissue Act, Section 53).
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5.2 Materials

5.2.1 Cranial curvature and sutures

Human and non-human skulls are made up of diffeaates of bone (45 in humans) that fuse before
and after birth (White, Black and Folkens, 201)e nterlocking fibrous articulations that connect
the bones of the skulls are called sutures (Whtk Bolkens, 2005). The cranial sutures tend to
obliterate with age; the reliability of the sututsgree of closure for age at death estimatiotilis s
debated, as it is influenced by other factors, saglsex and ancestry (Uhl, 2013; Ruengddil.,
2018). The use of cranial sutures as a morpholbtyaia for ancestry assessment is another debated
issue; the sutures are generally defined as “cothfde American Indians and Asians and “simple”
for Whites and Blacks, but variations have beemdébwithin ancestral groups (Hefner, 2009;
Maddux, Sporleder and Burns, 2015; Payne-JameByaudl, 2015).

Sixteen human and non-human crania were employethdomeasurement of cranial curvature and
cranial sutures using a GIS software. The threemonan species chosen for the study are fox, ¢attle
and sheep. These species were chosen after agihorswal observation of the skulls of several non-
human species (see Section 5.1). The relativelyl saiaple size was due to the availability of only

four skulls for each non-human species.

During the macroscopic observation of the sampplegas noticed that the crania of fox, sheep and
cattle may be problematic if found fragmented, beeathey share some characteristics with the
human ones. For example, to the naked eye, thetaboones of fox and calf have a curvature similar

to the human one, and fox and sheep cranial suttiagsesemble some of the human skull sutures.

As for the fox, generally its sutures tend to beerimear than the human ones, but in some cases
their pattern may resemble the one observable mahuskulls. In juvenile foxes, both the coronal
(between the frontal and parietals) and the sadlitiween parietals) sutures may cause confusion
in small fragments, because in many cases theierpats similar to the one seen in human crania
(Fig. 5.1-5.2). Adult male foxes can have a promingagittal crest (a ridge projecting along the
midline of the cranium); in case a cranial fragmshbwing the sagittal crest is found, its
identification as non-human would be straightformdyaeven if the sutures have a human-like

appearance.
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Fig. 5.1-5.2. Young fox skull (left) and human child cranium, persor view (right). The coronal suture and

some portions of the sagittal suture in foxes (@ynmay resemble human cranial sutures.

The cranial sutures of a calf may look very simitathe human ones; the sagittal suture is the one
that most resembles a human suture. However, #rereome sections of the cattle sagittal suture
where the bone tends to be flat. Since there afanportions in the human cranium, in these cases
the non-human origin of a fragment would be cleageneral, the cranial curvature may represent a
problem only when a calf cranium is found, becansedult samples cranial bones tend to be flatter

and much thicker.

After a macroscopic observation of both sheep aad gkulls, it was noticed that only sheep sutures
are more indented and thus very similar to the huamees, while generally the sutures in goat skulls
are more linear. To the naked eye, sheep seemtteebmost problematic animal when it comes to
cranial sutures that could lead to a misidentifarabf non-human skull fragments for human (Fig.

5.3-5.4).
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Fig. 5.3-5.4. Sheep skull (left) and human skullcap, superiowvigght). The sagittal suture of sheep can be
extremely similar to the human sagittal suturegeigily in the posterior portion, towards the odalpbone

(arrow).

Bird crania were not considered, as they are mhuanér than mammalian crania. Their identification
as bird crania is not challenging, as the smalinbcase, the large eye orbits and their translucent
structure are diagnostic features that would notdigusing even in case of fragmented samples.
Fish and reptile crania are also very differentrfrthe mammalian ones, as they have many open
areas and are very light; the crania of biggerileptsuch as turtles, have robust muscle attactsnen

used to pull the head toward the shell for protec{Beisaw, 2013).

The facial area of the skull was excluded fromghaly because its bones can be easily recognised
as human or non-human, even if fragmented. As dsgtre more robust facial bones, such as
zygomatic, maxilla and mandible, the differencen®sin human and non-human ones is very clear,

therefore these bones may be easily identified @varfragmentary state.

The skulls used, kept at the Cranfield Forensititite, were of different ages, although none ehth
was an old individual, since sutures were needed fuccessful analysis (Table 5.2). As for foxes
and calves, it was noticed that their cranial ®guyegin to fuse or become more linear after 1 year

of age; in humans, cranial sutures begin to oblikebetween 25 and 49 years of age, but their
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progress is variable (Steele and Bramblett, 20t2pll the skulls used the sutures were visible,
although they were at different degrees of closfige-related morphological differences have been
observed in human cranial sutures: the interdigitatappear sharp in juvenile skulls and blunt in
adult skulls, because of a remodelling processtiestts the functional demand of stabilization dyrin
growth into adulthood (Jayaprakash and Srinivagah3). Despite the difference in sharpness of the
interdigitations, the suture pattern in juvenilel adult human skulls does not change (Jayaprakash
and Srinivasan, 2013; see Section 6.1 of this sheBhe sex of the non-human individuals used for
the study was unknown; as for the human skullssthewas known for only two individuals (one
male, one female), but the other two could notdeed as one was a child and one was incomplete.

All the human individuals were white.

Species Number and age of individuals Total of skullsused
Human 2 adults, 35-40 years 4
(Homo sapiens) 1 juvenile, less than 20 years
1 child (6-9 years)
Fox 2 young foxes, 2 months 4
(Vulpes vulpes) 2 adult foxes, 1 year
Calf 2 young calves, 3 weeks 4
(Bostaurus) 2 old calves, 8 months
Sheep 1 lamb, less than 1 year 4
(Ovisaries) 3 young sheep, more than 1 yefar

Table 5.2. Details of the skulls used for the study (N=16 hvitiree repeats for each skull), with number and
age of human and non-human individuals. The hurkaltsswere aged with the Meindl & Lovejoy (1985)
method.

1 This method uses scores that represent the degrees of closure of sutures. In the original study, 7 vault sutural sites and
5 lateral-anterior sutural sites were selected. Four scores were assigned to each degree of sutural closure: 0 = open; 1
=minimal to moderate closure (up to 50%); 2 = significant closure; 3 = complete obliteration. The sums of the site scores,
or composite scores, are related to mean ages, ranging from 30.5 to 51.5 for the vault sites and from 32.0 to 56.2 for
the lateral-anterior sites. The age of a skull is given by the comparison of the composite scores obtained (one for the
vault and one for the lateral-anterior portion) to the corresponding mean age (Meindl and Lovejoy, 1985).
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Newborn individuals were not considered becausmgutine macroscopic observation it was noticed
that human skulls are significantly different fraran-human ones, in texture, shape and curvature,
therefore a human newborn skull can be hardly c@dwith a non-human one. Furthermore, full

access to newborn samples was difficult, both ton&n and non-human individuals.

The analyses were focused on the ectocranial abgjitture (interfrontal/sagittal for animals) and o
the curvature of the parietals. The ectocranidiepatof a suture differs from the endocranial ohe o
the same suture, as the endocranial usually ddadsame a recognizable design, while the ectocranial
has a characteristic pattern (Chandra Sekhararg; ¥®&shkovitz, 2004). Indeed, the endocranial
pattern of a suture matches the ectocranial omgfants of 1-2 years, but as the age progresses the
endocranial pattern becomes linear and less coateticwhile the ectocranial one takes on its

distinctive pattern (Jayaprakash and Srinivasah320

The study focused on the sagittal area of the dketlause GIS software are designed to read
topographic maps, therefore the 3D models usethéoanalyses must resemble a landscape image.
The software needs 2D vector data to run curvatalailation and suture mapping; a curved surface
(as the cranial one would be if the whole neuraaranor more than one suture were considered)

would produce incorrect data.

5.2.2 Additional cranial fragmentsfor GIS method test

Six archaeological human parietal bone fragmemst &t the Cranfield Forensic Institute, were used
to test the curvature calculation and the sutungmmg method with GIS. The sex of the individuals

was not known; their specific age was not knowr,ibwll cranial fragments the sutures were still

clearly visible. The fragments showed coronal, tsalgand lambdoid suture; the largest fragment
measured 10 cm and the smallest 6 cm (Fig. 5.5-5tf) choice to use archaeological material was
due to the lack of availability of non-archaeol@ajibuman parietal fragments (and vault fragments
in general). Furthermore, only human fragments wesed because non-human cranial fragments

were not available.
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Fig. 5.5-5.6. Two human cranial bone fragments used for the test

5.2.3 Rib curvature

Pig ribs were used for the shaft curvature caltednd its comparison with the human one. Pig was
chosen because of the apparent similarity betwseaibs curvature and the one seen in humans, and
because its ribs are widely used for human consomptherefore they are likely to be found in a

forensic or archaeological scenario.

A total of eight ribs was used; four were pig r{psovided by a butcher) and four were human ribs,

kept at the Cranfield Forensic Institute (Table) 5.3
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Species Number and side of ribs Total of ribs used

Human 3rd left 4
(Homo Sapiens) 6th right
7th right
10th left
(four adult, unsexed individuals
Pig 13-14th left 4
(Sus scrofa domesticus) 13-14th right

(two unsexed individuals, less
than 1 year old
-typical slaughter age-)

Table 5.3. Details of the ribs used for the study (N=8, whhek repeats for each rib).

Different ribs of four different human individualgere used in order to take into account as much
variability as possible; humarri12"¥ 11" and 12 ribs were not considered as they are more
characteristic and easier to identify. As for tigg the 18' and 14 ribs were the only ones that could
be obtained. The limited availability of pig ribsag/the main reason why the total number of ribs
used was small (N=8). This part of the researchezhout on human and pig ribs was used to test
the applicability of the curvature calculation nwdhwith GIS; a higher number of ribs would
certainly produce more reliable results. In a stuith a bigger sample size, the variability in the
curvature among the ribs within the same speciakldme better measured. In humans, the curvature
of the ribs decreases towards the distal portiothefrib cage (Baker, Dupras and Tocheri, 2005);
furthermore, the shaft curvature increases slightgdult individuals (GarcidMartinez, Recheis, and
Bastir, 2015).

Only the central portion of the shaft was considdi the analysis, to simulate what would be a
realistic scenario with fragmented rib shafts. Mprecisely, the shaft area enclosed between the rib
angle and the wider/flatter area close to the tasidilage was considered (Fig. 5.7). The head and
the sternal end were not considered, as these deawdifferences in human and pig ribs. The heads
have peculiar shapes that allow to identify themhasian or porcine (or non-human in general;
Hillson, 2003); the pigs’ sternal ends are moreefia wide and rounded than the human ones.

Therefore, if the shaft is fragmented but even diqo of the head or sternal end is found, the
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identification of the human or non-human origintleé rib would not rely on the calculation of the

shaft curvature.

i ians " ! ‘ 3 " ‘
A 7 3 ) 10

e e o, [
Fig. 5.7. Human @' rib. The two black lines enclose the area of tiaftsconsidered for the analysis.

H=head; S=sternal end.

5.2.4 Occipital condyles

The occipital condyles are two projections on eitbides of the foramen magnum, on the inferior
part of the occipital bone (Kavitret al., 2013). The condyles articulate with the supeiaaets of
the atlas (first vertebra), and make the movemehtbe head on the neck (pitch, roll, and yaw)
relatively smooth (Arcoverdet al., 2014).

The occipital condyles of 23 non-human species weserved (Table 5.4). The sex in most cases
was unknown; although there are some minor segréifices, such as length, width, and height of
the condyles and bicondylar breadth (all highemiaes), both in human and non-human species
(Elbroch, 2006; Casanova, 2012; de Olivietaal., 2013; Kumar & Nagar, 2015), the main
characteristics of the condyles do not change.Skudls used for this study are part of the Oxford
Archaeology, the Grant Museum of Zoology, and tman@eld Forensic Institute collections. The

sample size depended on the availability of skolisach species.
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Common Wood-Feral Chicken Turkey Duck Goose

Pheasant Pigeon (Gallus gallus) (Méeleagris (Anas (Anser anser)
(Phasianus (Columba gallopavo) platyr hynchos)

colchicus) Palumbus;

Columba Livia)
3 4 3 2 2 2
Cat Rabbit-Hare Badger Fox Dog Cow
(Felis (Oryctolagus | (Meesmeles) | (Vulpeswulpes) | (Canislupus (Bostaurus)
domesticus) cuniculus; familiaris)
Lepus
europaeus)

3 6 3 7 11 8
Horse Sheep-Goat Pig Fallow-Roe- Grey- Human
(Equus (Ovisaries, (Sus scrofa Red Deer Common seal (Homo

caballus) Capra domesticus) (Dama dama; (Halichoerus sapiens)
aegagrus Capreolus grypus, Phoca
hircus) capreolus; vitulina)
Cervus
elaphus)
3 11-5 3 3-2-1 2-1 11

Total of skullsused

96

Table 5.4. Species considered in the study and correspomdindper of skulls used.

Human individuals under 5-7 years old were not wared for this study, as thars basilaris and

pars lateralis, which form the occipital bone along with thars squama, are not completely fused
until that age (Scheuer and Black, 2004). In fogtafinatal and very young individuals the occipita

condyles are not fully formed, as they are stillidied between thgars lateralis and thepars

basilaris. Indeed, in those rare cases where a human pedrgtatll is found, the occipital bone parts
are found separate and can be witinguished, as they have a characteristic stg®aefer, Black

and Schaefer, 2009). Even when foetal non-humatss&now human-like occipital condyles in
appearance (as may happen with pigs or some deddjreheir non-human origin would be clear.

The non-human condyles would be fully formed, whihe human ones are not complete until
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approximately 7 years of age; therefore, if hunike4but small occipital condyles are found, a human

origin can be excluded.

5.25Lineaaspera

Thelinea aspera is a rough crest located along the posterior asddbe femoral shaft, functioning
as attachment for the leg extensors, flexors ami@drs (Kulkarni, 2012). In humans, the linea
aspera is very pronounced, while in other non-humr@mals is typically less prominent; this is
because the muscles attached to the linea asperth@se mainly used in bipedalism (Adams,
Crabtree and Santucci, 2008; Moore, Milz and Kndtate, 2014).

A complete femur showing the linea aspera can lelysaentified as human or non-human;
however, when it comes to fragmented femoral shfisre only a little portion of the linea aspera
is visible, the shape of this latter is no longlelac. Some species may share specific charactsristi
with the human skeleton, such as sharpness oneutfithe muscle markings that lie on the posterior
femoral shaft. The potential similarities betweems non-human species and humans may make the
identification of femoral fragments challenging nfi@ is one of the strongest bones in the skeleton
and survives better than other bones; therefoneesncomplete or fragmented femora are found
frequently, it is important to use methods thabwlto safely identify them as human or non-human
(Dominguez-Rodrigo and Barba, 2007; Lyman, 2013).

The femoral shafts of 21 non-human species were fesehis study. Table 5.shows the number of
femora considered, divided by species. The femana \part of the Oxford Archaeology, the Grant

Museum of Zoology, and the Cranfield Forensic tagti collections.
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Common Wood-Feral Chicken Turkey Duck Goose
Pheasant Pigeon (Gallus gallus) (Meleagris (Anas (Anser anser)
(Phasianus (Columba gallopavo) platyr hynchos)
colchicus) Palumbus;
Columba Livia)
6 8 16 4 8 4
Cat Rabbit-Hare Badger Fox Dog Cow
(Felis (Oryctolagus | (Meesmeles) | (Vulpeswulpes) | (Canislupus (Bostaurus)
domesticus) cuniculus; familiaris)
Lepus
europaeus)
8 13 6 4 18 8
Horse Sheep-Goat Pig Fallow-Roe- Human
(Equus (Ovisaries, (Sus scrofa Red Deer (Homo sapiens)
caballus) Capra domesticus) (Dama dama;
aegagrus Capreolus
hircus) capreolus;
Cervus
elaphus)
5 24 18 11-8-2 26
Total of femora used
197

Table 5.5. Species considered in the study and correspondindper of femora used.

The human femora used were from adult or youngtaddividuals, and the non-human ones were
from both adult and juvenile individuals. Human f&an aged less than three years do not have a
visible linea aspera (Moore, 2014), while juvemiammals and birds have a visible linea aspera as
non-human animals tend to grow much faster thanamsnand reach maturity at an early age
(Deisboeck and Kresh, 2006). Foetal non-human fam@re not used as it was noticed that at this
age the linea aspera is not or barely visible.

The sex of most of the bones was unknown. The miiference between male and female
individuals, both human and non-human, is the pn@mce of the muscle marking, which is usually

less prominent in females (Guharaj, 2003); howeifethe female individuals were particularly

57



athletic or engaged in physically demanding agésittheir linea aspera and muscle markings in
general would be more developed (Byers, 2017). &ibeg, the unkown sex of the bones used did
not represent a limitation, given the low levelsex dimorphism in linea aspera (Polgtgl., 2013)

and the fact that the prominence was not amongg#tares considered in this study.

5.2.6 Nutrient Foramina

Nutrient foramina are openings through which theotl vessels enter the bone. On long bones,
nutrient arteries and peripheral nerves reach theaw cavity from the outer surface through the
nutrient foramina, which in most cases can berdjsished from any other cavity by the presence of
a vascular groove (Beisaw, 2013). The blood carngdhe nutrient arteries into the bone shatft is
essential for the growth, nutrition and repair leé bones (Marenzana and Arnett, 2013). Indeed, a
nutrient foramen is the site of the original cemkossification of a long bone, as the vesselsipgs
through them are derived from those that supplieddto the initial ossifying cartilage (Rao and
Kothapalli, 2014). For this reason, the growing ehd long bone is indicated by the direction @& th

main nutrient foramen.

The blood vessels entering through the foraminaaése vital for bone metabolism, the lifelong
remodelling process where new bone tissue is pemtiucresponse to the wear and tear caused by
mechanical loading and locomotion (Klein-Nulend d@acabac, 2012). Therefore, the extent of
blood flow and hence the individual (human or namrlan) activity level can be inferred from the

area of the nutrient canal (Seymeauel., 2012; Ward, Pasterkamp, Yeung and Borst, 2000).

The non-human species included in this study -ka&mcduck, sheep, pig, and deer - were selected
because the shafts of their long bones share siahm&racteristics with the human ones, making their

identification potentially challenging if they wefeund in a fragmentary state.

The study sample comprised a total of 384 humamanehuman limb bones: left and right humeri,

radii, ulnae, femora and tibiae, or tibiotarsi fiards (Table 5.6).
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Human Sheep Deer Pig Chicken Duck

Humerus 22 11 10 10 10 4
(2,1L,1R) | (2,1L,1R) | (2,1L,1R) | (2,1L,1R) | (2,1LAR) | (2, 1L,1R)

Radius 26 10 10 9 10 4
(2,1L,1R) | (2,1LAR) | (3,1L,2R) (1L) 2, 1L,AR) | (2,1L,1R)

Ulna 23 9 9 9 10 4
(2,1LAR) | (2, 1L,1R) | (3,1L,2R) (L) (2, 1LAR) | (2, 1L,1R)

Femur 26 8 9 14 10 4
(2,1LAR) | (2,1L,1R) | (2,1LAR) | (2,1L,1R) | (2,1LAR) | (2, 1L,1R)

Tibia/ 33 27 9 10 10 4
Tibiotarsus | (3,2L,1R) | (2,1LAR) | (2,1LAR) | (2,1L,1R) | (2,1L1R) | (2, 1L,1R)

Fibula 10 10
Tot 140 65 47 62 50 20

Total of limb bones used

384

Table 5.6. Number of bones considered for this study, dividedspecies and long bone. In brackets the
number of bones scanned is shown, where L=leflRarehht. An additional deer radius and ulna were
scanned to counterproof the results of the first $aans, as the foramina on these bones were etyrem

small and difficult to see. Only one pig radius arta were available for scanning. An additionainan left

tibia was scanned; the first left tibia scannedagdbtibial periostitis, but it was decided to sedsp a

The individuals considered for the study were batrenile and adult, in most cases of unknown
sexes, and of modern date (420" century and contemporary for some non-human spegiest

of them had no detectable pathology affecting thafts although some of the samples showed
osteoarthritis at different degrees of severitye tuman bones and part of the non-human ones
employed for this research derived from the Craaifi@rensic Institute collection; most of the non-
human bones were obtained from butchers and frencdhections of Oxford Archaeology and the

Grant Museum of Zoology.

Table 5.7 shows number and age of the bones usdtefanorphological examination of nutrient

foramina:

healthy one, for more consistent results.
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Human Sheep Deer Pig Chicken Duck
Homo Ovisaries Damad,; Sus scrofa Gallus Cairina
sapiens Capreolusc. | domesticus gallus moschata
Humerus 20 9 8 8 8 2
+20 yrs 3 mths, -4 mths, foetal, 1 yr, 8 wks, 5 mths
3 yrs, 3.5yrs 5.5 yrs,+5yrs 3 yrs, 3.5 yrs| 5 mths, 2 yrg
Radius 24 8 7 8 8 2
+20 yrs 3 yrs, -4 mths, foetal, 1 yr, 8 wks, 5 mths
+3.5yrs +5 yrs 3yrs, 3.5yrs 5 mths, 2 yrg
Ulna 21 7 6 8 8 2
+20 yrs 3 yrs, -4 mths, foetal, 1 yr, 8 wks, 5 mths
+3.5yrs +5 yrs 3yrs, 3.5yrs 5 mths, 2 yrg
Femur 24 6 7 12 8 2
+20 yrs 3 yrs, -4 mths, foetal, 1 yr, 8 wks, 5 mths
+3.5yrs -1yr, +5yrs| -2 yrs, 3 yrs,| 5 mths, 2 yrs
3.5yrs
Tibia/ 30 25 7 8 8 2
Tibiotarsus +20 yrs 3yrs, 3.5, -4 mths, foetal, 1 yr, 8 wks, 5 mths
5yrs -1 yr, +5yrs| 3yrs, 3.5 yrs| 5 mths, 2 yrg
Fibula 10 10
+20 yrs foetal, 1 yr,
-2 yrs, 3 yrs,
3.5yrs
Total 129 55 35 54 40 10

Total limb bones observed

323

Table 5.7. Number and age of the limb bones used for the nmogical examination of foramina.
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Table 5.8 shows number and age of the bones scanned

Human Sheep Deer Pig Chicken Duck
Humerus 2 2 2 2 2 2
+ 20 yrs - 3 mths, + 1 yr, 3.5yrs 5/6 mths 5 mths
+3yrs +5.5yrs
Radius 2 2 3 1 2 2
+20yrs + 4 mths, +4yrs 3.5yrs 5/6 mths 5 mths
+3.5yrs
Ulna 2 2 3 1 2 2
+20yrs -3 yrs, +4yrs 3.5yrs 5/6 mths 5 mths
+3.5yrs
Femur 2 2 2 2 2 2
+ 20 yrs - 3yrs, -1lyr, +5yrs -lyr 5/6 mths 5 mths
3.5yrs
Tibia/ 3 2 2 2 2 2
Tibiotarsus + 20 yrs 3yrs -1yr, -1yr, 2yrs 5/6 mths 5 mths
+ 4 yrs
Total 11 10 12 8 10 10

Total limb bones scanned:

61

Fibulae were not included, as the non-human spedasidered in this study have an extremely
gracile fibula (chicken and duck) or have a bongnuinence on the proximal lateral tibia, with no

shaft (sheep and deer). Among the species condidenéy pig has a fibula, but this bone was not
further analysed as it is very different from thartan one; human and pig fibula share a medial

location of the nutrient foramen, but even in gfmentary state they cannot be misidentified, bexaus

Table 5.8. Number and age of the bones used for micro-CT.

of their peculiar shape (Fig. 5.8-5.9).
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Fig. 5.8-9. Human (top) and pig fibulae. The nutrient foraméme indicated by arrows (a 27G needle was

inserted into the human foramen to detect its tvacsee section 5.2).

5.2.7 Cross-sectional shape

Fragmented long bone shafts can be particularijcdif to identify, especially when diagnostic
anatomical landmarks and epiphyses are not visithle shafts of the limb bones are among the most
commonly found bones, because their dense coftexsah better preservation (Croker, Clement and
Donlon, 2009).

Previous studies that considered long bones cexgfral shape were mainly focused on primate
bones (Ruff, 1990; Carlscat al., 2006; Ruff and Larsen, 2014), human skeletal &diam (Stock
and Pfeiffer, 2001; Holt, 2003; Ruff, 2003), andoptation comparison (Ogilvie and Hilton, 2011,
Stocket al., 2011), but not on the human-nonhuman bone difitgation (see Chapter 7 of this thesis).

The non-human species chosen for this study wereame ones observed in the nutrient foramina
research - chicken, duck, sheep, pig, and deecause of the similarities of their limb bone shafts

with the human ones and the high frequency withctvitiheir bone remains can be found.

The bones used for scanning, a total of 58, werestime used for the study focused on the nutrient

foramina: left and right humeri, radii, ulnae, ferm@and tibiae/tibiotarsi (Table 5.9). Fibulae weo¢
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scanned, for the same reasons they were excluoladliie foramina study (section 5.2.6). The sample
size for each species was relatively small, asrtam aim of this study was to explore the potential
of the micro-CT scanning for the detection of hunaad non-human bone cross-sectional shapes;

the high cost of the procedure was another fabtardffected the choice of the sample size.

Human Sheep Deer Pig Chicken Duck
Humerus 2 2 2 2 2 2
1L,1R 1L,1R 1L,1R 1L,1R 1L,1R 1L,1R
Radius 2 2 2 1 2 2
1L,1R 1L,1R 1L,1R 1L 1L,1R 1L,1R
Ulna 2 2 2 1 2 2
1L, 1R 1L, 1R 1L, 1R 1L 1L, 1R 1L, 1R
Femur 2 2 2 2 2 2
1L, 1R 1L, 1R 1L, 1R 1L, 1R 1L, 1R 1L, 1R
Tibia/ 2 2 2 2 2 2
Tibiotarsus 1L, 1R 1L, 1R 1L, 1R 1L, 1R 1L, 1R 1L, 1R
Total 10 10 10 8 10 10
Total limb bones scanned:
58

Table 5.9. Number of bones scanned, divided per species amgdbdone. L=left and R=right. The additional
deer radius and ulna and human tibia scanned dy stutrient foramina were not consider@mhly one pig

radius and ulna were available for scanning.

None of the long bones used showed weatheringosiaer of cortical bone (Fig. 5.10-5.11).
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Fig. 5.10-5.11. Sheep right humerus (top), postero-lateral view, lluman left ulna. As the two bones in the
photos above, the bones scanned showed no caveedhering or erosion.

Antlers and horns were excluded from the studypideshey might resemble mammalian long bones
if found fragmented. Antlers have a very thick eartvith a wood-grainlike appearance and a very

dense spongy bone; horns have both the exterioméembr surface much more porous than a long
bone (Beisaw, 2013; Fig. 12).

Fig. 5.12. Sheep horns
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5.2.8 Location of the skeletal featur es consider ed

Figures 5.13-5.15 show the location of the bontufea considered for this research, on human, non-
human mammal and avian skeletons. Since nutrigatrfima and cross-sectional shape cannot be
shown, the location of the long bones is indicated.

Sagittal sutur

Parietal

Occipital condyles

Ribs (3-10)

Ulna

Linea aspera

Fig. 5.13. Human skeleton, anterior and posterior view (Hgpychic-vr-lab.com, modified).
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Fig. 5.14. Red deer skeleton (Lydekker and Sclater, 2011, fieok)i
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Fig. 5.15. Avian skeleton (bafari.org, modified).

5.3 Methods

5.3.1 GI S (Geographic Infor mation System)

A GIS software was tentatively used to demonsitatetility for the distinction between human and
non-human cranial bone fragments and rib shafte. Sdftware was used to identify the cranial

sutures patterns and the curvature of human andhaoran cranial bones and ribs.

A GIS software is a tool that helps visualisingngeting, modifying and analysing geographic and
spatial data (Lloyd, 2010). GIS is a valuable mstent to precisely identify the logical relationshi
between the position of objects; because of thgmghical component of many data, the software
can be used for multiple purposes, such as idemgifgroblems like drugs distribution, monitoring

climate change, keeping track of weather eveni@lyaimg crime patterns, understanding trends, or
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analysing surfaces (esri, 2018). The informatioat tten be put into GIS (a process called data
capture) can include cartographic data, photogcagiia, digital data (for example, those collected
from satellites or drones), or data in spreadshestsh as population demographics (National
Geographic, 2017).

The use of GIS in Archaeology is widespread, paldity to understand the human actions on past
landscapes and to predict the location of archagemb sites, based on known patterns in data
(Conolly and Lake, 2006). In Forensics, GIS is llgussed to locate and recover remains, or to map
the scenes (Manhein, Listi and Leitner, 2006; Walted Schultz, 2013).

GIS was chosen for this research because the bonleis specific case the cranial vault, can be
treated as a topographical landscape, and sonefebiures can be read as in a map. The basic idea
of this research was to consider the parietals @friae cranium as a surface whose curvature could
be quantitatively calculated, and the sutures\vessiwhose pattern could be mapped and compared.
Promising results were achieved in this uniqueiappbn of GIS to anthropology by Bolton (2013),
who successfully attempted to quantify the pubimglyysis surface as a geographical landscape, by
visualizing the peaks and valleys of the surfaca aguntain-range, in order to find age-correlated
changes in slope, aspect and volume.

A GIS software needs a 3D or 2D model to run itaslysis and calculations. At a first stage, a 3D
model of each skull was needed. Some scanning pti$emere made with a Nikon Metrology
MMDx50 handheld laser scanner, but it produced Iovage resolutions; the sutures were not

completely scanned, and appeared as shapel