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Abstract

Faunal remains from archaeological sites allow us to identify the animal species
present and understand the relationships between humans and animals, not only from their
morphological information, but also from the ancient biomolecules (lipids, proteins, and
DNA) preserved in these remains for thousands and even millions of years. However, due to
the costs and efforts required for ancient biomolecular analysis, there has been considerable
research into development of accurate and efficient screening approaches for archaeological

biomolecular analysis. FTIR spectroscopy is one such approach that has been considered for



screening of proteins, but its widespread use has been hindered by the fact that its predictive
accuracy can vary widely depending on the extent of sample preservation and the instrument
used. Further, screening methods for ancient DNA (aDNA) analysis are scarce. Here we
present a new approach to vastly improve upon FTIR-based screening methods prior to
ZooMS and aDNA analysis through the use of random forest-based machine learning. To do
so, we use ATR-FTIR to examine three sets of archaeological bone assemblages and and
analyse them by ZooMS (Zooarchaeology by Mass Spectrometry; allows us to identify the
species of the bones). Two of these are from Palaeolithic contexts, dominated by terrestrial
fauna and include specimens with a variety of preservational conditions. The third set
consists of Holocene faunal remains, with variable levels of preservation and is dominated by
cetaceans. Using the Holocene faunal remains, we were able to more consistently evaluate
ATR-FTIR based screening for mtDNA as well as ZooMS success. We report the first
successful use of machine learning in ATR-FTIR-based screening technique for ancient
mtDNA analysis, and our machine learning models conclusively improve the accuracy prior
to usage of ATR-FTIR-based screening for ZooMS by 20-40%. The results also suggest this
approach potentially allows for a universal screening system, applicable across multiple sites

and largely independent of the spectrometers used.

Keywords: Ancient biomolecules, screening, machine learning, random forest, ATR-FTIR, DNA,
ZooMS

1. Introduction

Bone is a heterogenous biocomposite material, consisting of a mineral phase and an
organic phase. Almost a hundred years ago, the mineral component of bone was shown to be
similar to geologic hydroxyapatite (Cas(PO4)3(OH)) using X-ray diffraction (de Jong, 1926).
However, later studies showed that the Ca/P molar ratios in bones to be distinct from that of
geological hydroxyapatite, and it has been considered that the mineral phase is more
accurately described as a highly disordered and substituted version of hydroxyapatite, with a
high degree of carbonate substitution and OH deficiency in the crystal lattice (Boskey, 2007).
The hydroxyapatite crystals are present associated with an organic matrix which forms a
scaffolding for the crystal deposition. The organic matrix is dominated by collagen, a fibrous
protein (~90% tyie | collagen), with non-collagenous proteins constituting aboutn 5% and



minor amount of lipids (~2%) (Boskey, 2013). This composite matrix, with a large number of
cells (the four types of cells being osteoblasts, bone lining cells, osteocytes, and osteoclasts)

and blood vessels embedded in it collectively forms bone.

Bones are among the most widely discovered resource in archaeological sites and they
provide a plethora of information of archaeological and paleontological interest. Faunal
analysis in archaeology (zooarchaeology) allows us to understand the relationship between
humans and animals, such as the economic exploitation of both wild and domesticated
animals (Halstead and Isaakidou, 2017; Tornero et al., 2017), mapping the timeline of animal
domestication (Napierala and Uerpmann, 2012; Perkins, 1973; Zeder and Hesse, 2000),
understanding animal husbandry and livestock rearing practices (Blauer and Kantanen, 2013;
Samei et al., 2019; Stiner et al., 2014), and identifying hunting strategies by ancient humans
(Marin et al., 2017; Yeomans et al., 2019). Over the past few decades, stable isotope analysis
has become an important part of zooarchaeological analysis, providing information about
dietary pattern (Kusaka, 2019; Lewis and Sealy, 2018; Schoeninger, 2014; van der Merwe
and Vogel, 1978), palaeoclimate and palaeoecological reconstruction (Rofes et al., 2015;
Stephan, 2000), and herd management in antiquity (Bocherens et al.,, 2001).
Zooarchaeological analysis can also provide detailed information about societal structures in
antiquity, including socioeconomic differences, and trade and exchange relations (Crabtree,
1990; Reitz, 1987; Somerville et al., 2010; Zeder, 1991). Studies analysing bone modification
and culinary processing allows us to obtain valuable information about the evolution of
humans by comparing food processing between various early hominins (Dominguez-Rodrigo
et al., 2014; Ungar, 2004). Further, analysis of bones can also provide information extending
beyond the archaeological and into the palaeontological period, providing us with knowledge
about evolution and extinction of animals, including hominin evolution (Gruss and Schmitt,
2015; Herries et al., 2020; Ward and Hill, 1987).

Bone diagenesis refers to a complex set of physico-chemical changes that happens to
archaeological bones during burial, and was originally defined in the basis of four diagenetic
parameters: histological index, protein content, crystallinity, and bone porosity (Hedges et al.,
1995). It was postulated that two main mechanism operate in bone diagenesis: the initial
process is initiated by collagen hydrolysis, which is then followed by attack by micro-
organisms which further increases the pore size and the surface area, further increasing the
rate of chemical reactions, and ultimately the rate of diagenesis (Nielsen-Marsh and Hedges,

1999; Turner-Walker and Parry, 1995). The loss of collagen is also accompanied by increase
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in the crystallinity(Weiner and Bar-Yosef, 1990; Wright and Schwarcz, 1996), which is
further affected by chemical changes (ionic exchanges of fluorite or carbonate etc.) and the
potential dissolution and re-precipitation of hydroxyapatite (Collins et al., 2002; Nielsen-
Marsh and Hedges, 2000). During the diagenesis, the ratio of carbonate-to-phosphate in the
bone also changes, as carbonate can be incorporated in the bone during dissolution and re-
crystallization, replacing either biogenic carbonate or phosphate ions (Lee-Thorp et al., 1989;
LeGeros, 1981). A competing process includes loss of carbonate during dissolution, and both
the processes affect the carbonate content, and ultimately the crystal structure and stability of

the mineral phase (LeGeros, 1981; Newesely, 1989).

The degradation of collagen in bones can take place through two modes: microbial
degradation, and chemical degradation (primarily by hydrolytic pathways; Collins et al.,
2002, 1995; Newesely, 1989; Nielsen-Marsh and Hedges, 2000). The chemical degradation is
thought to proceed by hydrolytic cleavage of peptide bonds, followed by a dissolution of the
short peptide fragments (Collins et al., 1995). The microbial attack is considered to be one of
the early phases of bone diagenesis, and is often one of the major contributors to bone
diagenesis and degradation of organic matter (Collins et al., 2002; Nielsen-Marsh and
Hedges, 2000).

DNA has limited chemical stability, and after cell death, is degraded by the action of
nuclease and degraded by microorganisms (Lindahl, 1993). For ancient DNA, it has been
postulated that the initial degradation results in the formation of shorter fragments by
hydrolysis, which further decays by depurination and other forms of oxidative damage
(invlving both chemical and microbial pathways; Eglinton and Logan, 1991; Lindahl, 1993).
The depurination is thought to be impeded by adsorption of DNA in hydroxyapatite, thereby
reducing the rate of DNA degradation in bones (Lindahl, 1993; Okazaki et al., 2001). The
binding of DNA to collagen matrix has also been suggested (including formation of a
collagen-DNA complex, or cross-linked with collagen, see (Kitamura et al., 1997)). This has
been further supported by results which have showed that at least in some cases, the presence
of the DNA in archaeological bones can be linked to the crystallinity of the hydroxyapatite
and the amount of collagen present (Gotherstrom et al.,, 2002). Although the exact
relationship between the collagen, hydroxyapatite and DNA is considered complicated and
non-trivial, it has been suggested that DNA can survive in archaeological bones through four
distinct processes: by binding with the collagen fibrils, by binding to the hydroxyapatite
crystals as the bone mineralises, by getting adsorbed in the collagen fibrils as the

5



unmineralized osteoid degrades, and by binding to the hydroxyapatite crystals during bone

dissolution and re-crystallization (Campos et al., 2012).

Both microbial and physico-chemical degradation pathways are influenced by
environmental conditions, with waterlogged conditions inhibiting microbial attack (see e.g.
Bocherens et al., 1997). It has been argued that the microbial attack is the most common
mode of collagen loss in cool temperate climate, and hydrolytic mechanisms play an
important part in hotter climate and for older bones (Collins et al., 2002). The temperature
has remarkable influence on bone degradation, with colder temperatures both reducing the
rate of reactions as well inhibiting microbial attacks. Other environmental factors such as the
hydrology of the site and the geochemistry (presence of various soluble minerals, pH of the
soil, etc.) also affect bone diagenesis, influencing the preservation both collagen and DNA
(Collins et al., 2002; Gordon and Buikstra, 1981; Nielsen-Marsh et al., 2000, 2007).The
ability to identify archaeological bones and to determine their species of origin is usually the
first step in any zooarchaeological research, and has traditionally been done via
morphological analyses, occasionally supplemented by techniques such as tooth wear
analysis and isotope-based studies (e.g. Zeder et al., 2006). However, morphological analyses
suffer from particular limitations, the most notable being the inability to identify highly
fragmentary remains, which often lack identifiable morphological markers. Further, skeletal
differences between certain taxa can be difficult to distinguish (for example between sheep
(Ovis) and goats (Capra), see Clutton-Brock, 1979; Payne, 1985). This problem is further
compounded by the fact that taphonomic processes may erode certain diagnostic features
(Munson, 2000).

Collagen peptide sequencing has been developed as a replicable and objective method
to identify archaeological bones up to the genus (and sometimes the species) level. This
approach, which is termed Zooarchaeology by Mass Spectrometry (ZooMS), involves the
extraction of collagen from archaeological bones, enzymatic digestion to furnish tryptic
peptides, and subsequent mass spectrometric identification of the peptides (Buckley et al.,
2010, 2009). The ZooMS analysis can be performed on the either the soluble fraction of the
collagen or the insoluble fraction, with the soluble fraction having the advantage that it
potentially allows for the use of the insoluble fraction for isotopic analysis (for e.g.
radiocarbon analysis or stable isotopic analysis to determine dietary practices). Archeological
bones can also be identified by analysis of ancient DNA (aDNA). However, while this

process can result in a more unambiguous identification of the species of origin, the process
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typically has a higher failure rate, and is more expensive and time-consuming compared to

protein-based analysis.

Although a rapid and cheap technique, ZooMS analysis still typically takes days to
conduct and the associated analytical and instrumental costs can escalate for assemblages
with hundreds of samples. Analyses of aDNA are more expensive and take much longer for
handling and sample preparation, as well as more analytical and instrumental time. As such,
it is worthwhile to develop a cheap, minimally-destructive and robust technique, which can
screen samples for presence of collagen and/or DNA prior to subsequent analyses. Fourier
Transform InfraRed (FTIR) spectroscopy, being a cheap, rapid (analysis completed within
minutes) and minimally-destructive analytical technique, is uniquely suitable for such

screening.

FTIR spectroscopy is a vibrational spectroscopic technique, which produces the
infrared spectrum of a solid, liquid or gas. It is primarily used for identifying the functional
groups present in various molecules, with each bond absorbing radiation of a particular
frequency/energy (Barbara, 2004). Although FTIR analysis can be carried out solid, liquid, or
gaseous samples, most archaeological samples are in solid taste, and FTIR analysis in
archaeology have treaditionally been carried out by the use of KBr pellets, where the solid
samples are ground along with KBr and pressed into a pellet (Lebon et al., 2010; Lee-Thorp
and Sponheimer, 2003; Nielsen-Marsh and Hedges, 2000; Trueman et al., 2004; Weiner and
Bar-Yosef, 1990; Wright and Schwarcz, 1996). However, Attenuated Total Reflection (ATR)
has become increasingly popular as an analytical technique for the analysis of solid and/or
liquid samples, owing to its ability to directly analyse minute sample quantities without any
sample preparation (Dal Sasso et al., 2016; Hollund et al., 2013; Kontopoulos et al., 2019,
2018; Lebon et al., 2016; Stathopoulou et al., 2008; Thompson et al., 2009). Further,
variations in procedures involved in preparation of KBr pellets can influence the FTIR
spectrum obtained (Asscher et al., 2011b, 2011a; Surovell and Stiner, 2001), and KBR being
hygroscopic, analysis involving KBr pellets can require extensive sample preparation to

minimize the influence of moisture in sample measurement.

ATR-FTIR spectroscopy utilises total internal reflection, where a beam of infrared
radiation is passed through a crystal present in contact with the sample. The refractive index
of the crystal is greater than that of the sample, and the beam is incident, such that it
undergoes at least one internal reflection on the crystal-surface interface. This reflection



results in an evanescent wave, which penetrates the sample to a small penetration depth (0.5-
5 um) and the resultant evanescent wave is altered in the region of the electromagnetic
spectrum where the sample absorbs energy (Mirabella, 1985). The attenuated energy of the
evanescent wave affects the infrared beam, which exits the crystal after multiple internal

reflections and reaches the detector.

FTIR spectroscopy has been widely used to study archaeological bones, primarily
with regard to the various diagenetic alterations resulting in physical, chemical, mechanical,
and histological alterations in archaeological bones(Dal Sasso et al., 2016; Lee-Thorp and
Sponheimer, 2003; Stathopoulou et al., 2008; Surovell and Stiner, 2001). Such FTIR based
indices have been most commonly used to study the changes in bone crystallinity, with the

Asest+Asos.

infrared splitting factor (IRSF; also referred to as the Crystallinity Index; CI = ==——=;

Asgs

(Shemesh, 1990; Weiner and Bar-Yosef, 1990; Wright and Schwarcz, 1996) commonly used
as a proxy to evaluate the crystal structure of the bone, with a higher value indicating the
presence of larger apatite crystals (Shemesh, 1990; Weiner and Bar-Yosef, 1990; Wright and

Schwarcz, 1996). The inorganic mineral phase of the bone has been further studied using the

C/P ratio of absorbances (Alﬂ, %;Nielsen-Marsh and Hedges, 2000; Wright and

A1015° V3PO4
Schwarcz, 1996), which estimates the carbonate content of the bioapatite and can be used to
study bone diagenesis and preservation (France et al., 2020; Kontopoulos et al., 2019; Regert
et al., 2003; Sponheimer and Lee-Thorp, 1999) and determine the exogenous calcium

phosphate incorporated during diagenetic processes (Szostek et al., 2011).

Apart from diagenetic alterations, FTIR spectroscopy has also been widely used to
study heat-induced changes in archaeological bones to study heat-induced physico-chemical
transformations. Such analysis have focused on the various compositional and structural
changes taking place in bones on heating (Munro et al., 2007; Stiner et al., 1995; Thompson
et al., 2009), and how the various spectral parameters can be used to differentiate between
burned/non-burned bones (Lebon et al., 2008; Mamede et al., 2018; Marques et al., 2018;
Shahack-Gross et al., 1997), and the structure of heated/burned bone and the modes of
heating involved (Snoeck et al., 2016, 2014).

Apart from the structure of the inorganic phase, FTIR has also been used to study the
organic content of the bone, including determining the secondary structure of collagen in
archaeological bones (Chadefaux et al., 2009) and estimating the organic content of the bones

(Kontopoulos et al., 2020; Lebon et al., 2016; Trueman et al., 2004), with a high correlation
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observed between the organic/mineral weight and the Am/P ratio of the absorbances (Amlde L

4

Trueman et al., 2004). The Am/P ratio has been previously used as a screening parameter for

estimating the insoluble collagen yield prior to paleoproteomic studies (Kontopoulos et al.,

Amide I

2020; Lebon et al., 2016), along with the use of Am/C, (

Amide I

) and Am/C; ( ) peaks,

with successful identification of 96-98% of the samples with collagen weight% exceedmg 3%
and successful elimination of 80-90% of the samples with collagen weight % below 2% (the
exact success % depending on the indices used and whether 2% or 3% is used as a collagen
weight threshold; (Kontopoulos et al., 2020).

Studies have also looked at how sample preparation, in particular the particle size due
to grinding affects the FTIR data, with standard procedures (for e.g. choice of specific bone
tissues, grinding procedures, use of grinding curves, filtering particles using molecular size
sieves, and baseline correction of the spectra obtained) proposed for improving accuracy,
reliability, consistency and replicability of the FTIR data, both in the KBR pellet (Asscher et
al., 2011a; Surovell and Stiner, 2001)as well as in the ATR-FTIR modes (Kontopoulos et al.,
2018).

FTIR spectroscopy (KBr sample preparation method) has previously been used to
study heat-induced changes in the organic and mineral phases of the bone, and it has been
suggested that heat-induced changes in the collagen and mineral phases of the bone can be
correlated with the integrity of the DNA, hence leading to a potential screening method in
forensics (Fredericks et al., 2012). Recently, the IRSF calculated using ATR-FTIR has been
used to screen archaeological bone samples based on aDNA, with the IRSF being able to
identify 90-100% of the samples with endogenous content greater than 10%, 80-100% of the
samples with DNA content >1% and eliminating 50-70% of the samples with DNA vyield
<1% (something which can improve to 85% if collagen yield is used as an additional

parameter; Kontopoulos et al., 2020).

Apart from FTIR, related spectral techniques like Raman spectroscopy (France et al.,
2014; Pestle et al., 2015) and near-infrared spectroscopy (NIR; Sponheimer et al., 2019) have
also been used for screening archaeological bones for collagen content. Other methods
employed as screening techniques to predict collagen preservation in archaeological bones
include percent nitrogen (%N) content and C:N (carbon:nitrogen atomic weight) ratios of
bone powder (Brock et al., 2012, 2010; Kim et al., 2011), sulfur speciation mapping

(measured using synchrotron-based X-ray fluorescence (XRF) imaging and X-ray absorption
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spectroscopy (XAS)) (Anné et al., 2019), Ca/F (calcium-to-fluorine ratio; measured using
laser-induced breakdown spectroscopy; Rusak et al., 2011), combined X-ray and thermal
neutron radiography (Sottysiak et al., 2018), and micro-computed tomography imaging and
porosity measurements (Tripp et al., 2018). However, apart from FTIR, Raman, and NIR
measurements most of the techniques mentioned above are destructive techniques and are not
suitable for adaptation to fieldwork. Moreover, the techniques mentioned above mostly
focused on screening of bone collagen for isotopic analysis, and as such have solely focused
on the insoluble collagen content.

The methods for screening of bones for preservation of archaeological DNA are
usually less well-characterized than that for proteins. Aspartic acid racemization was the first
approach widely used for screening bones for presence ancient DNA (Poinar et al., 1996);
however, it was later suggested that it was not effective as a screening technique, with Collins
et al. (2009) finding no correlation between the d/l values and the success of DNA
amplification. Some other screening techniques have also been suggested for ancient DNA,
including histology and morphological preservation (Haynes et al., 2002), collagen content
(Sosa et al., 2013), crystallinity (Gotherstrom et al., 2002; Sosa et al., 2013), flash pyrolysis
GC-MS to identify diketopiperazine-based protein degradation products (Poinar and
Stankiewicz, 1999), and the presence of osteocalcin (Smith et al., 2005); however, none of
these methods have seen widespread acceptance. Recently, an FTIR-based screening
approach has been developed, using thresholds for the IRSF, the C/P ratio, and the collagen
wt. %, despite the weak correlation between them and the aDNA yield (Kontopoulos et al.,
2020). Out of all the techniques discussed above, only the FTIR-based techniques are suitable
to be adapted for fieldwork.

However, despite the advances in using FTIR-based techniques as a screening test for
archaeological bones, such studies have mostly focused on the screening of bones for the
insoluble collagen content. Contrary to radiocarbon analysis, ZooMS analysis can be
performed on the soluble collagen content (and indeed can be argued that it is preferable to
perform ZooMS analysis on the soluble fraction, since it enables one to perform further
analysis on the insoluble fraction). The application of such FTIR-based screening for the
purpose of ZooMS analysis using the soluble collagen is rare, and the few studies undertaken
so far shows extremely variable results. Pothier Bouchard and coworkers have used ATR-
FTIR spectroscopy to screen bones prior to ZooMS analysis, with different instruments and

different ways to estimate CO/P ratios (using peak height and peak areas), but unlike the high
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success rates for predicting the insoluble collagen content, such analysis have resultedin
varying predictive accuracy (Pothier Bouchard et al., 2019). They have suggested that
although it is “nearly impossible” to create a universal ATR-FTIR-based screening method
for ZooMS with a fixed threshold, an instrument-specific screening method can potentially be
developed by calibrating the instrument and combining various methods of calculating the
COI/P ratios (Pothier Bouchard et al., 2019). However, further studies involving this approach
have suffered from from low success rate, with a study involving the Protio-Aurignacian
levels from Riparo Bombrini only showing a success rate ~40% when ATR-FTIR was used
to screen bones prior to ZooMS analysis (Pothier Bouchard et al., 2020). Previous work has
also suggested that in addition to using CO/P values for predicting the presence of soluble
collagen in bones, other measurements, such as the position of the Amide | peak, could also
prove useful (Pal Chowdhury et al., 2019).

s discussed before, although prior studies have shown that multiple spectral indices
can be successfully used for predicting the insoluble collagen content (and the DNA content),
such success is not replicated when it comes to screening bones for soluble collagen content
prior to ZooMS analysis. In this study, we utilize a decision tree-based machine learning
approach to determine whether combining multiple spectral parameters (considering position
of certain peaks and ratios between specific peaks simultaneously , as opposed to single
Am/P or Am/C ratios) improves the performance ATR-FTIR as a screening test prior to
ZooMS collagen fingerprint analysis, without involving extensive sample preparation (e.g.
choosing of specific bone tissues, filtering bone powder based on particle size, etc.) . To
further determine the validity of our approach, we also investigated whether ATR-FTIR,
combined with a decision tree-based machine learning approach can be utilized as a
screening test for aDNA extracted from bones based on spectral parameters without

undertaking extensive spectral data manipulation.
2. Materials and Methods

The archaeological bones used in this study included marine and terrestrial
mammalian bones, obtained from a number of different sites around the world, ranging from
Upper Palaeolithic to the modern period. We chose sites which differed in location,
chronology, taxonomic, and preservational context to ensure any screening method thus
developed was applicable for a wide range of samples belonging to different chronological

periods and different depositional environments.
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Primarily, three different archaeological assemblages were included in this study.
Firstly, terrestrial mammalian bone fragments (n=187) were obtained from recent excavations
(2011-16) at Grotte Mandrin, a Middle and Upper Palaeolithic rock shelter in the Auvergne-
Rhone-Alpes region of modern France (Slimak, 2008). Multiple stratigraphic layers (layers
A-1) have been excavated, with a rich and diverse archaeological record, including faunal and
macrofaunal remains (including hominin remains), lithics, and other evidence of extensive
human occupation (Higham et al., 2014; Romandini et al., 2014; Slimak et al., 2017). The site
is generally well-preserved, with geoarchaeological analyses revealing layers A-D to be in
“good” and layers E-H (the bone fragments for the present study were from Layer E) to be in
“excellent” preservation condition (Higham et al., 2014; Romandini et al., 2014). Secondly,
we included previously published data of 452 bone fragments from Proto-Aurignacian levels
Al and A2 at Riparo Bombrini (Balzi Rossi; Pothier Bouchard et al., 2020), a well-dated and
well-documented Middle-Upper Palaeolithic rock shelter located on the Ligurian coast (Italy)
immediately east of the border with France (Formicola, 1989; Riel-Salvatore et al., 2013;
Higham et al., 2014; Benazzi et al., 2015; Riel-Salvatore and Negrino, 2018a, 2018b; Holt et
al., 2019). The Proto-Aurignacian levels spanning 42ky-36ky cal BP have revealed dense
occupations of the site as shown by high concentrations of lithic and faunal remains and the
presence of overlaying cuvette-type hearths (Holt et al., 2019; Riel-Salvatore and Negrino,
2018b). Riparo Bombrini is also one of the rare sites to have yielded diagnostic Homo
sapiens remains in secure Proto-Aurignacian context (Formicola, 1989; Benazzi et al., 2015).
However, the analysis of faunal remains from the site is extremely challenging, because of
the high degree of bone fragmentation (mostly dry fractures) as well as the variable nature of

collagen preservation (Pothier Bouchard et al., 2020, 2019).

Lastly, to both extend the taxonomic range of FTIR-based screening prior to ZooMS
and to consider its utility to screen for ancient DNA (aDNA), we analysed a younger set of
skeletal remains collected primarily from six multi-period archaeological sites across Orkney
and Shetland (henceforth referred to as the North Atlantic dataset). These samples were
dominated by cetacean bones, and represent approximately 25% of the cetacean samples
collected by a broader study focused on analysis of marine mammal use within pre-modern
North Atlantic history (Szabo, unpublished data). Most samples come from six sites dating
from middle to late Iron Age (although some of the samples were undated) through to the
Norse period and excavated between the 1930s and 2018. Several samples were also taken

from 12 early modern and modern whaling stations or stranding sites across the North
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Atlantic. Bones from two Orkney sites, the Iron Age ritual site of Mine Howe, Tankerness,
Orkney (Card et al., 2005; Card and Downes, 2003) and from the multi-phase Iron Age broch
and roundhouse at The Cairns, Windwick Bay (Carruthers, 2019) were found across multiple
contexts within which organic materials were well-preserved, indicating good preservational
condition. In contrast, the samples from Jarlshof, Shetland (Hamilton, 1956) and Gurness,
Orkney (Hedges, 1987), were excavated in the early twentieth century, when minimal
attention was given to recording the preservation or analysis of cetacean bones. Across these
sites some marine mammal bone has been analysed morphologically, but cetacean bone has
remained largely unexamined by either element or species, owing to its highly worked and
fragmentary nature. Species identification of cetaceans found on archaeological sites is a
prerequisite to consideration of economic or cultural value of these animals, thereby making

biomolecular analysis a critical exercise for post-excavation analysis.

3. Experimental Details

3.1.Sampling Strategy

For FTIR and ZooMS analysis approximately 30-50 mg of bone powder were
either drilled using dentist’s ProTaper tools or and removed from each specimen or ground
in a pestle and mortar and stored at room temperature. We avoided the use of electric drills
since the drill speed has known to effect the spectral parameters as well as the yield of
organic matter from bones (Adler et al., 2011; Kontopoulos et al., 2018). The bones were nor
subject to any detailed pretreatment, with only any externally loosely adhering soil and
surface debris being removed. For the DNA analysis, approximately 300-500 mg of bone
shavings were collected from specimens as per Mcleod et al. (2008) and stored at -20°C until
subsequent analysis. The results from ATR-FTIR, ZooMS and DNA analyses were integrated
and analysed using machine learning to develop models to use FTIR as a predictive tool for
ZooMS and aDNA analysis, with the results of the screening being verified against whether

the samples furnished collagen in ZooMS analysis or aDNA as applicable.

3.2. FTIR

Approximately 2-5 mg of bone powder was removed from each specimen for ATR-

FTIR analysis. A Perkin Elmer Spotlight 400 FTIR Imaging System and Universal
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Spectrometer, with the spectral range set between 650-3500 cm™, was used to analyse 98
North Atlantic cetacean samples (Set 1) and the 187 terrestrial mammalian bone fragments
from Grotte Mandrin (Set I1); 16 scans were performed for every sample and a background
measurement was carried out before every sample measurement. FTIR spectra of the 187
Grotte Mandrin bones were also collected using a Bruker Opus Spectrometer with an ATR
platinum Diamond 1 Refl #CFA4832D accessory (Set I11; 36 scans, transmittance mode, 400-
4000 cm-1) and used for model building to determine whether a universal ATR-FTIR-based
screening method for the presence of collagen can be developed irrespective of the
instrument involved. Prior published ATR-FTIR data from 451 bone fragments from Riparo
Bombrini were also used to further cross-validate our model-building approach (Set 1V;
Pothier Bouchard et al., 2019, 2020). The samples from Riparo Bombrini were analysed
using a portable Agilent 4500a FTIR instrument, equipped with a single-bounce diamond
ATR and internal battery (64 scans, absorbance mode, full range 4000-650 cm-1). For
investigating whether ATR-FTIR can be used to screen for the presence of DNA, a subset of
the cetacean bone fragments (n=87) were considered for model building and validation
purposes (Set 1A).

Table 1: The various assemblages of archaeological bones analysed in this study. For collagen, success and failure refers to
whether soluble collagen was successfully obtained from the sample and identified using MALDI. For DNA, success and
failure represents whether DNA was successfully extracted from the sample and confirmed as cetacean in origin.

Molecule | Assemblage ATR-FTIR Spectrometer N Successes | Failures
Analysed
North  Atlantic | Perkin Elmer Spotlight 400 FTIR Imaging | 98 | 87 11
Cetaceans System (Set 1)
Grotte Mandrin Perkin Elmer Spotlight 400 FTIR Imaging | 187 | 164 23
System (Set 1)
Collagen Bruker Opus Spectrometer with an ATR
platinum Diamond 1 Refl #CFA4832D (Set I11)
Riparo Bombrini | Agilent 4500a potable FTIR (Set 1V)) 451 | 185 266
DNA North  Atlantic | Perkin Elmer Spotlight 400 FTIR Imaging | 87 | 49 38
Cetaceans System (Set 1A)

3.3. ZooMS Collagen Fingerprinting

Collagen from the bones was extracted and analysed based on the method developed
by Buckley and colleagues (Buckley et al., 2009; van der Sluis et al., 2014). Briefly, the bone
powder (30-50 mg) was demineralised using 0.6 M HCI for 18 hours at 4°C, and the
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supernatant liquid was collected and ultrafiltered for 15 minutes at 12400 RPM. The retentate
was further ultrafiltered into 500 ul of 50 mM ammonium bicarbonate (ABC) twice,
redissolved in 100 pl of ABC, and digested using 0.4 pg of trypsin for 18 hours. The resultant
peptides were diluted using 0.1% trifluoroacetic acid (TFA) (1:20 v/v) and spotted for
MALDI analysis on a ground-steel target plate along with an equal volume of a-cyano-4-
hydroxycinnamic acid (10mg/ml in 50% acetonitrile (ACN) as matrix. The samples were
analysed using a Bruker Autoflex TOF/TOF spectrometer, accumulating 1000 scans per
sample and maintaining the laser power at 45%.

3.4.Ancient DNA Analysis

All aDNA handling protocols and DNA extraction methodology followed protocols
previously outlined in Rastogi et al. (2004) and Mcleod et al. (2008). Presence of analysable
DNA was confirmed through the successful amplification and sequencing of three fragments
of the mitochondrial DNA (mtDNA) of varying lengths (~186-445 basepairs (bp)). The three
fragments were: 1) a ~445 basepair (bp) fragment of the cytochrome b gene (using primers
CBCet4F (5° ACA TGG ACT TCA ACC ATG AC 3’°) and CBCet5R (5° CTC AGA ATG
ATA TTT GTC CTC AGG 3%)); 2) a ~345 bp fragment of the control region (using primers
T-Pro and Primer-2); and 3) a ~186 bp fragment of the cytochrome b gene (using primers
CBCet4F and CBCetlIR (5> GTA TTG CTA GAA ATA GGC C 3”)). For all mtDNA PCR
amplifications we used a 15ul reaction volume containing 2ul DNA extract (of unknown
DNA concentration): 1x PCR buffer (Promega), 0.2Mm each dNTP (Invitrogen), 0.3ug/ul
UltraPure™ BSA (Invitrogen), 1.5mM MgCl, 0.3uM each primer, and 0.1U/ul Tagq
(Promega). PCR cycling conditions consisted of an initial five-minute denaturation step at
94°C; 50 cycles of 94°C for 30 seconds, 50°C for one minute, and 72°C for one minute; and a
final extension step at 60°C for 45 minutes. All PCR product was evaluated for quantity and
quality using agarose electrophoresis, then prepared for sequencing, cycle sequenced, and
size separated and visualised on an ABI 3500xI Genetic Analyzer (Applied Biosystems) after
McLeod, Frasier and Lucas (2014). All samples were sequenced in both directions (e.g., with
both primers of the primer pair used for amplification). Sequences were then examined
visually using 4Peaks v1.8 (Nucleobytes.com), and edited and aligned in MEGA7 v7.0.26
(Kumar et al. 2016). Each sequence was then confirmed as cetacean in origin through

BLAST (www.ncbi.nlm.nih.gov/blast/; Johnson et al., 2008), with identification confirmed

only if criteria of 100% query coverage and 95% max identity were confirmed. Species
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identity was also confirmed through phylogenetic analysis as part of a larger research project.
However, for the purposes of this study successful DNA amplification and confirmation of

DNA product as cetacean was logged as ‘Pass/Fail’ data.

4. Data Analysis and Modelling
4.1. ZooMS Data

The MALDI spectral files were converted to .mzxml files using Bruker
CompassXport utility and analysed using mMass 5.5.0 (Niedermeyer and Strohalm, 2012).
The baseline was corrected using a baseline correction value of 15, and automatic peak
picking was carried out with a signal-to-noise ratio of 3 and picking height of 75. The spectra
which furnished the mammalian biomarker peak at m/z 1105 (and the corresponding
deamidated peak at m/z 1106) and one of the collagen species-specific biomarkers ‘B’ or ‘C’
were considered to have yielded collagen (Pal Chowdhury et al., 2019; for naming of
peptides see Buckley et al., 2009).

4.2. ATR-FTIR Spectral Data

The FTIR spectral data were analysed using ACD Spectrus software. After applying ATR
correction and baseline subtraction, the peaks were identified using auto peak picking with
wavenumber in the x-axis and absorbance in the y-axis. The peak heights were used to
determine absorbances corresponding to the following peaks: Amide | of collagen (-C=0
stretching, 1590-1710 cm™; Lebon et al., 2016); phosphate (-P=0 antisymmetric stretching
(vs PO4), ~1015 cm*; (Stutman et al., 1965; Trueman et al., 2004)) and carbonate (-C=0
antisymmetric stretching (vs COs), ~1415cm™; Wright and Schwarcz, 1996). The
absorbances due to the various peaks were used to calculate the following four quantities:

1. Amide-I-to-carbonate ratio (Ainic‘f)e 1; (Trueman et al., 2004)Kontopoulos et al., 2020)
3 3

2. Amide-I-to-phosphate ratio (A:l:ze L (Trueman et al., 2004))
3 4

3. Organic-to-inorganic ratio (also referred to as the Amide-I-to-inorganic ratio,

Amide 1
V3PO4 +v3 CO3

4. Carbonate-to-phosphate ratio (%; (Wright and Schwarcz, 1996) ).
3 4

Along with the four ratios mentioned above, the positions and intensities of the Amide 1,
carbonate and phosphate peaks were used as parameters to predict for presence of collagen

and DNA using decision tree-based learning methods. All decision tree-based prediction
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models were coded using Python and visualised using Dataiku Data Science Studio

(https://www.dataiku.com/product/). Scatter plots and boxplots, where applicable, were

created using R in the RStudio development environment.

4.3.Decision Tree-based Models for Use of ATR-FTIR As A Screening Technique

A decision tree is a decision support system, which takes a flowchart-like form, with each
internal node representing a point where an attribute or a property is checked (a test), and the
branches from a node indicating the results of that test based on which of the samples are
further divided into groups (further nodes; see Figure 1). For our models we used ensemble
learning, where multiple shallow decision trees (each having a limited number of nodes) were
created and combined using the soft-voting approach (for an overview of ensemble learning,
see Dietterich, 2002).

PROBABILITIES

W No: 46.80%
M Yes: 53.20%
Posn_Of_Carbonate > 1411.50

DECISION RULES

SAMPLES
Organic_to_Inorganic_Ratio > 0.07 Amide_to_carbonate is 0.333333333

ilntens\ly_m_carhn nate_| = 0.08 iPos n_Of_Phasphate > 1018.50 Organic_to_lnorganic_Ratio > 0.07
|/\nle-nsity,oLPhaspha|e >0.04 'Amide_to_carbonate is 0.4

Amide_to_carbonate is 0.363636364

439 (100.00%)

Posn_Of_Carbonate > 1412.50

Intensity_Of Phosphate > 0.03

ipnsnioﬁphasphate> 1018.00

Figure 1: A singled out decision tree out of the ensemble created in one of the models (model A) for using ATR-FTIR as a
screening prior to ZooMS analysis. Each model has multiple such decision trees, differing slightly.

The working of the individual tree represented in Figure 1 is explained as follows:

Initially, the position of carbonate is used as a decision-making parameter, with a
value greater than 1411.50 indicating presence of collagen. If the value of this parameter is

less than 1411.50, it is tentatively classified as not yielding collagen, with organic-to-
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inorganic ratio used as the subsequent parameter in that case. An organic-to-inorganic ratio
greater than 0.07 indicates a possibility of collagen, with this being followed by the position
of phosphate as the next parameter, where a value greater than 1018.50 indicates the presence
of collagen. The rest of the decision tree can be read and interpreted in a similar way, with the
intensity of carbonate being used as the next parameter for the samples with organic-to-
inorganic ratio less than 0.07. Similarly, the samples with position of carbonate greater than
1411.50 have amide-to-carbonate being used as the next parameter, and so on. Throughout
the tree, the blue and red nodes/branches represent a yes/no response respectively, with the

shading indicating the qualitative degree of confidence in the classification.

However, it is to be noted that this is an isolated example of a single tree which is a
part of the ensemble which makes up a model (model A in this example), and many such
trees collectively formed the final iteration of our models. The number of trees in the model
is a hyperparameter usually denoted by N, the value of which is obtained by tuning the
hyperparameters iteratively (100 and 150 for this work depending on the model). Further, due
to the randomisation of the parameters (explained below) each decision tree is slightly
different. As such, the individual values/parameters mentioned in the trees are of little
physical significance, and by themselves cannot be used to generate cut-off values or

thresholds for predicting the presence or absence of collagen.

The decision trees created in this study were all shallow trees (e.g., Figure 1), making
them ‘weak learners’. However, since multiple such trees converged to a single decision
(without individual trees having all the essential nodes, which represent tests with the
parameters involved in the decision-making process), it proved the robustness of the model.
This approach also reduced the risk of overfitting, which is a possibility associated with the
use of deep trees. Bootstrapping and random selection of features were utilised to ensure the
process of generating decision tree parameters is randomised. Using bootstrapping, the
datasets were initially sampled using the ‘random with replacement’ approach, which
ensured that not every tree sees all of the dataset. Of the parameters being used, some were
randomly removed at various nodes, ensuring the tree is optimised for a random set of
parameters, and not merely the best-case scenario. The resultant decision from each tree was

based on a probability figure, and multiple such trees were combined to create a model.

For combining the multiple trees created, two distinct approaches can be used:
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1. Hard Voting - In this approach the resultant probability figure from each tree is
considered, a threshold applied, and all probabilities above that pre-determined
threshold are assigned to a category. The resulting final classification from each tree
is recorded, and a simple frequency count is used to combine the results of various
trees and arrive at a decision based on simple majority voting. However, this approach
results in loss of probabilistic information corresponding to the individual trees.

2. Soft Voting - In soft voting the resultant probability figures from multiple decision
trees are averaged and the threshold is applied to the averaged probability. The final

classification is based on the averaged probability.
In this work we combined the trees based on the soft-voting approach.

Once a model is created, its performance can be measured based on the following
indicators (Kent et al., 1955).

1. Accuracy (acc.), which is the fraction of accurately predicted occurrences among all

True Positive+True Negative

the data, acc = — - — .
True Positive+True Negatwe+False Positive+False Negatwe

2. Precision (p), which is the fraction of actual occurrences among all the predicted

True Positive

occurrences, expressed asp = True Positive+False Positive

3. Recall (r), which is the fraction of occurrences that were accurately predicted by the

True Positive

model, expressed as r = — .
True Positive+Flase Negative

4. F1 score, which is the harmonic mean of the precision and recall values, expressed as

F1 = 22 (Chinchor, 1992)
p+7'

For any model dealing with imbalanced data, where one of either the positive or the
negative significantly outnumbers the other, precision and recall are considered better metrics
for evaluating the model performance as compared to accuracy. In this work we consider F1
score, the harmonic mean of precision and recall values as the primary parameter for

evaluating the success of the models (see Chinchor, 1992).
5. Results

Previous attempts at using ATR-FTIR as a screening test prior to ZooMS analysis of
archaeological bones focused on Amide-I-to—phosphate ratio as the primary predictive
parameter under consideration (Pal Chowdhury et al., 2019; Pothier Bouchard et al., 2019,

2020), along with potential use of the position of the Amide | peak (Pal Chowdhury et al.,
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2019). For comparison to this previous work, here we also present boxplots for all datasets
involved in this study computed by grouping the calculated Amide-I-to-phosphate ratios
based on whether the bones yielded collagen or not in order to determine if that ratio can be
used to develop a universal predictive cut-off, irrespective of sites or instruments involved
(Figure 2). Scatter plots were also plotted for this data, with the position of the Amide | peak
on the x axis and the Amide-I-to-phosphate ratio on the y axis to determine whether there is
any relationship between the position of the Amide | peak and the possibility of the bones

yielding collagen (Figure 3).

Fresence Of Collagen El Mo * Yes
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Figure 2: Box plots showing the Amide I-to-phosphate ratios for the various datasets analysed in this study. Two data points
(14.4 and 1.48) from Set | were removed while plotting box plots to ensure the plots remained to scale.

As evident from the boxplots, the use of Amide-I-to-phosphate ratio as the sole
parameter makes it extremely challenging to develop a precise universal screening approach.
Different sites and instruments lead to different cut-off ratios, and there was considerable
overlap of the Amide-I-to-phosphate values between the samples which yielded collagen and
the samples that did not. This overlap was particularly prominent in dataset IV (the
assemblage from Riparo Bombrini), which reduced the possibility of any meaningful

screening based on this ratio alone.
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Figure 3: Scatter plots of the Amide I-to-phosphate ratios against the position of the Amide | peaks for the various datasets
analysed in this study.

The scatter plots presented in Figure 3 furthermore showed that the position of the
Amide | peak was unlikely to be a predictor for the presence of collagen in archaeological
bones. Although in one of the assemblages (dataset IV), the Amide | peak for the samples
which did not yield collagen was concentrated on the lower end of the wavenumber range
(1600-1630 cm™), this trend was not reproduced in the other assemblages. To better use ATR-
FTIR spectra as a screening test for proteins prior to ZooMS analysis, we used the eight
previously mentioned parameters to create models using a random forest-based machine

learning approach.
Initially, three models were created, described as follows:

Model A: The IR data from Set | and Il were combined into one unified dataset, and the

resultant dataset was randomly split into training and test sets in a 4:1 ratio
Model B: Trained on the IR data of Set | and tested on the IR data of Set Il
Model C: Trained on the IR data of Set Il and tested on the IR data of Set |

Once the models were developed, IR data corresponding to Set Il were used to calculate the

F1, p and r scores to compare the models for their predictive ability (Table 1).

Table 2: The various indicators used in determining the predictive capacity of the models A, B, and C

Model | Test Set (%) Set 111 (%) Set 1V (%)
acc. p r F1 acc. p r F1 acc. p R F1
A 92.98 | 92.73 | 100.00 | 96.23 | 90.42 | 90.32 | 100.00 | 94.91 | 54.99 | 47.50 | 93.50 | 63.00
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B 92.48 | 95.74 | 95.81 | 95.73 | 86.17 | 90.34 | 94.64 | 92.44 | 70.28 | 66.00 | 56.75 | 61.00

C 83.38 | 93.61 | 87.38 | 90.35 | 83.51 | 91.51 | 89.88 | 90.06 | 66.29 | 70.88 | 30.00 | 42.42

The results outlined in Table 1 showed that the decision tree-based approach is
potentially useful in applying ATR-FTIR as a screening technique, independent of the
spectrometer used. When only the well-preserved bones are used as training and test sets, the
F1 scores of the various models are in the range of 90-96%, indicating a robust method with
high levels of accuracy, precision and recall. However, all the bones in Sets I, Il, and Il were
from sites with good preservational conditions, evident from the geoarchaeological
investigations and preservation of organic remains in Mandrin and the preservation of DNA
and organic remains in most of the North Atlantic sample sites. To further determine whether
this method can be extended to multiple sites in different preservational conditions, we used
IR and MALDI spectra of bone fragments from Riparo Bombrini (Set V), a site with very
poor preservation (as opposed to the Mandrin and North Atlantic bones) to cross-validate this
approach. Further, the Set IV data were also recorded with a portable instrument instead of a
table-top one (as in Sets I, 11, and Il1) thus having the added advantage of extending the
applicability of the method to portable instruments used in fields. Along with the sampling
and measurement protocol, the energy source, detector type, and the spectral resolution will
affect the spectral data (Soriano-Disla et al., 2017), possibly leading to differences between

portable and table-top instruments.

Despite previous successes for well-preserved sites, analysis of poorly preserved
bones from Riparo Bombrini showed extremely poor results for the use of ATR-FTIR as a
screening technique, with F1 scores ranging from 42.42% to 63.00% depending on the model
used (Table 1). We postulated this drop in accuracy was due to difference in the nature of the
training data (which was from samples with excellent preservation) and the testing data (from
samples with poor preservation). To test this, three further models were built:

Model D: Trained on the Riparo Bombrini (Set 1V) dataset and tested on Set | and Il

combined

Model E: The Riparo Bombrini dataset (Set 1) was randomly split into training and test sets

in a 4:1 ratio.

Model F: The Riparo Bombrini, North Atlantic, and the Grotte Mandrin dataset (sets I, I, and
V) were combined into one unified dataset, and the resultant dataset was randomly split into

training and test sets in a 4:1 ratio.
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Table 3: The various indicators involved in determining the predictive capacity of the models D, E and F

acc. (%) P (%) R (%) F1 (%)
Model D 42.16 93.39% 36.75% 52.80%
Model E 92.22 88.57% 91.18% 89.86%
Model F 82.31 83.70% 87.50% 85.70%

Model D, which had a large difference in the preservational quality of the training and
test data, gave an F1 score of 52.80%, whereas Model E, where both the training and test
datasets had similar preservational quality, gave an F1 score of 89.86% (Table 2). This
suggested the similarity (or difference) in the nature of the training and the test data plays an
important role in determining the success of the model. However, it is to be noted that all
decision tree-based methods resulted in a slight improvement in screening of the bones from
Riparo Bombrini sites compared to manual use of the Amide-I-to-phosphate ratio, which

gave a ~41% predictive success (Pothier Bouchard et al., 2020).

To make our model universally applicable, we further combined the available data
from all study sites (sets I, 1l and IV; set I1l was excluded so as not to include the same
samples twice) and split the combined dataset in a 4:1 ratio, using the larger subset as training
and the smaller subset as test data (Model F). This substantially improved the model, with p,
r, and F1 scores of 83.70%, 87.50%, and 85.70% respectively. We credit this improvement to
the similarity in the training and test data, prerequisite for successful machine learning

models.

To determine whether FTIR spectroscopy can be used as a screening test prior to
DNA analysis, a model was created using the IR data from Set IA (a subset of North Atlantic
samples, n=87) by randomly splitting the data into training and test sets (4:1 ratio). The
parameters used were the same as those used for collagen screening, but with the additional
presence/absence of collagen as a new parameter. The p, r and F1 values obtained from this
model were respectively 72.73%, 100.00%, and 84.21%, indicating that this approach can be

used as an effective screening technique for DNA (Table 4).

Table 4: The various indicators involved in determining the predictive capacity of the models D, E and F

acc. (%) P (%) R (%) F1 (%)

84.21 72.73 100.00 84.21
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Discussion

Our results show that random forest-based machine learning approaches can be an
effective for ATR-FTIR-based screening of archaeological bones prior to ZooMS and/or
aDNA analysis by combining multiple IR spectral parameters. Previous investigations for use
of ATR-FTIR as a screening test focused on the Amide-I-to-phosphate ratio as the sole
screening parameter. However, for our machine learning-based models the most important
variable in predicting the presence of collagen differed from model to model. Although
Amide-I-to-phosphate ratio (along with organic-to-inorganic ratio) was among the top three
most important variables in a majority of the models, we also noticed significant
contributions from the Amide-I-to-carbonate ratio and carbonate-to-phosphate ratios, along

with other parameters (Figures 4-5; Supplementary Figures S1-4).
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Figure 4: Variable dependency chart for Model F (for Models A-E see Supplementary Figures S1-4)
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Figure 5: Variable dependency chart for the decision tree-based model created to screen for presence of aDNA. Note the

multiple Amide-I-to-carbonate values (0.7142, 0.6666, and so on), indicating that those specific values have been used by a
majority of the trees in the decision-making process.

In the variable dependency charts a variable with a higher value contributes towards
making a larger part of the decision. As mentioned previously, each model involves the
generation of N number of uncorrelated decision trees and a final decision is made based on
the ‘soft majority’ vote. This allows the models to better generalise the decision-making
process, but makes them sensitive to the parameters and configurations involved in the

training, which lead to possible changes in the respective importance of the variables.

The variable dependency charts also show that in some charts some variables appear
multiple times with different values (e.g., Figures 4-5 & Supplementary Figures S1-S4). A
variable, which appears only once in the dependency chart, indicates that the variable
contributes to the decision, but for multiple trees multiple values of the variable are used in
the decision-making process. On the contrary, a variable, for which differing values appear
on the chart, indicates that those specific values have been used by a majority of the trees in
the decision-making process. It is also to be noted that the individual values mentioned in the
variable dependency charts are of little physical importance due to the randomisation of

parameters described previously.
Conclusions and Future Work

Our models presented here conclusively improve on the accuracy of usage of FTIR as
a prior screening technique for ZooMS by applying decision tree-based methods. We also
show that this approach potentially allows for a universal screening system, applicable across
multiple sites and largely independent of the spectrometers used. The method also does not

require extensive sample selection and preparation steps, allowing for quick screening on
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field involving portable spectrometers. The predictive power of such approaches is greatly
dependent on the preservational quality of the sites and we suggest two possible approaches

taking this into account:

Data from well-preserved and poorly-preserved sites can be treated separately, with
different modelling systems used for each (Model A for well-preserved sites and Model E for
poorly-preserved sites). This approach provides the highest accuracy (F1 scores from 89.8%
to 94%).

The IR data of bone fragments, irrespective of their preservational state, can also be
analysed by our combined Model F. This approach simplifies the screening by using a single

model but provides for a slightly reduced success rate (F1= 85.70% for our test data).

We also show that a similar tree-based approach is potentially applicable for the
screening of DNA, but a larger dataset needs to be analysed before specific conclusions can

be drawn and effective models built for screening to give the highest success rates.
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