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1 INTRODUCTION

Archaeological research plays a prominent role in understanding history and
reconstruction of ancient culture and society. Traditional archaeological re-
search relies on the records of archaeological excavations such as ancient sites,
constructions, artefacts and ecofacts discovered therein. Yet, modern analytical
techniques allow to dig deeper into these records, down to elemental and mole-
cular levels. The applications of analytical chemistry to archaeological materials
enable to reveal crucial information on ancient objects and events, e.g., obtain
the absolute dates of archaeological sites (radiocarbon dating), trace the geo-
chemical source of materials used in prehistory (isotopes of organic and
inorganic elements) and further identify their chemical compositions (elemental
and molecular components). Each analytical technique and analyte proxy
(pottery, sediments, animal and plant remains, resins, textiles and dyes) holds
limitations and advantages depending on their chemical and physical characte-
ristics and overall taphonomy as well as preservation through time. Therefore, a
combination of different analytical techniques, so-called multi-method approach,
is a vital step for practical case studies.

In this doctoral study, a multi-methodological approach was employed com-
bining organic residue analysis (ORA) with different analytical techniques.
ORA has been successfully used to track and classify various dietary substances
in food containers, including terrestrial and aquatic animals (Evershed et al.
2002a; Mirabaud et al. 2007; Craig et al. 2007; Regert 2011), plant substances
(Colonese et al., 2017a; Hammann & Cramp, 2018; Steele et al., 2010), beehive
products (Regert et al. 2001; Evershed et al. 2003; Rageot et al. 2016), but also
technological materials like resins, tars and pitches (Evershed et al. 1985;
Robinson et al. 1987; Stern et al. 2003; Brettell et al. 2015). The main focus of
this doctoral study is defining technologically relevant plant-based adhesives
and dietary-related plants exploited in prehistory in the eastern Baltic region and
its surroundings. The approach taken in the thesis is both multi-methodological
in terms of combining different analytical chemistry techniques, and multi-
proxy in terms of studying different sample types and analytes.

The exploitation of animal remains have been widely and extensively
investigated with ORA since last century. The rich excavation of animal skele-
tons and well-preserved animal-based organic residues, including lipids and
proteins, provided ground bases for various analytical research. In contrast,
plant remains have been much less explored as plants are fragile , often poorly
preserved, consist of chemical compounds which do not preserve over long-
periods of time or degrade and alter heavily in ancient contexts. Hence, our
understanding of plant usage and consumption in the past is often very limited
and biased. The main novelty of the thesis is to explore the analytical possi-
bilities for decoding multiple practices of plant exploitation in the past. There
are three main types of materials considered as most suitable for detecting
ancient plant exploitation through ORA: organic residues absorbed in pottery
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used for food procurement or storage, food crusts adhered on pottery surface,
and resinous materials from different types of ancient artefacts.

Resinous materials including natural resins, tars and pitches are extensively
employed in a variety of applications, such as adhesives for assembling com-
posite tools or mending ceramics (Rageot et al. 2019, 2021), water-resistant
lining material for containers (Solazzo et al. 2016), artifact decoration (Connan
et al. 2004), and disinfection medication (Morikawa et al. 2017; Hardy 2018).
Natural resins are mainly exuded from numerous plants and in some cases from
insects, which consist of terpenoids, phenolic compounds, esters, alcohols and
sometimes waxes from the later (Mills and White 1977). Tars and pitches are
the pyrolysis products obtained from thermal treatment of natural resins and
resinous wood. Similar to natural resins, tars and pitches comprise mainly terpe-
noids and phenolic compounds. Their compositions become increasingly
complex as a result of the combination of various types of wood and resins used
as raw materials. Moreover, the heat-treatment causes further compositional
alteration, such as demethylation and decarboxylation and aromatization (Reber
et al. 2019; Rageot et al. 2019).

Various analytical techniques, such as infrared spectroscopy (IR) and mass
spectrometry (MS) coupled with direct inlet (DI), gas chromatography (GC) and
liquid chromatography (LC), have been successfully used to identify resinous
components (Regert and Rolando 2002; Stern et al. 2008; Vahur et al. 2011).
MS techniques have been widely employed for differentiating origins of resi-
nous materials because of their outstanding capacity to provide molecular
information. Nevertheless, GC-MS and LC-MS have several disadvantages,
such as the necessity of sample sizes (5-20 mg), laborious sample preparation,
high equipment costs, and complex data interpretation. Although smaller
samples with a mass of 1-3 mg can be measured using direct mass spectrometry
methods (DI-MS) (Regert and Rolando 2002; Prokes and Hlozek 2007), the
destructive nature of MS techniques places certain restrictions on the overall
selection of sample and instrument. As an alternative, Raman, and Fourier
Transform Infrared spectroscopy (FT-IR) standout as they are able to measure
extremely small samples with little to no damage. Especially Attenuated Total
Reflection- Fourier Transform Infrared spectroscopy (ATR-FT-IR) combined
with chemometric techniques is fully capable of identifying major molecular
classes and distinguishing materials with different origins (Peets et al. 2017,
Vahur et al. 2019; Chen et al. 2022).

Turning from technology to diet, animals and plants as two major staples are
essential for the reconstruction of ancient foodways and demonstrate the
development of animal husbandry and plant cultivation practices. The discovery
of animal skeletons and bone artifacts provides information on the rearing and
consumption of animals. The cultivation tools from archaeological sites such as
hoes, sickles, hand plows, pitchforks and sieves support the evolution of plant
cultivation techniques. Apart from those plant macro/micro remains such as
charred and/or waterlogged grains, microscopic plant fossils and plant food
crust are preferable as direct evidence of plant cooking and consuming.
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Unlike rather well-identified archaeological animal remains, the detection of
dietary plants remained elusive despite their importance in nutrition and
economy. This can be explained by the scarcity of plant macro/micro remains
and poor preservation of plant remains or their organic residues, as edible plants
in general are rich in hydrophilic carbohydrates. The vast majority of ancient
plant consumption relies on plant micro fossil and organic residue analysis
(ORA). Micro fossil analysis is conducted by morphologically identifying
microscopic remains of plants such as starch, pollen and plant phytoliths using
microscopic tools (Franceschi and Nakata 2005; Piperno 2006; Barton and
Torrence 2015; Ball et al. 2016; Crowther 2020). GC-MS and elemental analysis-
isotope ratio mass spectrometry (EA-IRMS) are the most commonly used
methods for ORA (Evershed 2008a; Wagner and Herrle 2014; Roffet-Salque et
al. 2017). The main approach here is identifying archaeological biomarkers,
which are the diagnostic indicator biomolecules used as tracers for specific
plant classes or even species.

Since dietary plant remnants are poorly preserved and usually generate much
lesser lipid residues compared to animal remains, the investigation of plant
remnants with ORA calls for combination of various analytical techniques and
further development of multi-proxy data interpretation. Likewise, resinous
materials are widely produced and applied as mixtures with various additives.
The investigation of resinous materials with very small sample size and
complex component increases the need of multi-method analysis using non-
destructive techniques, especially in the case of heritage materials. The main
goal of this study is to identify plant remnants using a set of multi-method
approaches combing different analytical and statistical techniques. As plant
remains have been scarcely found and rarely detected in eastern Baltic ORA-
based studies so far, the thesis aims to outline the main trends of prehistoric
plant use in the study region. The thesis is divided into the following stages:

1. Development of analytical methods for the analysis of resinous materials
from Stone Age (Mesolithic and Neolithic, ca 9500-1800 BC) Eurasia
using ATR-FT-IR spectroscopy combined with chemometric discriminant
analysis (DA) (publication I).

2. Demonstration the application of ORA for identifying invisible resinous
materials on a rare Middle Stone Age (8800-8550 cal BC) artefact in
Estonia using a multi-method approach (publication II).

3. Development of multi-proxy methods for the investigation of cereal con-
sumption from (Pre)Viking Age (600-1100 AD) food crusts (publication
II1).

4. Investigation of dietary and ritual habits of social elites and commoners
from Late Bronze Age (1000500 BC) Estonia using multi-method
approach (publication IV).

Three overarching research questions tackled in the thesis are as follows:

e What kind of analytical techniques and their further developments can be
used for revealing ancient plant exploitation through ORA?

12



How to combine and compare different types of ORA and other supportive
methods (statistical and chemometric analysis) for identifying plant-usage
in the past?

What are the main plant sources and their ways of exploitation in pre-
historic Estonia, and its closer surroundings?

13



2 LITERATURE OVERVIEW

2.1 Organic residue analysis

Organic residue analysis, as a joint discipline combining analytical chemistry
and archacology, achieved great attention since the 20™ century, with the first
publications in the field from 1970s (Thornton et al. 1970; Condamin et al.
1976). The rapid development of biomolecular chemistry and analytical techni-
ques in the second half of the 20™ century drives the archaeological research
from physical measurements to the compositional investigation of organic
residues (Nigra et al. 2015). Spectroscopic methods, such as infrared (IR),
Raman and nuclear magnetic resonance (NMR) spectroscopies, provide general
composition descriptions for certain classes of materials and have been mainly
used for the studies of ancient textiles, pigments, resins, and conservation
materials (Lambert et al. 2000; Shillito et al. 2009; Daher et al. 2013a; Candeias
and Madariaga 2019). The emergence of chromatographic and mass spectro-
metric techniques draw further attention to the discovery of chemical compo-
nents at molecular-level resolutions, allowing the identification of diagnostic
molecular/isotopic components as tracers for organism compositions and
prehistoric human activities. Such chemical fingerprints are defined as archaeo-
logical biomarkers (Evershed, 2008b), more widely used since the 1990s (Ever-
shed et al. 1990). In archaeological case studies, different analytical techniques
are employed in combination to cover the thorough investigation of inorganic
and organic compositions. With IR, Raman and NMR spectroscopies providing
the preliminary major component information, chromatographic and mass-
spectrometric techniques can further determine the individual molecular com-
position.

2.1.1 The occurrence of organic residues

In archaeology, the concept “organic residues” is applied when referring to a
variety of amorphous organic remains from various natural sources that are
associated to a number of different artifacts excavated at archaeological sites.
Organic residues often consist of a class of biomolecules, such as lipids,
proteins, carbohydrates, but also ancient DNA, and microorganisms. Among the
diverse spectrum of biomolecules, fatty, oily, and waxy compounds, so called
lipid residues are the most resistant and well-preserved biomarkers because of
their hydrophobic nature.

e Archaeological containers

One of the most overwhelming sources of organic residues are the contents and
absorbed residues that have been preserved from archaeological containers,
such as ceramic, glass, metal, and stone vessels. Organic residues can survive
and occur in three forms: actual contents (initial food remains), attached surface
residues (burnt food crusts) and absorbed residues.
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Organic residue analysis was rarely conducted on vessel contents due to their
poor preservation and intrusive post-burial contamination, especially when
confronted with food and beverage remains. The survival of such water-soluble
contents from leaching and microbial degradation is affected by certain environ-
mental factors including temperature, light exposure, degree of waterlogging
and redox conditions. Hydrophobic residues such as oils, balms and adhesives,
on the other hand, are better preserved and more easily accessible for chemical
investigations.

Organic residues could be attached on both internal and external surfaces of
vessels, usually preserved as charred food crusts or lining materials. Food
crusts, as the leftovers of cooking, demonstrate the ingredients of the last and
most likely single cooking event, where organic residues are well preserved by
carbonizing (Miller et al. 2020). The external surface residues are correlated to
either applied decorations, soot derived from firing or adhesives used for
repairing broken vessels.

Apart from the visible contents and surface residues, biomolecules can be
absorbed and efficiently preserved in the pores of the ceramic vessel walls.
Such amorphous absorbed organic residues have been investigated the most
from ceramic matrix, where the unglazed porous surface is ideal for absorbing
biomolecules through long-term storage and cooking. Thus, unlike food crusts,
the absorbed organic residues in ceramics show the overall components of
accumulated cooking events (Miller et al. 2020). More than 80% of domestic
cooking ceramic assemblages across the world demonstrated the occurrence and
survival of absorbed organic residues, predominantly lipid residues (Evershed
2008a). Investigation has revealed that the lipid residues have mainly originated
from several substances: plant oils and waxes (Evershed et al. 1991b; Copley et
al. 2005; Dunne et al. 2016a), terrestrial and aquatic animal fats (Evershed et al.
2002a, 2008; Regert 2011), beeswax (Regert et al. 2001; Evershed et al. 2003;
Roffet-Salque et al. 2015), resins (Evershed et al. 1985; Stern et al. 2003) and
tars (Egenberg et al. 2002; Hjulstrom et al. 2006; Perthuison et al. 2020).

¢ Animal and human remains

Apart from archaeological pottery, organic residue analysis can be sometimes
also related to human and animal remains . One of those is dental calculus,
where micro fossils, proteins, aDNA and microbial metabolites are preserved by
mineralization (Velsko et al. 2017; Hendy et al. 2018a; Juhola et al. 2019). Soft
tissues are scarcely preserved in archaeological records, but they do occur under
waterlogged, desiccated, frozen and embalmed conditions (Maixner et al. 2018).
Lipids have been extracted from the bone tissues for dietary reconstructions
(Colonese et al. 2015). Finally, Egyptian mummies are renowned for the exten-
sive organic balms used to preserve the bodies over an archaeological time
scale. The organic residue analysis on mummies focuses on the composition of
mummification balms (Buckley et al. 2004; Ménager et al. 2014; Oras et al.
2020) and the protein and lipid biomarkers from the well-preserved soft tissues
(Jones et al. 2016).
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e Plant remains

Plant remains are rich in hydrophilic carbohydrates, which can be dissolved into
the burial environment and degraded by bacteria. Not only that, the change of
humidity and temperature of surrounding environment also facilitate the decay.
The plant remains can be preserved under desiccated, waterlogged, or charred
circumstances, such as dried or fossilized plants and carbonized food crusts.
Organic residue analysis of these macro remains illustrates ancient vegetation
and agriculture practices with direct evidence (Miller et al. 2016; Filipovi¢ et al.
2020). In addition to macro remains, plant micro fossils like pollen, starch, and
phytoliths are commonly observed under microscope, and interpreted by morpho-
logical identification (Poska and Saarse 2006; Chantran and Cagnato 2021). Be-
yond the visible plant remains, the absorbed plant biomarkers extracted from
ceramic matrix provide supplementary insights into the plant domestication and
people's dietary habits (Heron et al. 2016; Shoda et al. 2018).

e Cultural heritage arts and craft works

Significant amounts of organic residues are present in different cultural heritage
artefacts, including paintings, textiles, sculptures, tools, and weapons in
various ways. The investigation of organic substances from cultural heritage is
primarily concerned with the following materials: dyes and pigments (Vazquez
et al. 2008; Vahur et al. 2009, 2010), textiles and fibres, binders and coatings
(Cuni et al. 2012; Llorent-Martinez et al. 2014; Hayes et al. 2014), adhesives
(Vahur et al. 2011; Rageot et al. 2019), and artificial conservation materials
(Irazola et al. 2012; Vahur et al. 2016). Such materials usually involve aggre-
gates of oils, waxes, proteins, resins and other inorganic minerals, which are
rather challenging to identify due to the initial processing of the raw materials,
such as mixing and heating, and the conservation treatment performed during
excavation and restoration. Given that the cultural heritage objects are relatively
valuable and vulnerable, the available amount of sample is usually limited.
Non-destructive or micro-destructive methods, such as FT-IR, Raman, and X-
Ray Diffraction/Fluorescence (XRD/XRF) spectroscopy and Scanning Electron
Microscopy-Energy Dispersive X-ray spectroscopy (SEM-EDS), are favoured
for organic residue analysis meanwhile keeping the artefacts intact (Daher et al.
2013a; Madariaga 2015).

e Soil and sediments

Despite the vast leaching and degradation in soil and sediments, organic resi-
dues do survive under certain circumstances, such as animal faeces, burial
sediments, and manured soil. Bile acids and 5B-stanols (e.g., 24-ethylcoprosta-
nol, 24-ethylepicoprostanol, coprostanol) are animal faeces biomarkers, which
can be preserved and detected from soil and wastewater courses through
archaeological time scale (Bull et al. 2003; Harrault et al. 2019). Such faeces
biomarkers are also detected in farming mounds where the faeces were
favourable fertilizers for crop cultivation. Except from biomolecules, isotope
signals are also retreated from water and sediments as indicators of climate
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change, manuring practices, and crop cultivation (Shanley et al. 1998; Bogaard
etal. 2013; Yan et al. 2021).

2.1.2 Lipid residue analysis and archaeological biomarker
overview

The structural variations of biomolecules affect their sustainability, which will
determine the extent of structural alteration, microbial degradation, and organic
residue preservation through long-term burial. In principle, polar substances like
nucleotides, proteins and carbohydrates are more prone to dissolve and degrade
in the surrounding environment, especially when nutritional elements like nitro-
gen and phosphorus are present (Hendy et al. 2016, 2018b). Yet, non-polar sub-
stances, for example oils, waxes and terpenoids are generally more resistant to
leaching and microbial degradation. Such hydrophobic lipids are widely pre-
served and investigated by organic residue analysis, especially in the circum-
stances of waterlogging, carbonization, mineralization, and protection under
porous ceramic matrices (Van Bergen et al. 1997; Boyd et al. 2008; Antonelli et
al. 2020).

Lipid residues are usually extracted from archaeological samples and further
investigated by different analytical techniques, such as GC-MS, LC-MS and gas
chromatography-combustion-isotope ratio mass spectrometry (GC-C-IRMS)
(Mottram et al. 1999; Reber and Evershed 2004a; Evershed 2008a). One of the
most commonly used instruments is GC-MS, which allows the separation of a
series of biomolecules and identify the molecular structures of each isolated
compound. By applying the concept of archaeological biomarkers, the origins
of lipid residues can be traced to various commodities: animal fats from
terrestrial/aquatic origin (Evershed et al. 2002a, 2008; Regert 2011), plant oils
and waxes (Copley et al. 2005; Dunne et al. 2016a; Shoda et al. 2018), beeswax
(Regert et al. 2001; Evershed et al. 2003; Rageot et al. 2016), resins/tars
(Evershed et al. 1985; Daher and Bellot-Gurlet 2013; Rageot et al. 2019;
Perthuison et al. 2020), and petroleum bitumen (Laier and Nytoft 2012), etc.
The lipid residues retreated from archaeological context can be divided into
several categories: acyl glycerides and fatty acids, wax esters, sterols, terpenes
and terpenoids.
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e Triacyl glycerides (TAGs) and fatty acids (FAs)

Triacyl glycerides (TAGs) and fatty acids (FAs) are the most abundant bio-
molecules in lipid residues, making up more than 95% of lipids in human diet
(Evershed et al. 1991a, 2002a; Evershed 2008a). Free fatty acids (FAs) are
generated by the hydrolysis of triacyl glycerides (TAGs), which are comprised
of a glycerol molecule joined by three fatty acid chains (see Figure 1a). The
distribution of free FAs and intact TAGs indicates the general classes of lipid
constituents.

The profile of free FAs gives an overview of sources of lipid residues. For
example, palmitic acids (C;e0) are more abundant in plant oils, whilst stearic
acids (C;s,0) are more concentrated in animal fats. Thus, a higher palmitic to
stearic acid ratio (P/S>4) in lipid residue profile indicate a higher possibility of
plant origin (Romanus et al. 2007; Dunne et al. 2016b). Apart from that, FAs
from plant oils and aquatic animal fats show higher degrees of unsaturation than
terrestrial animal fats. Free FAs in fresh plant lipids are dominated by un-
saturated palmitic (Cy.;) and stearic acids (Cs.;, Cis:2), which are less abundant
in aged plant oils due to degradation and oxidation. Consequently, short-chain
FAs, such as n-nonanoic (Cy,), lauric (C,,,) and myristic (C4,) acids and a, -
dicarboxylic acids like azelaic acid and hydroxy/dihydroxy acids like 11,12-
dihydroxyeicosanoic acid and 13,14-dihydroxydocosanoic acid are well-known
for degraded plant lipids (Copley et al. 2005; Colombini et al. 2005a). The
aquatic animal fats are originally rich in long-chain monounsaturated FAs, such
as gadoleic acid (Csy.1), behenic acid (Cy.1), nervonic acid (C,4.1), and poly-
unsaturated fatty acids (Cys3, Cis3, Coo3 and Cyy3) (Craig et al. 2007; Evershed
et al. 2008). Similar to plant lipids, such unsaturated fatty acids are rarely
observed due to degradation and oxidation. Alternatively, homologous of
hydroxy- and dihydroxy and o, o-dicarboxylic acids as thermally produced
derivatives of mono-unsaturated fatty acids are indicators of aquatic source
(Hansel and Evershed 2009; Regert 2011).

The distribution of TAGs in animal fats commonly range in total acyl carbon
number (Cn) between 40 and 54. The adipose fats from non-ruminant animals
usually show a narrower distribution of TAGs with Cn ranging from 44 to 54,
dominated by TAGs with Cn of 50 and 52 (Dudd et al. 1999). Whereas a wider
range of TAGs with Cn from 28 to 54 are typical in ruminant animal fats,
especially TAGs with Cn 42 to 46 TAGs are attributed to ruminant adipose fats
and TAGs with Cn 28 to 42 more abundant in ruminant dairy fats (Regert 2011;
Salque et al. 2013).

e Wax esters

Wax esters are biomolecules composed of single fatty acids esterified with
long-chain n-alcohols, which naturally occur in insects and plants (Evershed et
al. 1991b; Chasan et al. 2021). Wax esters are commonly detected together with
other wax lipids, including long-chain fatty acids, n-alkanes, n-alcohols, and
long-chain ketones. The lipid profile of plant epicuticular waxes displays the
trend of containing even-numbered palmitic and stearic wax esters (Cso42),
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even-numbered long-chain fatty acids (Cjs.34), even-numbered n-alcohols (C,y-
34), and n-alkanes, mostly odd-numbered (C,s 35) (Reber and Evershed 2004a,
b). The distribution of n-alkanes is potentially indicative of the origin of wax
esters. For example, C3 and C4 wild grasses are dominated by C;; n-alkane
(Maffei 1996), whereas submerged and floating aquatic plants show a higher
distribution of Cy; and Cys n-alkanes (Ficken et al. 2000). Apart from n-alkanes,
mono-unsaturated ketones, and methyl ketones with carbon numbers of 33 and
35 are also associated with higher plant leaf waxes (Forney and Markovetz
1971; Regert et al. 1998).

Beeswax, as another primary source of wax esters, has been identified by the
detection of long-chain wax esters with even carbon numbers together with their
hydrolysis products: long-chain fatty acids, n-alkanes, and n-alcohols (Evershed
et al. 2003; Rageot et al. 2016). Like plant epicuticular waxes, beeswax also
comprises odd-numbered n-alkanes, with C,; n-alkane being the most prevalent.
Wax esters with carbon numbers ranging from 38 to 52 make up the majority
of beeswax, among which palmitic monoesters with 46 and 48 carbons domi-
nate the group (Tulloch 1971; Evershed et al. 1997b). Additionally, the pre-
sence of even-numbered hydroxy-monoesters (Cy4y_s4), Which are esterified with
15-hydroxypalmitic acid and long-chain alcohols with even carbon numbers
(Cy08) are diagnostic of beeswax (Aichholz and Lorbeer 1999; Regert et al.
2001).

e Sterols

Sterols can potentially indicate the possible origins of lipids from animal fats
(cholesterol), plant oils (phytosterols) and fungal metabolites (ergosterol).
Despite widely present in living organisms and food sources, certain caution
needs to be exercised when using sterols as diagnostic archaeological bio-
markers. For example, cholesterol can be derived from modern contamination
of human sweat and general handling especially when squalene (typical lipid in
human skin) is detected simultaneously (Whelton et al. 2021). The identifi-
cation of archaeological animal fats is only taken into account when degradation
products of cholesterol (such as cholestadiene, cholest-4-en-3-one, 7-keto-
cholesterol and 5-o/B-epoxycholesterol) are found in conjunction with other
animal indicator compounds (Hammann et al. 2018). Similar to cholesterol,
phytosterols (campesterol, B-sitosterol and stigmasterol) and their derivatives
are present in a wide range of contaminants like hand cream and cosmetics,
which cannot be used solely for evaluating the presence of plant oils in
archaeological context (Schrack et al. 2016). Other plant indicators are diag-
nostically more valuable for the identification of plant lipids, such as long-chain
alkanes and long-chain alcohols from epicuticular waxes and dicarboxylic
acids, hydroxyl acids and dihydroxyl acids from vegetable oils (Copley et al.
2005; Dunne et al. 2016a). Ergosterol, as the principal sterol in yeast and fungi,
is typically considered as contemporary fungal metabolites from post-burial
contamination and rarely provides evidence of archaeological fermentation
products (Isaksson et al. 2010).
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e Terpenes and terpenoids

Terpenes and terpenoids are natural compounds comprising five-carbon iso-
prene units, derived from a diverse class of plants, animals, and fungal meta-
bolites (Adefegha et al. 2022). They are widely present in archaeological
materials, for example essential oils, resins, and tars. Essential oils played an
important role in plant exploitation, especially in medication and embalming
practices due to their wide range of biological activities, ranging from anti-
oxidant, antimicrobial, anti-inflammatory and antinociceptive properties (Reyes
et al. 2018; Masyita et al. 2022; Sanchis et al. 2023). Similarly, resinous
materials were used for a variety of functions, such as adhesives (Bjernevad et
al. 2019; Chen et al. 2022), waterproof lining (Font et al. 2007), decorations
(Morandi et al. 2018), or as incense (Crowther et al. 2015; Morikawa et al.
2017), medications (Morikawa et al. 2017; Hardy 2018), mummy balms
(Ménager et al. 2014; Oras et al. 2020), and even chewing gum (Pesonen 1999;
Jensen et al. 2019). The origins of resinous materials can be traced and
classified by the carbon skeletons of diterpenoids and triterpenoids: mastic
resins, olibanum resins, conifer resins, birch tars and pitches (Brettell et al.
2015; Perthuison et al. 2020; Tabanca et al. 2020).

e Degradation and alteration

The lipid residues are rarely preserved in the initial composition of their original
commodities over the archaeological time scale. The lipid biomarkers are
observed with structural alteration derived from hydrolysis, oxidation, de-
hydration, polymerization, condensation, cyclization and microbial degradation
during use-related modifications, and post-burial deterioration (Evershed
2008a). By applying the concept of archaeological biomarkers, the principal
commodities of lipid residues can be identified and further highlight the
function of ceramic vessels, either used for storage, cooking, fermentation or
adhesive production. The lipid degradation products provide information about
how the original materials were handled and assist in avoiding false biomarker
interpretations (Regert et al. 2003).

Post-burial degradation hinders the identification of archaeological bio-
markers, especially when interpreting lipid residues from animal fats. The
animal fats are derived from three major origins: non-ruminant (omnivorous)
animals, ruminant animals and aquatic animals. The distribution of triacyl
glycerides (TAGs) sets criteria for distinguishing ruminant dairy and adipose
fats from non-ruminant animals. However, the TAGs are hardly preserved intact
because of partial or complete hydrolysis reactions, that generate free fatty
acids, di- and mono-acyl glycerides (DAGs and MAGs) (see Figure 2a). The
TAGs with short-chain fatty acid moieties (C4 1) are more prone to hydrolysis
(Whelton et al. 2021), making the detection of ruminant dairy fats more chal-
lenging. The short-chain fatty acids released by hydrolysis are rarely recovered
from archaeological samples, due to their relatively high solubility in water and
leaching in post-burial environments (Copley et al. 2003).
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In contrast to terrestrial animal fats, archaeological aquatic animal fats and
plant oils are rich in unsaturated fatty acids, which are frequently oxidized and
dehydrated, forming o,w-dicarboxylic acids, hydroxy- and dihydroxy carbo-
xylic acids (Regert et al. 1998; Evershed et al. 2008; Dunne et al. 2016b).
Another class of degraded lipids are oxo carboxylic acids, which are diagnostic
to waxy substances generally called “bog butter” (Berstan et al. 2004). Addi-
tionally, thermally induced alterations are commonly observed as a result of
cooking at high temperatures. Notably, w-(o-alkylphenyl)alkanoic acids
(APAAs) are derived from thermal treatment of long-chain polyunsaturated
fatty acids (Cig3, Cis, Caos and Cps) (see Figure 2c¢) over 200°C under
ceramic matrices (Hansel et al. 2004a; Bondetti et al. 2021). Such polyun-
saturated fatty acids are widely present in aquatic animal fats (Hansel et al.
2004a; Evershed et al. 2008); still, they are occasionally detected in trace
amounts from plant oils and ruminant adipose fats as well (Bondetti et al. 2019).
The distribution of APAAs is indicative of the source of animal fats, where
APAA-Cy ana 22 are expected to be more abundant in aquatic products, whilst
APAA-Cy, 15 are detected from terrestrial origins (e.g., plant oils and ruminant
animal fats) (Bondetti et al. 2019, 2021). To confirm the aquatic resources of
animal fats, the joint presence of APAA-Cig, 20, 22 together with one of the
isoprenoid acids (3,7,11,15-tetramethyl hexadecanoic acid (phytanic),
2,6,10,14-tetramethylpentadecanoic acid (pristanic), and 4,8,12-trimethyl-
tridecanoic acid (TMTD)) are considered characteristic biomarkers of aquatic
lipids (Hansel et al. 2004a; Evershed et al. 2008; Heron and Craig 2015; Shoda
et al. 2017; Dolbunova et al. 2022). Likewise, long-chain ketones are formed
via the dehydration and decarboxylation of acyl lipids (see Figure 2b) from
animal fats and higher plant waxes at temperatures over 300°C (Evershed et al.
1995; Raven et al. 1997).
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The interpretation of the presence of sterols, like cholesterol, phytosterol and
ergosterol from archaeological samples has received a call for caution. Sterols
are extensively present in various living organisms and degrade easily in post-
burial environments. Their usage in ORA as indicators of archaeological animal
fats and plant oils relies on detecting their hydroxy-, oxo-, and epoxy- deri-
vatives (Evershed et al. 2002a; Hammann et al. 2018; Whelton et al. 2021).
Making conclusions on the basis of presence of undegraded sterols carries a
higher danger of their misinterpretation as original components as opposed to
contemporary contaminants from human handling or bacterial metabolites. This
is especially true if e.g., in the case of cholesterol squalene is observed simulta-
neously (Isaksson et al. 2010; Schrack et al. 2016; Whelton et al. 2021). Apart
from sterols, water-soluble lipid biomarkers may also fall into false interpreta-
tions and deserve further caution. For instance, tartaric, succinic, malic, fuma-
ric, citric, and syringic acids have been identified as biomarkers of fermented
beverages, typically wine (Pecci et al. 2013; Amir et al. 2022). Such hydrophilic
compounds are unlikely to survive from post-burial leaching and degradation.
Still, they are occasionally preserved in enveloped jars, where wine biomarkers
are detected together with diterpenoids derived from resin lining materials
(Stern et al. 2008; Drieu et al. 2020, 2021; Chassouant Id et al. 2022).

e Post-burial and excavation contamination

The observation and interpretation of post-burial and excavation contaminants
in archaeological lipid residues are long-standing issues. Apart from the
previously described “finger lipids™ like sterols and squalene, plasticizers and
chemical consolidants are the most common contaminants from the conserva-
tion and restoration work. Phthalates and siloxanes are well-known plasticizers
derived from the packaging of archaeological samples (Gimeno et al. 2014).
Meanwhile, isocyanates, silanes, siloxanes, and methyl methacrylates are the
significant components of chemical consolidants (Gonzalez et al. 2012). Terpe-
noids and wax lipids are sometimes not indicative of natural resins and waxes
but are derived from wooden storage boxes and restoration treatments with
paraffin wax (Jaeger 2013; McGowan-Jackson 2015).

2.1.3 Stable isotope analysis

As previously mentioned, the origins of animal fats and plant oils can be dis-
tinguished by diagnostic biomarkers. However, the poor preservation of water-
soluble and bacterial degradable biomolecules sometimes hinders the detection
and interpretation of more fragile biomarkers. Alternatively, stable isotope ana-
lysis demonstrates an extensive range of applications in ORA, given its ability
to identify major dietary sources at both the bulk (Keenleyside et al. 2009;
Heron and Craig 2015; Heron et al. 2015, 2016) and compound-specific levels
(Evershed et al. 1994, 2002b; Meier-Augenstein 2002; Heron et al. 2015).
Compound-specific stable isotope analysis has proven its capability to trace
the sources of lipid residues through the differential routes of synthesizing
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adipose and dairy fats from dietary carbon. Even though the distribution of
TAGs in lipid residues can be indicative of the sources of animal fats, TAGs are
usually hydrolysed during degradation, generating free fatty acids. The latter
can be used in compound-specific stable isotope analysis using GC-C-IRMS,
often used in combination with conventional GC-MS archaeological biomarker
analysis (Evershed et al. 1999, 2002a; Heron et al. 2015). As the most widely
used approach, the distributions of 6("*C) values in palmitic (Cie.) acids and
stearic (Cig) acids show significant criteria for distinguishing the animal fats
by their origins: ruminant adipose fats, ruminant dairy fats, terrestrial non-
ruminant animal fats, aquatic animal fats from freshwater and marine sources
(Dudd and Evershed 1998; Dudd et al. 1999; Evershed et al. 2002b; Craig et al.
2011; Colonese et al. 2017b). Knowing regional reference ranges for certain
food categories, (Figure 3), allows plotting the results of archaeological samples
on these reference ellipses in order to identify the origin of initial food source
(Evershed et al. 2002b). Due to the limited access to this specific instrument,
GC-C-IRMS analysis was not covered in current doctoral research.
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Figure 3. Compound-specific stable isotope plots with 95% confidence ellipses for
6(13C) values of palmitic (Ci¢0) and stearic (Cig) acids extracted from authentic
reference fats: plots of d("*C) values (A) and from Late Mesolithic EBK vessels (open
circles) and Early Neolithic TRB vessels (filled circles) (B) from coastal (blue) and
inland (green) sites. Source: figure adapted from (Oras et al. forthcoming).
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Elemental analysis (EA) of carbon d(*C) and nitrogen J(*’N) using isotope ratio
mass spectrometry (IRMS) has been applied in ORA for carbonized food crusts
for different aims. The bulk isotopic values are interpreted in three dimensions:
5("*C) values, o("°N) values and carbon-to-nitrogen (C/N) ratios. The d(**C)
values demonstrate the metabolic pathways for carbon fixation during photo-
synthesis in the aquatic and the terrestrial biosphere: mainly C3, C4 and Crassu-
lacean acid metabolism (CAM) photosynthesis. C3 plants (5("*C) < — 20.0%o)
(e.g., barley, wheat, rye, and most types of grass) comprise the majority of
terrestrial vegetation, which are determined by lower d(**C) values compared to
C4 plants (5("*C) > — 20.0%o) (e.g., millet, maize, corn, and sugarcane) (Lu et
al. 2009; Wagner and Herrle 2014; Choy et al. 2021). Additionally, 6("*C) values
can further differentiate marine, terrestrial, and freshwater resources, where
marine foods are usually enriched in *C, compared to foods from terrestrial and
freshwater resources (Dufour et al. 1999; Heron and Craig 2015). The 6("°N)
values reveal the trophic levels of diets, which usually hint on the consumption
of protein-rich products, such as C3 legumes and animal tissues (Deniro and
Epstein 1981; Unkovich 2013). The increase of ('°N) values in plant remnants
can also indicate the manuring practices in crop cultivation (Fraser et al. 2011;
Styring et al. 2014a; Larsson et al. 2019). The C/N ratios represent the relative
richness of carbohydrates versus protein in food crusts. For instance, plant
tissues (C/N > 20) enriched in carbohydrates such as starch and cellulose
generally present higher C/N ratios than protein-rich animal tissues (Shoda et al.
2017; Taché et al. 2021). The distribution of §(**C), d(*’N) values and C/N ratios
in food crusts provides evidence for the reconstruction of ancient dietary habits:
the consumption of C3 or C4 plants, the trophic levels of organisms,
terrestrial/aquatic-based foods cooked in vessels and left visible food residues
on the vessels’ surfaces (Heron and Craig 2015; Oras et al. 2018).

2.1.4 Non-invasive and semi-destructive instrumental analysis

The previously addressed mass spectrometry methods (e.g., GC-MS, GC-C-
IRMS, EA-IRMS) are sometimes inapplicable due to their destructive nature,
i.e., the need to remove the sample from the artefact. Especially in the field of
cultural heritage research, scientists are dealing with precious artifacts, which
set certain limits to the sample amount and selection of instruments. Non-
invasive or semi-destructive spectroscopic methods, such as FT-IR, Raman,
XRF and NMR spectroscopies and Scanning Electron Microscopy-Energy-
Dispersive X-ray spectroscopy (SEM-EDS), are favourable for cultural heritage
analysis, leaving no or minimum damage to the objects (Lambert et al. 2000;
Irazola et al. 2012; Daher et al. 2013b; Madariaga 2015; Lutterotti et al. 2016;
Candeias and Madariaga 2019). Such techniques have been successfully applied
to identify the elemental and bulk compositions of certain materials: textiles and
fibres (Smith et al. 2019; Peets et al. 2019), dyes and pigments (Vahur et al.
2009, 2010; Scott 2016), resins and tars (Daher and Bellot-Gurlet 2013;
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Bjemevad et al. 2019), paintings (Cuni et al. 2012; Marte et al. 2014), and
conservation materials (Vahur et al. 2016).

Although these spectroscopic techniques do not identify compositions at the
molecular level, the application of statistical methods further empowers the
differentiation of substances, such as principal component analysis (PCA)
(Llorent-Martinez et al. 2014; Smith et al. 2019), discriminant analysis (DA)
(Peets et al. 2017; Chen et al. 2022), and partial least squares (PLS) (Hobro et
al. 2010; Vahur et al. 2019). Alternatively, multi-methodological approaches
that combine MS and spectroscopic techniques provide the comprehensive
investigation at both elemental and molecular resolutions (Ménager et al. 2014;
Bjemevad et al. 2019; Kaal et al. 2020).

2.2 Plant exploitation in Estonia and eastern Baltic area

The ancient plant exploitation has long been an essential theme in archaeo-
logical research, in which there have been many recent theoretical and metho-
dological advances. As discussed above, due to taphonomic and preservation
limitations, reconstructing the vegetation history and usage as well as con-
sumption of plant-derived materials calls for cross-disciplinary investigation
and methodological development to overcome single-method and single-proxy
analytical biases. In this thesis, the focus was set on targeting a wide range of
plant usage from technologically ascribed resinous material to daily food
consumption by developing multi-methodological approaches, which combine
different analytical techniques and multi-proxy data statistics.

2.2.1 Resinous materials

The use of resinous materials, including natural resins and thermally produced
tars and pitches, has a long history since Paleolithic time. Because of their
viscous and hydrophobic nature, resinous materials have been used in various
ways: as adhesives for hafting composite tools (Bjernevad et al. 2019; Chen et
al. 2022), as waterproof lining materials (Font et al. 2007), as decorations
(Courel et al. 2018; Morandi et al. 2018), as anti-inflammation medications
(Morikawa et al. 2017; Hardy 2018), producing mummy balms (Ménager et al.
2014; Oras et al. 2020), and as earliest chewing gum (Pesonen 1999; Jensen et
al. 2019).

2.2.1.1 Composition of resinous material

Archaeological resins and tars can be divided into several classes by their
origins to the genus of plants, mainly from Dipterocarpaceae (Shorea, Hopea),
Burseraceae (Boswellia), Pinaceae (Abies, Pinus, Cedrus) and Betulaceae
(Betula) (Evershed et al. 1985; Robinson et al. 1987; Moussaieff and
Mechoulam 2010; Rageot et al. 2019; Soulaidopoulos et al. 2022). The original
plants can be traced according to the carbon skeleton of terpenoids, which
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comprise the major components of resinous materials (see Table 1 and Figure
4).

Several resin types do not occur naturally in the Baltic Sea region. These
include resins from Dipterocarpaceae (Shorea, Hopea) and Burseraceae
(Boswellia). Resins from Dipterocarpaceae, so called dammar resins are
specialties in the India and Southeast Asia area (Mills and White 1977;
Crowther et al. 2015). Dammar resins mainly comprise of triterpenoids with
dammarane, oleanane and ursane skeletons, such as dammarenolic acid,
dammaradienone and oleanonic/ursonic acid etc. Likewise, Burseraceae species
grow mainly in the regions of India, Northern Africa and Middle East, and the
evidence of using Burseraceae gum-resins has been obtained from Ancient
Egypt, Greek and Roman area (Evershed et al. 1997a; Moussaieff and Mechou-
lam 2010). Fresh Burseraceae gum-resins are rich in o~ and B-boswellic acids
and their O-acetyl oxidation products (Evershed et al. 1997a). Alternatively,
olean-12-ene and urs-12-ene derivatives, particularly 24-noroleana-3,12-diene
and 24-norursa-3,12-diene, are characteristic to archaeological Boswellia gum-
resins (Evershed et al. 1997a; Stern et al. 2003; Mathe et al. 2004, 2007).

However, Pinaceae (Abies, Pinus, Cedrus) and Betulaceae (Betula) trees
and their resins show widespread occurrence across Europe including the
eastern Baltic area (Niinemets et al. 2002). Conifer resins from Pinaceae trees
(e.g., pine, fir and larch), known as conifer resins and tars, are typical soft wood
resinous materials found widely in temperate regions. Conifer resins are
identified by diterpenes and diterpenoids with abietane and pimarane skeletons
(see Figure 4a) (Mills and White 1977; Evershed et al. 1985; Robinson et al.
1987). Abietic acid and (iso)pimaric acid are the major components of fresh
conifer resins, whilst their oxidation and dehydrogenation derivatives such as
dehydroabietic acid (DHA) and 7-oxo-dehydroabietic acid (7-oxo-DHA) are
characteristic of archaeological conifer resins. Conifer tars and pitches are
pyrolytic products obtained from heat treatment of conifer wood and resins.
Such thermally produced materials are characterized by retene, methyl
dehydroabietic acid, 18- and 19-norabietatriene (Hjulstrom et al. 2006; Reber et
al. 2019; Breu et al. 2023). Given their broad occurrence throughout Eurasia,
conifer resins and tars have been consistently discovered in the Baltic region
(Egenberg et al. 2002; Hjulstrom et al. 2006; Vahur et al. 2011).
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Table 1. Characteristic terpenoid biomarkers of fresh and archaeological resinous
materials from Pinaceae and Betulaceae.

Orlg}n 2 Resins/tars Terpenoid composition
species
Abietane and pimarane diterpenoids
Pinaceae Conifer resin Degradgtion products: dehydroabietic (DHA)
(Abies, Pinus derivatives, 15-DH-DHA, 7-oxo—DHA
Ce dru,s) ’ Heat treatment: 18 and 19 nor-abietatriene,
Conifer tar retene, methyl-dehydroaboetate, 7-methyl-
retene, 18-nor-7-oxo abietane
Betulin, lupane, oleanane triterpenoids
Degradation products: betulone, lupenone, lupa-
2,20(29)-diene, lupa-2,20(29)-dien-28-o0l
Betulaceae . Soft hegt: al}obetulin, betulin 28-acetate, .
(Betula) Birch bark tar ~ betulinic acid methyl ester, lupa-2,20(29)-dien-

28-0l, oleandien-28-oic acid

Strong heat: a-lupane, a-olean-28-al, a-
allobetulin, allobetul-2-ene, 3-oxo-allobetulane,
28-oxoallobetul-2ene

Abietic acid Pimaric acid

DHA 7-oxo-DHA

/
Retene Methyl-DHA

(a)

Betulin Lupeol

={ ={

Betulone Lupenone

{

3-oxo-allobetulane  lupa-2,20(29)-dien-28-ol

(b)

Figure 4. Molecular structure of a set of terpenoid biomarkers for (a) confer resin,
conifer tar and (b) birch bark tar; molecular structures are drawn using ChemDraw.
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Like Pinaceae trees, Betulaceae (Betula) trees are also widely present across
Europe, forming typical birch—pine woodland. Birch bark tar and pitch are the
most frequently encountered archaeological adhesives over centuries, which are
obtained from the dry distillation of birch bark over 350 °C (Kozowyk et al.
2017; Rageot et al. 2019). Birch bark tar is identified by a group of betulin- and
lupane-related triterpenoids (see Figure 4b) (Aveling and Heron 1998, 1999;
Lucquin et al. 2007; Vahur et al. 2011). The predominant triterpenoids are
comprised of betulin, lupeol, oleanolic acid and B-amyrin, which are natively
present in birch bark. The thermal treatment leads to the triterpenoid distri-
bution dominated by oxidation (e.g., betulone, lupenone), dehydration (e.g.,
lupa-2,20(29)-dien-28-0l), and cycloisomerization (e.g., allobetul-2-ene) deriva-
tives (Perthuison et al. 2020; Rageot et al. 2021). Furthermore, the pattern of
degraded triterpenoids together with a series of suberin and phenolic lipids is
indicative of different manufacturing processes. For example, double-degraded
pentacyclic triterpenes (DPT) (e.g., 3-oxo-allobetulane, 28-oxoallobetul-2ene
and allobetul-2-ene) and hydrocarbon pentacyclic triterpenes (HPT) (a-lupane)
are corresponding to strong heating treatment during “single-pot” and “double-
pot” process (Rageot et al. 2019). The co-occurrence of triterpenoids with
carboxylic acids and dicarboxylic acids points to per descensum (‘“double-pot”
process and in the first exudation) processes, where the later are derived from
degradation of suberic polymer in birch bark (Ekman 1983; Rageot et al. 2019).

2.2.1.2 Identification of resinous materials

The composition of resinous materials has been investigated using various
analytical techniques, including FT-IR spectroscopy and various MS techniques
(e.g., GC-MS, LC-MS and DI-MS), etc. Among which, GC-MS and FT-IR are
the most commonly employed techniques for analysing various resinous
materials.

GC-MS has been considered as an efficient and well-established technique
that provides extensive molecular information, especially tracking terpenoid
biomarkers for various resinous substances (Evershed et al. 1985, 1997a; Egen-
berg et al. 2002; Mathe et al. 2004; Brettell et al. 2015; Morandi et al. 2018;
Breu et al. 2023). Despite its thorough investigation of molecular biomarkers,
GC-MS comes with several drawbacks. The preparation of GC-MS samples,
instrumental measurements, and result interpretation are laborious, time-con-
suming, and costly, which require dedicated equipment and laboratory facilities.
GC is limited to separating volatile compounds; hence, derivatization is
required for sample preparation in addition to lipid extraction. Additionally, the
sample size for conventional lipid extraction in the case of archaeological
samples ranges around 5 to 20 mg, especially when dealing with materials from
ceramic surfaces where food crust may be suspected in addition to the resinous
material (Drieu et al. 2018; Chen et al. 2022). As an alternative, samples of
around 1 mg level have been utilized to analyse archaeological adhesives using
direct MS techniques like direct exposure mass spectrometry (DE-MS)
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(Colombini et al. 2005b) and direct intake mass spectrometry (DI-MS) (Regert
and Rolando 2002; Prokes and Hlozek 2007).

However, the main limitations of GC and MS techniques are their destruc-
tive nature and in the case of MS without GC separation also the complexity of
the obtained MS spectra. Considering the sample amount, sample pre-treatment,
and technique’s destructiveness, non/semi-destructive techniques are preferred
when dealing with old and rare samples that do not allow removing a larger
piece of sample.

Compared to MS-based approaches, FT-IR stands out for its fast and simple
measurements of both organic and inorganic substances. FT-IR has been exten-
sively used to identify tars and resins from various types of samples (Shillito et
al. 2009; Vahur et al. 2011; Ménager et al. 2014). When implemented with an
attenuated total reflection (ATR) probe, ATR-FT-IR enables the non-destructive
or semi-destructive investigation of extremely small samples (Daher and Bellot-
Gurlet 2013; Daher et al. 2014; Bjernevad et al. 2019). Unlike GC-MS, FT-IR
cannot identify substances at the molecular level; still, it can identify different
molecular classes and discriminate materials by their major components
(Shillito et al. 2009; Sathya and Velraj 2011; Ramer and Lendl 2013; Hayes et
al. 2014; Melucci et al. 2019; Peets et al. 2019). Furthermore, by integrating
FT-IR data with chemometric techniques like principal component analysis
(PCA) and discriminant analysis (DA) for qualitative analysis or partial least
squares (PLS) for quantitative analysis, extra differentiating power can be
obtained to bridge the gap. Such integrated methods have been successfully
employed to analyse various cultural heritage objects, such as textiles (Peets et
al. 2017), paintings (Hayes et al. 2014), paper fillers (Vahur et al. 2019), wood
(Barker and L. Owen 1999; Sandak et al. 2014), and bark cloth species (Smith
et al. 2019).

Yet, FT-IR spectroscopy can only determine the bulk composition with
information of molecular classes, which hinders the interpretation of spectra
with complex components. In contrast, MS coupled with chromatography can
determine the individual molecular composition and identify biomarkers at low
concentration levels. Thus, GC-MS and FT-IR are complementary to each other
and widely applied in combination for archaeological research (Vazquez et al.
2008; Ménager et al. 2014; Bjernevad et al. 2019).

2.2.2 Dietary plants

Plant-based food plays an essential part in prehistoric human dietary practices
and economy. Although plants had a considerable role in European hunter-
gatherer societies as well (Saul et al. 2013; Colledge and Conolly 2014; Hardy
2018), they became staple food with the arrival of agriculture and cereal culti-
vation. Farming and agriculture, including crop cultivation, emerged ca 10 000
years ago along the Mediterranean coast, where it developed and spread to other
parts of Europe through cultural contacts and migrations (Pinhasi and Plucien-
nik 2004; Pinhasi et al. 2005; Barker 2006).

31



2.2.2.1 Domesticated plant vegetation history in Estonia and
eastern Baltic area

The early farming was first introduced in the eastern Baltic in the 3rd millen-
nium BC, with the Corded Ware (2900-2000 BC) culture and their partly agri-
cultural economy, with the first evidence of domesticated animals from this
period (Kriiska 2009; Minkevicius et al. 2020; Oras et al. forthcoming). More
wide-scale exploitation of domesticated animals such as cattle, sheep/goat,
horse and pig emerged during the Late Bronze Age (800-500 cal BC) (Luik and
Maldre 2005; Lougas et al. 2007; Maldre 2007). Yet, the arrival and spread of
cereal cultivation has caused considerable debates. Some refer to possible
domesticated plant cultivation based on pollen records prior to Late Neolithic
(Alenius et al. 2013). Others raise serious doubts about pre-Bronze Age (ca
1800 — 500 cal BC) domesticated cereals in the eastern Baltic (Lahtinen and
Rowley-Conwy 2013; Grikpedis and Motuzaite Matuzeviciute 2018). The clear
and abundant evidence of cereal cultivation based on macro fossil record and
other supporting archaeological evidence (agricultural tools, field systems) in
Estonia and neighbouring countries has been related to the Late Bronze Age at
the latest (Luik and Maldre 2005; Maldre 2007; Vanhanen 2019; Grikpédis and
Matuzeviciute 2020), continuing and possibly taking a significant part of local
subsistence economy next to animal husbandry in the following centuries
(Niinemets et al. 2002; Lang 2007; Maldre 2007; Tvauri 2012; Kriiska et al.
2020).

Charred grains have been found and analysed from various Estonian Middle
and Late Iron Age (550-1200 AD) settlements and hill forts (Hiie 2010; Tvauri
and Vanhanen 2016). Nearly all Iron Age assemblages from Estonia yield
barley (Hordeum vulgare) and wheat (Triticum aestivum), which were con-
sidered the most extensively farmed crops in the Baltic region, particularly in
the beginning of the 1st millennium AD (Tvauri and Vanhanen 2016). Com-
pared to barley and wheat, there was much less evidence for other crops like
rye, oat, and pea in Iron Age Estonia, while beans are still rather rare even in
medieval times, i.e., from the 13th century AD onwards (Sillasoo and Hiie
2007). The earliest broad beans were identified from Middle Iron Age (7th-9th
century AD) Tartu fort-settlement (Tvauri and Vanhanen 2016). Oats were
considered as weeds in wheat and barley fields at the time (Zohary et al. 2012),
and have been primarily used as animal feed in the Middle Ages (Vilkuna
2003).

2.2.2.2 Identification of dietary plants in archaeological records

Despite the role of plants in ancient nutritional and economic systems, the
investigation of vegetation history and plant exploitation in prehistoric eastern
Baltic area faces several challenges. Firstly, the preservation of macro plant
remains requires specific conditions: desiccated or waterlogged conditions, or
the remains being carbonized. Additionally, flotation is still not a standard
procedure during excavations, which hinders the discovery of macro fossil and

32



micro fossil plant remains. Furthermore, the lipid residues from dietary plants
mainly comprise of hydrophilic carbohydrates, that are scarcely preserved from
leaching and post burial degradation. Due to the scarcity of plant remains,
multi-methodological approaches have been used to investigate the vegetation
history on macro, micro, molecular, and elemental levels by previous scholars
(Boyd et al. 2008; Hart and Matson 2009; Peto et al. 2013; Saul et al. 2013;
Heron et al. 2016; Shoda et al. 2018; Chantran and Cagnato 2021; Garcia-
Granero et al. 2021).

e Macro and micro fossil analysis
The identification of plant cultivation and consumption has been traditionally
relying on the macro fossil evidence like charred grains (Oliveira et al. 2012;
Shoda et al. 2018; Grikpedis and Motuzaite Matuzeviciute 2018; Filipovi¢ et al.
2020). However, the poor and fragmentary preservation of plant macro remains
in prehistoric Estonia limits the macro fossil investigation (Hiie 2010; Tvauri
and Vanhanen 2016). Alternatively, micro fossils (i.e., pollen, starches and
phytoliths) with abundant occurrence in all types of plants, leads to significant
advances in investigating plant use and subsistence patterns (Herrera-Gomez et
al. 2002, 2005; Poska and Saarse 2006; Ball et al. 2009; Lu et al. 2009; Alenius
et al. 2013), and has been more exploited for Estonian material in very limited
examples (Oras et al. 2018; Vanhanen et al. 2023; Chen et al. Forthcoming).
Pollen from waterlogged contexts has been analysed to assess the human
impact and development of agricultural landscape in prehistory (Poska and
Saarse 2006; Stancikaite et al. 2009; Alenius et al. 2013). This information
allows making general conclusions on wider environmental conditions which
can seldom be tied to specific settlement sites. Even though the current pollen
analysis suggests the early crop cultivation in the Baltic region since the 4th
millennium BC or even earlier (Poska and Saarse 2006; Kriiska 2009), the
interpretation and chronological estimation of cereal pollen data call for critical
assessment (Lahtinen and Rowley-Conwy 2013; Grikpedis and Motuzaite
Matuzeviciute 2018). Compared to pollen analysis, the investigation of starches
and phytoliths has been somewhat undeveloped in the eastern Baltic region,
with only two examples from Finland (Juhola et al. 2014, 2019). Furthermore,
single attempts have been made looking for plant micro fossils from ceramic
food crusts in the eastern Baltic area (Oras et al. 2018).

e Organic residue molecular analysis

Dietary plants have been successfully identified from food crust and ceramic
samples by applying multi-methodological approaches combining lipid
biomarker analysis, compound-specific carbon isotope analysis and sometimes
supported by bulk carbon and nitrogen isotope analysis (Copley et al. 2005;
Dunne et al. 2016b). Lipid biomarker analysis can characterize the plant-based
lipid profiles, such as plant oils (unsaturated fatty acids, hydroxy- and
dihydroxy acids, a, o-dicarboxylic acids), epicuticular wax (wax esters, long-
chain n-alkanes and n-alcohols) and plant phytosterols (campesterol, stigmas-
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terol and B-sitosterol) (Evershed et al. 1991b; Copley et al. 2005; Steele et al.
2010; Cramp et al. 2011). Despite the poor preservation of carbohydrates,
starchy plants (e.g., cereals as opposed to legumes) have been characterized by
the detection of starch/cellulose pyrolytic products (furanose and pyranoses
sugars) and specific biomarkers for C3 and C4 cereals (e.g., alkylresorcinols
and miliacin) (Colonese et al., 2017a; Heron et al., 2016; Shoda et al., 2018).
Combined with bulk and compound-specific stable isotope analysis, ORA
highlights the possibility to further distinguish the origin of residues: terrestrial
animals (carnivores, omnivores and herbivores), terrestrial plants (C3 and C4
plants) and aquatic organisms from freshwater and marine environments
(Dunne et al., 2016b; Oras et al., 2017a; Shoda et al., 2018).

Identification of plant consumption in the eastern Baltic through ORA has
been very limited, with only some rare examples of biomolecular evidence for
potential plant exploitation (Oras et al. 2017b, 2018; Gunnarssone et al. 2020;
Pili¢iauskas et al. 2020). By and large, we still lack solid and abundant evidence
for tracing the early crop cultivation and starchy plant consumption in eastern
Baltic region, which is also one of the fucoses of this doctoral study.

e Bulk stable isotope analysis of food crusts

Another ORA-related approach is bulk isotopic analysis of charred food crusts
from pottery surface using EA-IRMS. EA-IRMS allows for distinguishing
plant-based food crusts by the measurement of carbon and nitrogen isotope
values (6("°C) and 6('°N)) and the percentage representation of those elements
in the sample (Choy et al., 2021; Lightfoot et al., 2013; Styring et al., 2014a,
2015). In general, the 6("*C) values can differentiate between C3 and C4 plants,
with the latter showing higher 6('*C) values above -20 %o (Jacob et al. 2008;
Kohn 2010; Wagner and Herrle 2014). In contrast, 5('°N) values indicate the
trophic level of organisms and should be higher in animal substances than in
plants (Craig et al. 2007; Shoda et al. 2018). The relative amounts of carbo-
hydrates against proteins are reflected by the C/N ratio, which should be higher
for plant-based samples compared to animal substances with rich protein
content. Based on these rough classifications, bulk stable isotope analysis is
considered a preliminary approach to screening the substances in food crusts
and identifying the potential plant consumption in human diets.

This PhD work implemented multi-methodological approaches for identi-
fying plant remnants, mainly plant-based resinous materials and dietary plants,
with focuses on improving and simplifying the methodology and fill the crucial
gap in understanding vegetation history and ancient plant-related dietary habits
in the eastern Baltic. Four publications were involved. The first and second
paper developed a micro-destructive method for analysing plant-based resinous
materials, coupling ATR-FT-IR spectroscopy with PCA-based chemometric
modelling and reducing the dependence on conventional GC-MS analysis. The
third and fourth paper revealed the transition of dietary and ritual habits in
Bronze and Iron Age Estonia, especially the development of plant-related
agriculture in the Iron Age. The consumption of starchy plants was investigated
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by a multi-methodological approach, where bulk stable isotope analysis dis-
tinguished the preliminary origin of organisms, lipid residue analysis charac-
terized the substances based on specific biomarkers, micro fossil analysis
further traced the species of observed plant remnants, finally statistical corres-
pondence analysis compared and correlated the multi-proxy data from different
methods and confirmed the identification of food resources.

35



3 EXPERIMENTAL SECTION

In order to investigate the plant exploitation in eastern Baltic region, different
plant-based materials were selected as representatives of plant remains from
several Stone Age, Bronze Age and Iron Age archaeological sites. Given the
limited records of dietary plant in Stone Age, plant-derived resinous materials
were analysed. In contrast, the dietary plant exploitation was investigated based
on ceramic vessels and food crusts therein from Bronze Age and Iron Age
settlements and cemeteries.

3.1 Samples and materials

3.1.1 Archaeological adhesives from Stone and
Bronze Age artefacts
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Figure 5. A — map of archaeological sites, Notes: 10 — composite tool, 2A — lump of
adhesive, 30 — pottery, 4 — bone figurine, 5m — 10™ millennium BC — the second half
of the 6™ millennium BC, 6m — stone age (without exact dates), 7m — the second half of
the 4™ millennium/the first half of the 3™ millennium BC — 2™ millennium BC. B
selection of main artefact types analysed: 1 — flint insert from Pulli (sample no. 7), 2 —
composite dagger or knife from Ulbi (sample no. 9), 3 — lump of adhesive from Pulli
(sample no. 8), 4 — arrowhead from Sindi-Lodja I (sample no. 10), 5 — lump of adhesive
from Stanovoye 4 (sample no. 86), 6 — potsherd from Borovoye Ozero VI (sample no.
16) (sample number refers to SI Table 1; Figure from Chen et al. 2020)

36



In paper I, 100 archaeological adhesive samples were involved as represen-
tatives for Mesolithic (10™ to 6™ millennium BC) and Neolithic (5" to 2™
millennium BC) adhesives from 16 different archaeological sites across eastern
Europe and Urals (see SI Table 1 and Figure 5). The sites included Kunda
Lammasmégi (Sander & Kriiska, 2018), Parnu river (Bliebernicht, 1924), Pulli
(Jaanits & Jaanits, 1978), Sindi-Lodja I (Kriiska & Lougas, 2009), and Ulbi
(Bjernevad et al., 2019) from Estonia; Aziarnoje 2B (Kryvaltsevich, 1996) and
Michnievic’y (Charniauski, 1992) from Belarus; Borovoye Ozero VI (Vybornov
et al., 2019), Ileksa IV (Lobanova, 1997), Shagara lake (Emelyanov & Kashina,
2005), Shaytanskoye Ozero II (Korochkova & Stefanov, 2010), Shigir
(Savchenko et al., 2015), Beregovaya 2 (Zhilin et al., 2014), Stanovoye 4 (Hartz
et al., 2010), Veretye I (Oshibkina, 1997), and Volodary (Tsvetkova, 1973) from
Russia. The majority of samples (n = 88) were collected from adhesives used
for hafting composite tools, where lithic inserts were attached to bone or antler
artefact., the rest of samples were collected from adhesive lumps (n = 8),
pottery surface (n = 3), and the surface of an animal-shaped figurine (n = 1) (see
SI Table 1). The adhesive samples were firstly measured and interpreted by
ATR-FT-IR analysis. The IR spectra of adhesive samples were further com-
pared with reference IR spectra from in-house database in University of Tartu
using PCA-based DA classification. Nine adhesive samples were selected for
GC-MS analysis to confirm the results from ATR-FT-IR analysis and provide
reliable reference for DA classification.

Figure 6. A — map of the study area; B — lower reaches of the Parnu River at around
8700 cal BC, the modern coastline is marked with a black line (according to Nirgi et al.
2020, fig. 8: 1); 1 — the area where bone and antler objects were collected in the early
20th century; 2 — Pulli settlement site (ca 8500 cal BC); C, D — photograph of the
carved ‘insets’ with microscopic photographs of the lower third of the serrated area.
Photos by Tonno Jonuks (Map and photos from Jonuks et al. 2023).
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In paper 11, a unique slotted bone point found in the Parnu River, southwestern
Estonia was analysed (see Figure 6 A and B). The bone point, made of a plate
split from a tubular bone, is 153 mm long and 6—7 mm wide, with a higher
central part and an oval cross-section. It has a sharpened tip and carved edges,
suggesting its usage as a projectile weapon. The bone point has been broken and
glued together later in the collections. The idea of flint insets is most clearly
expressed in the lower third of the serrated area, where rectangular or trapezoid
protrusions are carefully carved. Microscopic analyses demonstrate that
different carving techniques have been used on different edges: on one side,
there are three crosswise cuts to separate the ‘insets’ (see Figure 6 C), while the
contours of the ‘insets’ on the other edge are marked by smooth triangular
carving (see Figure 6 D). During the optical microscope analysis, there was a
shiny yellowish coat with reddish and brownish spots observed covering both
sides of the bone point, which raised the question whether some kind of coating
was used in the production or use phase of the point. The latter resulted in
detailed investigation of this unique artefact using a multi-method approach.

3.1.2 Archaeological food crusts from the Iron Age

In paper 111, dietary-related plants from archaeological pottery were targeted. 24
food crusts collected from the internal surface of ceramics, excavated from Pada
settlement site in Northern Estonia were analysed (see Figure 7). The Pada
settlement site was excavated in 1977 by Toomas Tamla and has been dated to
the 7" to 11" century AD (Tamla 2008). In order to provide reference data for
the food crusts, in particular for EA-IRMS analysis, several carbonized grains
collected from an Iron Age Iru hillfort in northern Estonia were included in
paper III (Sammler 2023). These charred grains included the major agricultural
crops: barley (Hordeum vulgare), common wheat (Triticum aestivum), rye
(Secale cereale), peas (Pisum sativum), and beans (Vicia faba). Additionally,
two archaeological millet grains (Panicum miliaceum) from Ukraine and
Bulgaria were also included as examples of C4 plants. A multi-methodological
approach was applied for identifying starchy plants from food crusts, where
bulk carbon and nitrogen isotope analysis (using EA-IRMS), lipid residue
analysis (using GC-FID/MS) and plant micro fossil analysis were combined.
The multi-proxy data from different methods were further compared and
correlated by correspondence analysis using PAST software.
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Figure 7. A — The location of Pada in Northern Europe. B — Pada prehistoric complex
(map source: Tvauri 2012, Fig. 20, author of the original map: Kristel Roog, modified
by K. Johanson). C — Examples of pot sherds and food crusts sampled from Pada
pottery (Al 5082:158 and Pada AI 5082:190) excavated from the northernmost
excavation plot in 1980-82. (Figure from Chen et al. Forthcoming)

3.1.3 Absorbed organic residues and food crusts
from the Bronze Age

In paper IV, the dietary and ritual habits among northern Estonian Bronze Age
populations were investigated by combining contemporaneous human skeletal
collagen stable isotope analysis and pottery ORA from the same region. The
five Middle (1100-800 BC) and Late Bronze Age (800—500 BC) sites studied
for ORA include: Muuski cemetery (38 potsherds), Iru cemetery (11 potsherds;
10 food crusts), Vdo Kangru cemetery (4 potsherds), Vdo Jaani cemetery (14
potsherds) and Iru fortified settlement (32 potsherds; 9 food crusts). Total of 99
ceramic powder (Neemetery = 675 Ngetiement = 32) and 19 food crust (Neemetery = 105
Ngettement = 9) Samples were subject to ORA using EA-IRMS for food crust
samples and GC-MS for both food crust and ceramic powder. As it has been
suggested that crop cultivation was widely spread among Bronze Age
populations (Lang 2007), the aim was to study if and to what extent plants were
consumed in those communities, and whether plant exploitation varied in
cemetery ritual and daily mundane contexts. The multi-method approach in this
paper also related to comparative analysis of human bone collagen stable
isotope analysis and pottery ORA.
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3.1.4 Chemicals and consumables for ORA

The solvents and reagents used for lipid extraction and derivatization are listed
below: dichloromethane (DCM) (unstabilized, purity > 99.8%, HPLC grade),
methanol (MeOH) (purity > 99.9%, HPLC grade), hexane (purity > 97.0%,
HPLC grade), N,O-Bis (trimethylsilyl)trifluoroacetamide (BSTFA) with 1%
trimethylchlorosilane (TMCS) (purity (excluding TMCS) > 98.5%, GC grade).
The C;¢ (n-hexatriacontane) internal standard (1 pg/mL) for GC-FID/MS ana-
lysis was prepared by weighing and dissolving 2 mg of C;4 analytical standard
(purity > 98.0%, GC grade, obtained from Sigma-Aldrich) in 2 mL of hexane
solvent. Miliacin ((3p)-3-Methoxyolean-18-ene) analytical standard (purity >
98.0%, GC grade), a notable biomarker of broomcorn millet, was obtained from
Sigma-Aldrich.

All the glass ware used in this doctoral study was cleaned following the
Archemy lab protocol: the glass ware was brushed and bleached in 5% Decon
90 solution for at least 24 hours; the bleached glass ware was rinsed using
distilled water, dried at room temperature, and further sterilized at 450 °C for
6.5 hours to avoid any organic residue carryover.

3.2 Analysis of resinous materials

In this doctoral study, the resinous materials from archaeological adhesives
across eastern Europe and Urals (paper I) and Parnu bone point (paper II) were
analysed using GC-MS and ATR-FT-IR spectroscopy. In paper I, ATR-FT-IR
spectra of archaeological adhesives and reference materials were further classi-
fied using chemometric techniques.

3.2.1 ATR-FT-IR analysis of resinous adhesives and
conservation glues

ATR-FT-IR spectroscopy was used in paper I and Il for analysing the com-
position of plant derived resinous materials and post-excavation conservation
materials. In paper I, 100 archacological adhesive samples (see SI Table 1 and
Figure 5) were analysed with ATR-FT-IR spectroscopy. Additionally, the ATR-
FT-IR spectra of 73 reference materials with various compositions (birch bark
tar, pine resin/tar, fresh and aged oil, protein, bone, silicate, and food crust from
archaeological pottery) were selected from ATR-FT-IR spectral database in the
University of Tartu (Vahur et al. 2016) for chemometric classification. In paper
II, ATR-FT-IR analysis was used to identify the glue material used for repairing
the slotted bone point. As adhesive remains on the bone point were not visible,
an alternative method of soaking the point to remove possible coating-related
residues followed by GC-MS analysis was employed.

ATR-FT-IR spectra of archaeological adhesives and reference materials were
obtained using Thermo Scientific Nicolet 6700 FT-IR spectrometer coupled with
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Smart Orbit diamond micro-ATR accessory (refractive index 2.4, active sample
area diameter 1.5 mm). The ATR-FT-IR spectra were measured using DLaTGS
(deuterated lanthanum a alanine doped triglycine sulphate) detector and Csl
(Cesium lodide) beam splitter with the following parameter settings: resolution
of 4 cm™, scan number of 128, zero filling factor of 0, and wave number range
from 4000 to 225 cm’, apodization window was Happ-Genzel. Thermo
Electron’s OMNIC 9 software was used to collect and process the ATR-FT-IR
spectra.

For the ATR-FT-IR spectroscopy measurement, a small piece sample (1 mg
or less) was taken from the object and placed directly on the ATR crystal with
pressure against it. The collected ATR-FT-IR spectra were processed and
transferred to absorbance mode using Thermo Fisher Scientific Inc. OMNIC
Spectra 2 software. Atmospheric suppression correction was applied to remove
CO,; and humidity absorptions from the IR spectra.

3.2.2 Chemometric classification of archaeological adhesives

In paper I, the ATR-FT-IR spectra from 100 adhesive samples and 73 reference
materials were classified using principal component analysis (PCA) based
discriminant analysis (DA). The discriminant analysis was carried out using
Thermo Scientific TQ AnalystTM Professional (Pro) Edition 9.0 software. PCA
was used to reduce the data dimensionality and visually examine potential grou-
pings, whereas DA was used for chemometric classification. The wavenumber
regions for DA were set to be 3700-2400 cm™ and 2000-250 cm™, where the IR
spectra show significant absorbance for classification. For PCA and DA the
effective path length (depth of penetration) of all samples, which impacts the IR
signal intensity, must be identical and properly corrected. Considering the
diverse and inhomogeneous nature of the samples and reference materials
involved in this PhD work, the ATR-FT-IR spectra were corrected by the multi-
plicative signal correction (MSC) algorithm, which allows to analyse samples
with different path lengths.

3.2.3 GC-MS analysis of resinous adhesives and coating materials

In papers I and II, lipid residues from archaeological samples were extracted
and derivatized for GC-MS analysis. The molecular composition of lipids in
each sample was investigated, and the substances were tracked by archaeo-
logical biomarker identification.

e Solvent extraction and trimethyl-silylation (TMS) derivatization

In paper I, nine archaeological adhesive samples were selected for lipid extra-
ction and GC-MS analysis. Lipid residues were extracted following the conven-
tional solvent extraction protocol (Evershed et al. 1990). The sample was firstly
homogenized to fine powder by grinding using mortar and pestle. Around 10—
20 mg of homogenized sample was weighed for three consecutive extractions
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using dichloromethane (DCM) and methanol (MeOH) (V:V = 2:1) mixture
solvent. Each time 1.5 mL of solvent was added, followed by 15min of
sonication at room temperature and 10 min of centrifugation at 3000 rpm. The
lipid extract was collected into a clean glass tube and concentrated to around
2 mL by evaporation under a gentle N2 stream at 40°C. The concentrated total
lipid extract (TLE) was then transferred to a 3 mL glass vial, where the solvent
was continually evaporated to dryness.

In paper 11, lipids absorbed and adhered residues coating the slotted bone
point were extracted by dipping the lower part of the ‘insets’ section into the
DCM and MeOH (V:V = 2:1) mixture solvent at a height of around 2 cm with
the aid of sonication for 15 minutes. The ‘insets’ section was extracted con-
secutively three times, followed by 10 min of centrifugation at 3000 rpm to
separate the solid particles. The lipid extract was collected into a clean glass test
tube and evaporated to around 2 ml under N, stream at 40 °C. The concentrated
TLE was then transferred to a 3 mL glass vial, where the solvent was conti-
nually evaporated to dryness.

The dried TLE was silylated by adding 100 pL of BSTFA (1% TMCS)
reagent, followed by heating at 60°C for 60 min. After silylation derivatization,
the reagent was evaporated under N, stream at 40°C. The sample was redis-
solved in 90 puL of DCM and transferred to a 1.5 mL GC autosampling vial with
150 pL conical insert, where 10 pL of Cj4 internal standard (1 pg/mL) was
added in advance.

e GC-MS analysis

GC-MS analysis was carried out on Agilent 7890A Series gas chromatograph
with Agilent Silica Fuse Column DB5-MS: (5%-phenyl)-methylpolysiloxane
column (30 m x 0.25 mm x 0.25 pm) connected to Agilent 5975C Inert XL
mass selective detector. 1 pL of sample was injected into the splitless inlet with
Agilent G4513A autosampler, which was kept at 300°C with helium purged at a
constant flow rate of 3 ml/min (31.3 psi). Temperature program was set from 50
to 325°C with a total run time of 44.5 minutes: initial temperature was held at
50 °C for 3 min and raised to 325 °C with a gradient of 10 °C/min, then kept
constant at 325 °C for 15 min. The DB5-MS column was directly connected to
the ion source of the mass spectrometer where electron ionization was set with
an energy of 70 eV, and mass spectra were obtained by a full scan from m/z 50
to 800. The total ion chromatogram (TIC) and mass spectra were interpreted
using Agilent Chemstation software, and the compound information was ob-
tained by searching NIST mass spectral library.
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3.3 Analysis of pottery and food crust samples

The pottery and food crust samples were investigated by multi-proxy ORA
methods. Specifically, EA-IRMS was used to characterize the major substances
(distinction between carbohydrate-based plants and protein-rich animal inputs)
of food crusts, while GC-MS was used to identify the organic components
based on lipid biomarkers. In paper III, plant micro fossil analysis was used to
differentiate plant species according to the starch and phytolith remains. The
multi-proxy data was further compared and correlated using statistical multi-
variate analysis. In paper IV, further comparison for pottery ORA results was
derived from human skeletal collagen stable isotope analysis to reveal the major
staple foods consumed by the populations inhabiting the study region.

3.3.1 EA-IRMS analysis of food crusts

In paper III and IV, bulk stable isotope analysis was carried out using EA-IRMS
to determine the 6(°C) and 6(*°N) values for archaeological food crusts. The
food crusts were collected from ceramic internal surface with a clean scalpel,
and then homogenized to fine powder by grinding in agate mortar and pestle.
EA-IRMS analysis was conducted at the Department of Geology at the Uni-
versity of Tartu using Thermo Scientific Delta V Plus + Thermo Finnigan Flash
HT Plus. Around 1 mg of food crust powder was weighed into tin capsules. The
bulk §(**C) and d(°N) values were measured in duplicates and results obtained
in comparison.

The dyppa("°C/'*C) values were calculated by reference to Vienna Peedee
Belemnite (VPDB) international standard, whereas the §VA1R(15N/14N) values
were calculated by reference to atmospheric nitrogen (VAIR) international
standard.

Ay
Rsorstd = 1
L

Rs
§= (——1) X 1000
RStd

Where:

Rg = isotope ratios ("*C/"*C or ’N/"*N) in the sample

Ry = isotope ratios (*C/**C or ’N/'*N) in the international standard (VPDB or
VAIR)

Ay = abundance of heavy isotopes (°C or °N)

A = abundance of light isotopes (**C or '*N)

9 =0("C) or 6("°N) values of the sample (present in %o)

The C/N ratio was calculated from C and N amounts via atomic mass balance,

where C and N relative amounts were calculated from C and N peak area
observed in the IRMS via regression of sample amount.
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WtC 14

= X —
C/N Wt%N 12

Where:
Wt%C = relative carbon amount in the sample (present in %)
Wt%N = relative nitrogen amount in the sample (present in %)

Instrumental precision on repeated measurements was set at £ 0.2%o for
standard error of the mean (s.e.m.). Reproducibility was validated by standard
deviation equal or less than 0.5%o for d(*°N) and 0.1%o for 6(*C).

3.3.2 GC-FID/MS and GC-MS-SIM analysis of food crusts and
absorbed lipids

e Solvent extraction and TMS derivatization

Food crust (paper III and IV) samples were collected from ceramic internal
surface using a scalpel, which was cleaned with ethanol between each sample.
After the removal of food crust, ceramic sample (paper IV) was obtained by
drilling from the internal surface with a Dremel drill. The upper layer of cera-
mic surface was discarded to avoid contamination. The ceramic and food crust
samples were homogenized by grinding and drilling prior to lipid extraction and
GC-MS analysis. Lipid residues were extracted following the conventional
solvent extraction protocol (Evershed et al. 1990). The homogenized food crust/
pottery (ca 10-20 mg and 0.8—1 g respectively) sample was weighed in a 15 mL
glass tube, where 2 mL/5 mL of DCM and MeOH (V:V = 2:1) mixture solvent
was added respectively. The extraction was aided by 15 min of sonication at
room temperature, followed with 10 min of centrifugation at 3000 rpm. The
extraction and centrifugation process were conducted consecutively three times
and the lipid extract was collected into a clean glass tube. The collected TLE
was concentrated to around 2 mL by evaporation under a gentle N, stream at
40°C. Then, the concentrated TLE was transferred to a 3 mL glass vial, where
the solvent was continually evaporated to dryness.
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Figure 8. Reaction schemes of palmitic acid silylation with BSTFA (1% TMCS)
reagent.

The dried TLE was derivatized by silylation (see Figure 8) using 100 pL of
BSTFA (1% TMCS) reagent with a heat treatment at 70°C for 60 min. The
excessed reagent was evaporated under N, stream at 40°C after silylation. The
derivatized sample was redissolved in 90 pL of hexane and transferred to a
1.5 mL GC autosampling vial with 150 pL conical insert, where 10 pL of Csg
internal standard (1 pg/mL) was added in advance.

e GC-FID/MS scanning analysis

In paper III and 1V, a hybrid GC-FID/MS scanning analysis was carried out on
Agilent 7890A Series gas chromatograph with Agilent Silica Fuse Column
DB5-MS: (5%-phenyl)-methylpolysiloxane column (30 m % 0.25 mm X
0.25 pm) connected to Agilent 5975C Inert XL mass selective detector (MS)
and flame ionization detector (FID) simultaneously. 1 pL of the sample was
injected by Agilent G4513A autosampler, and the split inlet (1/10 for FID/MS
detector accordingly) was kept at 300°C using helium as carrier gas with a
constant flow rate of 3 ml/min (31.3 psi). The temperature program was set
from 50 to 325 °C with a total run time of 44.5 minutes. The initial temperature
was kept at 50 °C for 3 min and raised with a gradient of 10 °C/min, then kept
constant for 15 min after reaching 325 °C. The GC column was connected
directly to the mass spectrometer's ion source, where electron ionization was
used with an energy of 70 eV, and mass spectra were obtained by a full scan
from m/z 50 to 800. FID was kept at 300 °C with hydrogen flow of 30 ml/min,
air flow of 400 ml/min, and makeup gas (nitrogen) flow of 25 ml/min. The
overall lipid concentration in each sample was calculated based on FID signals
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relative to the area of the Cs internal standard. TIC and mass spectra from the
samples with significant lipid content (>5ug/g from pottery and >0.1pg/mg
from food crust) (Evershed 2008b) were interpreted using Agilent Chemstation
software compared with NIST mass spectral library.

The total lipid contents and total lipid concentration from potsherd/food crust
samples were calculated as follows:

S
Mipia = 1.5 Mg
IS

_ Mipia
Ciipia = M
S

Where:

Miipia = mass of total lipid contents presented in the TLE (present in pg/vial)

M;js = mass of Cs; internal standard (typically 10 pg per sample)

Ajs = peak area of Cj4 internal standard

Ag = total peak areas of compounds detected in the TLE, excluding As

Ciipia = total lipid concentration from potsherd or food crust samples (present in
ug/g or pg/mg, respectively)

Mjs = mass of potsherd or food crust samples (present in g or mg, respectively)

e GC-MS-SIM analysis for targeted C4 millet biomarker-Miliacin

In paper III, a specific biomarker of broomcorn millet, miliacin, was searched
by GC-MS analysis in selected ion monitoring (SIM) mode, as it could be
suggested that millet arrived in the region by the Middle/Late Iron Age (ca 500—
1300 AD). The same Agilent devices were used: 7890A GC connected to
G4513A autosampler, DB5-MS column and 5975C inert XL MSD. Based on a
previously developed protocol (Heron et al. 2016), a method with a faster
temperature program was conducted with a total run time of 27 minutes: the
initial temperature was set at 50 °C for 1 min, then raised to 280 °C (by a
temperature ramp of 20 °C/min) and further raised to 325 °C (by a secondary
ramp of 10 °C/min), and finally held for 10 min. 1 pL of sample was injected to
the splitless inlet, which was kept at 300°C with helium purged at a constant
flow rate of 3 ml/min (31.3 psi). Mass spectra were obtained by monitoring and
searching two groups of ions: the first group of ions (m/z 189, m/z 204, m/z
231, m/z 425, m/z 440) before 20 min corresponding to miliacin, the second
group of ions (m/z 57, m/z 71, m/z 85, m/z 478, m/z 506) after 20 min
corresponding to Cs¢ internal standard.

The archaeological biomarkers were identified based on the mass spectral
comparison against NIST library and further confirmed by retention time and
retention index investigation. The identified biomarkers were interpreted with a
criterion of signal to noise ratio higher than 3 in total ion chromatogram (TIC).
The biomarkers with low concentration levels were examined under extract-ion
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chromatogram (EIC) by searching the diagnostic fragment ions and comparing
the retention time to neighbouring fatty acids.

3.3.3 Statistical multivariate analysis

In paper I1I, statistical analysis was performed with PAST 4.09 software, using
correspondence analysis (CA). CA was performed to simultaneously compare
the multi-proxy data obtained from 13 Pada food crusts using three analytical
methods (micro fossil analysis, EA-IRMS and GC-MS results). The remaining
11 samples were excluded due to their low lipid concentration, poor bulk stable
isotope reproducibility or absent plant micro fossil observation. A summary CA
table of multi-proxy data was compiled, in which samples represented rows, and
the data from the three methods was entered as columns with different colour
coatings. In CA, the column variables showing all absent (0) or all present (1)
data in each sample were excluded as they make no contribution to the analysis.
In total, the CA table consisted of 13 rows and 32 columns. The EA-IRMS data
was classified into three groups: plants (C/N ratio > 20; 5(*’N) < 7 %), animals
(C/N ratio < 20; 6('"*N) > 7 %o), and unknown materials (C/N ratio > 20;
5("*N) > 7 %o), which were represented as three columns in CA table. For the
GC-MS data, biomarkers that are diagnostic of plant and animal remains were
listed in columns using 1 or 0 indicating presence or absence. Plant micro fossil
analysis data was summarized in three columns, representing three essential
cereal phytoliths (elongated dendritic, rondel and trapezoid sinuate). Unlike the
presence/absence (1/0) data from EA-IRMS and GC-MS, micro fossil data
included the number of phytoliths’ occurrences observed under microscope.
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4 RESULTS AND DISCUSSION

4.1 Analysis of resinous materials

In this doctoral research, ATR-FT-IR spectroscopy were applied for identifying
the major components of resinous materials with discriminant analysis (DA)
further distinguishing compositional and regional/temporal variations. The IR
spectra of archaeological adhesives were compared with previously measured
IR spectral database at the University of Tartu (Vahur et al. 2016). To control
and support the results obtained by ATR-FT-IR spectroscopy and DA, further
GC-MS analysis targeting diagnostic molecular biomarkers of different resinous
materials was conducted.

4.1.1 ATR-FT-IR spectra of archaeological adhesives and
reference materials

All together 100 ATR-FT-IR spectra of archaeological adhesive samples and 73
reference materials were recorded and described in paper 1. The ATR-FT-IR
spectra of archaeological adhesives were compared with the most common
resinous materials in eastern Baltic area: birch bark tar, pine resin and pine tar
(see Figure 9). ATR-FT-IR was employed as the spectroscopy method that
allows to differentiate a wide spectrum of different substances based on their
prominence IR absorbance bands (see Table 2).

Due to their terpenoid-rich compositions, the IR spectra of birch bark tar,
pine resin and pine tar demonstrate similarity in some of the absorbance
regions, which are derived from alkyl chains, carbonyl groups (probably from
esters, ketones, aldehydes and carboxylic acids) and aromatic rings. Still, there
are significant absorbance differences observed at wavenumber regions: 3000—
2500 cm™ and 1800-1500 cm™ (see Figure 9a). Firstly, pine resin and pine tar
show triple C-H stretching bands at 29542866 cm™, whereas birch bark tar
gives two bands. Additionally, pine resin and pine tar have an intense absor-
bance for C=0 stretching band at 1695 cm™, whereas birch bark tar shows
doublet bands with maxima at 1732 and 1705 cm™. This doublet absorbance is
characteristic to carbonyl groups from esters, acids, and aldehydes, with esters
giving absorption band at around 1732 cm™, whereas acids and aldehydes have
absorptions at lower wavenumbers around 1705 cm’'. Such esters, acids, and
aldehydes are generated by the various reactions (e.g., pyrolytic degradation,
dehydration and esterification) during the thermal production of birch bark tar.
Considering that pine resin and pine tar share common origins from conifer trees,
it is challenging to distinguish pine resin from pine tar by ATR-FT-IR analysis.
Despite pine resin and pine tar showing similar IR spectral shapes, differences can
be observed at 3548 cm™, 1722 cm™', 1602 cm™ and 1500-1000 cm™'. This can be
explained by the production of pine tar through thermal distillation of pine wood
and/or resin, where pine tar generates more ketones and shows higher degrees
of aromatization compared to pine resin (Font et al. 2007).
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(a)

(©
Figure 9. ATR-FT-IR spectra of (a) contemporary birch bark tar, pine tar and pine resin
reference materials, (b) samples from Ulbi (9), Veretye I (50) and Volodary (62) and (c)
samples from Kunda Lammasmagi (3) and Pérnu river (4). (Sample number refers to SI
Table 1 in paper I (Chen et al. 2022)).
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Table 2. Characteristic ATR-FT-IR absorptions of reference materials from: birch bark
tar (Vahur et al. 2011); pine resin and pine tar (Font et al. 2007); bone containing protein
(Barth 2007), and calcium carbonate (Vahur et al. 2016, 2019); silicate (Stern et al.

2008); beeswax and cellulose nitrate (Derrick et al. 1999).

Reference | Characteristic C d assi "
materials | absorption (cm™) Ompounc assignmen
3073, 1602, 880— C-H stretch, C-C stretch in the aromatic ring, C-H
311 bends .
(aromatic compounds)
. 2922-2853, 1455— | Aliphatic C-H stretches, C-H bends (alkyl groups
Birch .
bark tar 1374, 729 from esters and acids)
1732, 1705 CfO stretches (carbonyl groups from esters and
acids)
1240, 1170-1107 C-0, C-O-C stretches (esters, acids, phenols,
alcohols)
3063, 1602-1498, | C-H stretch, C-C stretches in the aromatic ring, C-
884-820 H bends (aromatic compounds)
Pine 2954-2924-2866, | Aliphatic C-H stretches, C-H bends (alkyl groups
resin/tar 1455-1378-1362 from esters and acids)
1695 C=0 stretch (carbonyl groups from resin acids)
1268-1036 C-0, C-O-C stretches (esters and acids)
3300, 3070 N-H stretches (amide A and B)
Protein 1650, 1550 ﬁ)=0 stretch (amide I), N-H in-plane bend (amide
1400-1200 C-N stretches and C-N bends (amide I1I)
Calcium 1450-1400 Asymmetric C-O stretghes (in CO5%Y) ‘ .
carbonate 870,710 C-0 out-of-plane and in-plane bends (in CO;”)
310-280 Lattice vibrations
Silicate 1100-1000 S%—O stretches
780-740, 460 Si-O bends
?gggjzgg’ C-H stretches and C-H bends
Beeswax | 1740-1700 C=0 stretches
1300-900 C-O stretches
750-700 C-H torsion bands
?228:%288’ C-H stretches and C-H bends
Cellulose | 1660-1625, 1285—
nitrate 1270 N-O stretches
1300-900 C-O stretches
890-800 N-O bends
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Apart from identifying different resinous materials (birch bark tar, pine resin and
pine tar), ATR-FT-IR analysis can further demonstrate the degradation pattern of
archaeological birch bark tar compared to contemporary ones. As shown by the
sample spectrum of Ulbi (9) (see Figure 9b), the degradation of birch bark tar is
characterized by specific absorbance bands at 3600-3000 cm ', 2920-2850 cm !
and 1650-1540 cm™' (Vahur et al. 2011). The decomposition and oxidation of
birch bark tar generate carboxylic acids, which give a stronger absorbance with
broad bands at 3600-3000 cm ' (O-H stretch) and 1650—1540 cm™ (asymmetric
C-O stretch) (Derrick et al., 1999; Smith, 1999). Additionally, the doublet bands
with maxima at 2920 and 2850 cm ' (aliphatic C-H stretch) are better separated
in archaeological birch bark tar, which implies higher content of un-branched
alkyl chains, probably from aged fats.

As demonstrated in paper I, ATR-FT-IR spectroscopy can be successfully
used to identify not only resinous archaeological adhesives, but also various
additives like silicate, bone (proteins, calcium phosphates, calcium carbonates),
and beeswax (see Table 2). Based on the visual interpretation and in-house
spectra database comparison (Vahur et al. 2016), the archaeological samples
analysed in Paper [ were divided into three subgroups:

(1) 72 samples are classified as birch bark tar without major additives as they
show good correlation and match with birch bark tar reference spectrum.

(2) 13 samples are identified as birch bark tar with additives, showing
similar spectral shape to birch bark tar reference spectra, whereas absorption
bands from additive materials (e.g., silicate, bone, and protein) are also
detected.

(3) The rest of the 15 samples are identified as minor/non-birch bark tar in-
clusion samples, mainly consisting of bone, silicates, and conservation materials
like beeswax, cellulose nitrate, and polyvinyl acetate (PVA) that most likely
relate to later conservation/curation of objects.

The ATR-FT-IR spectra of samples from Ulbi (9), Veretye I (50), Volodary
(62) Kunda Lammasmaégi (3) and Péarnu river (4) selected and displayed in
Figure 9b—c serve as the representatives of archaeological adhesives from these
three compositional subgroups. Among those samples, Ulbi (9) is identified as
archaeological birch bark tar without major additives, whereas Veretye 1 (50) is
identified as birch bark tar mixed with calcium carbonate and silicates. In
contrast, samples from Kunda Lammasmaégi (3), Parnu river (4) and Volodary
(62) are identified to be minor/non-birch bark tar samples, which are identified
as beeswax, cellulose nitrate and bone with traces of silicates respectively (see
Figure 9b—c and Table 2).
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4.1.2 Development of DA classification model
for identifying birch bark tar

ATR-FT-IR analysis has several advantages: it is possible to measure tiny
samples, the method is free from laborious sample preparation, as the samples
can be very small, minimum damage is caused to the object, and in many cases
it is possible to identify the bulk compositions of organic and inorganic mate-
rials (e.g., birch bark tars, pine resins/tars, oils, proteins, bones, silicates and
conservation materials). However, detailed molecular information is missing
from ATR-FT-IR analysis, which makes the interpretation of IR spectra of
mixtures with complex ingredients challenging. It is also hard to distinguish
samples with similar composition by visual spectral interpretation, especially
when there are hundreds of samples. However, additional differentiation power
can be obtained by combining ATR-FT-IR analysis with chemometric techni-
ques. In paper I, the large number of ATR-FT-IR spectra are classified by PCA
based discriminant analysis (DA) using Thermo Scientific TQ Analyst Pro soft-
ware. For this purpose novel PCA-DA classification models for more rapid and
reliable characterization of resinous materials were created (see Figure 10).

In paper I, two PCA-DA classification models were created. Firstly, ATR-
FT-IR spectra of 100 adhesive samples together with 73 reference spectra are
included for DA. The 3D PCA plot shows well classification of sample and
reference spectra based on their compositional variations (see Figure 10a). The
resinous adhesives are well classified into one group, where birch bark tars
without major additives (red dots) are grouped in the centre, surrounded by
birch bark tars with additives (dark red dots). In contrast, the minor/non-birch
bark tar containing samples (green dots) are dispersed around various reference
materials, such as archaeological food crusts, silicates, and bones. However,
two exceptions are observed: samples from Kunda Lammasmaégi (3) and Parnu
river (4) are located near archaeological birch bark tar group (see Figure 10a),
but according to the interpretation of IR spectra they have been identified to
contain mainly beeswax and cellulose nitrate respectively (see Figure 9c). This
could be explained by the IR spectral similarity between beeswax and
archaeological birch bark tar in the region of 3071-2848 cm-' and 1735-
1461 cm’', whereas the IR spectrum of cellulose nitrate shows several merged
peaks at 1640-826 cm™, which interfere the classification. Notably, beeswax
has been used as additives to strengthen the resinous adhesives but was rarely
used alone in the Mesolithic context (Roffet-Salque et al. 2015; Kozowyk et al.
2016). Considering the widespread application of beeswax and cellulose nitrate
in conservation science, samples from Kunda Lammasmaégi (3) and Parnu river
(4) were likely treated with those materials.
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Figure 10. PCA graphs for (a) the ATR-FT-IR spectra of 100 archaeological samples
and 73 reference materials using three principal components (PC1 = 64.2%, PC2 =
22.1%, PC3 = 4.1%) and (b) ATR-FT-IR spectra of samples containing birch bark tar
without major additives incorporating three principal components (PC1 = 79.4%, PC2 =
15.0%, PC3 = 1.9%) Note: Samples analysed with GC—MS are highlighted with *
(sample number refers to Table S1) (Chen et al. 2022).
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Secondly, ATR-FT-IR spectra of samples previously grouped as birch bark tar
without major additives were selected for further site-wise DA classification. It
is noteworthy that due to limited available spectra from Beregovaya 2, Sindi-
Lodja I, Ulbi, Kunda Lammasmégi, Aziarnoje 2B, and MichnieviCy, the Esto-
nian and Belarusian samples were classified country-wise in the PCA-DA
model. Our PCA-DA model shows further refined distinction between samples
with similar bulk composition as presented in Figure 10b. The 3D PCA graph
shows two distinctly separate subgroups of birch bark tar-based samples:
samples from Veretye 1 and Shigir belonged in one group, whereas samples
from Stanovoye 4 were in another. There is no clear country-wise classification
of Estonian and Belarusian samples, except that samples from Kunda Lammas-
maégi (Estonia) were isolated from the remaining Estonian samples and fall in
the group of samples from the Stanovoye 4. Belarusian samples, on the other
hand, grouped along with those from Shigir and Veretye I archaeological sites.
Such site-wise distinction of birch bark tar-based samples can be explained by
their different spatial-temporal backgrounds (e.g., archaeological sites, artefact
chronology, or geographical regions), which requires further investigation by
GC-MS molecular analysis.

By developing the PCA-DA classification model, ATR-FT-IR analysis is
empowered to rapidly identify archaeological adhesives with different com-
positions, and further differentiate samples with similar major component but
different spatial-temporal backgrounds. The distribution of minor/non-birch
bark tar samples in the first PCA model (in Figure 10a) gives some hints on
their possible composition. Still, additional analysis is needed for further in-
vestigation. Likewise, the sub-clustering within birch bark tar-based samples is
most likely related to the overall organic preservation of the samples or,
alternatively, due to the distinctions in their ages, manufacturing processes and
cultural preferences, the precise nature of which also needs further inves-
tigation.

4.1.3 GC-MS analysis of resinous materials

In paper I, GC-MS analysis is used as a supplementary method to cover the lack
of molecular information in ATR-FT-IR data and confirm the classification
results using PCA-DA models. Nine adhesive samples representing three com-
positional groups (see SI Table 1) were selected for lipid extraction and GC-MS
analysis. Their lipid compositions are identified and summarized in Table 3,
where the biomarkers for resinous resources are highlighted.
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All the samples presented plant-based lipid profile with short and long-chain #-
alcohols (Cs 30), saturated fatty acids (Cs 56), as well as unsaturated fatty acids
(Ci122) in significant amounts. The detection of a,w-dicarboxylic acids (C4 ;5)
and o-hydroxycarboxylic acids (mainly C,y »,) hints at the presence of resinous
materials. The presence of aromatic compounds like vanillin, ferulic acid, and
different terpenoid compounds further confirms the resinous composition of
these samples (Regert et al. 2006; Brettell et al. 2015; Orsini et al. 2015).
Triterpenoids with lupane skeleton (e.g., lupeol, betulin and their derivatives)
were detected in significant amounts from eight out of nine samples (except
Stanovoye 4 (90)), which are biomarkers of birch bark tar from Betulaceae
woods (Van Gijn and Boon 2006; Regert et al. 2006; Perthuison et al. 2020).
Diterpenoids with abietane skeleton (e.g., abietic acid, pimaric acid, coniferyl
aldehyde and their derivatives) were detected in trace amounts from five
samples (Shigir (27), Shigir (44), Stanovoye 4 (89), Stanovoye 4 (90) and Ulbi
(9)), which are biomarkers for conifer resins/tars from Pinaceae woods.

As presented in Table 3, triterpenoid birch bark tar biomarkers were detected
simultaneously with carboxylic acids and dicarboxylic acids, which are derived
from degradation of suberic polymer in fresh birch bark. Such suberin and
phenolic lipid profile hints on birch bark tar production via per descensum
processes using a “double-pot” distillation system. Not only that, the detection
of soft heating biomarkers (e.g., lup-20(29)-en-3-ol, acetate, (3B)- and Lup-
20(29)-en-28-al, 3-(trimethylsilyl)oxy, (3B)-) together with the absence of
double-degraded pentacyclic triterpenes (e.g., allobetul-2-ene, 3-oxo-allobe-
tulane and a-olean-28-al) suggest the birch bark tar from our sample selection
was produced under soft heating (Ekman, 1983; Rageot et al., 2019)(Ekman,
1983; Rageot et al., 2019). Lipid profile of sample from Borovoye Ozero VI
(16) is examined as an example of pottery-related adhesive (see Figure 11),
where the original pottery was implied to be used for collecting the
first exudation during birch bark tar distillation. Referring back to the site-wise
distinction of birch bark tar-based adhesives in PCA-DA classification model,
GC-MS analysis suggests the samples are classified by different degrees of
degradation. The degrees of degradation were evaluated by the relative con-
centration of birch bark tar degradation biomarkers (e.g., lupa-2,20(29)-diene,
lupa-2,20(29)-dien-28-0l and betulone) and natural birch bark tar biomarkers
(betulin and lupeol) (Rageot et al. 2019). The degradation ratio in Table 3 was
calculated with peak areas of degradation biomarkers and natural biomarkers.
Such ratio was not strictly quantitative but can be employed as a potential
indicator of degradation/preservation pattern. The samples from Shigir and
Veretye 1 generated higher amounts of degraded terpenoids as opposed to the
samples from Stanovoye 4 and Ulbi, which explains the classification in Figure
10b.

The GC-MS results confirm the ATR-FT-IR spectra interpretation and the
PCA-DA classification. The samples from Shigir (27), Shigir (44), Veretye 1
(51), and Veretye I (56) identified as birch bark tar without major additives in
our ATR-FT-IR and subsequent DA analysis were further confirmed by GC-MS
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analysis. The IR spectra of these samples can be used as birch bark tar refe-
rences for future spectral interpretation and chemometric analysis. As a wrap-
up, there is a clear tendency towards the predominant use of birch bark tar as
adhesives in the Stone Age eastern Baltic area, with sometimes additional
inclusions of conifer resin in trace amounts.

Another example of utilizing GC-MS as an important analytical approach for
multi-methodological analysis is demonstrated in paper II. The slotted bone
point covered red-brown spots was investigated by a combination of various
techniques, including '*C-accelerator mass spectrometry (AMS) dating analysis,
ATR-FT-IR and SEM-EDS spectroscopic analysis, Zoo-archaeology by mass
spectrometry (ZooMS; Buckley et al. 2009) using matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry (MALDI-ToF-MS) and
GC-MS analysis. According to ZooMS and AMS dating analysis, the bone
point is traced to species of Bovidae or Cervidae and dated back to early
Mesolithic (8800—8550 cal BC). The red-brown spots covering all over the bone
point are examined by SEM-EDS analysis, where the following elements are
detected: C, O, Fe, Mn, Si, Al, K, Mg, Na, Ca, P, Cl, S, Ba, Zn. Apart from Ca
and P derived from the bone surface, the presence of Fe, Al, Si, Mg, K with
small amounts of Mn indicates that the reddish spots may derive from iron-rich
red clay pigments. The later raised two research questions: whether the clay
pigments are from red ochre or umber, and if any organic coating is used on the
surface (for attaching the pigment on the surface of the artefact)? ATR-FT-IR
analysis of the pigment and coating was hindered by strong absorbance of bone
surface (proteins, calcium carbonates and calcium phosphate). GC-MS analysis
was further employed to identify the molecular composition of organic coating
which was invisible under IR spectra.
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Dibutyl phthalate
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Figure 12. GC-MS total ion count (TIC) chromatogram of the TLE from the Parnu
Bone point (from Jonuks et al. 2023), the possible biomarkers and internal standard are
labelled as follows: 1 — tripropylene glycol mono-n-butyl ether; 2 — 7-isopropyl-1,1,4a-
trimethyl-1,2,3,4,4a,9,10,10a-octahydrophenanthrene; 3 — dehydroabietic acid; 4 —
stigmasterol; 5 — 7-oxodehydroabietic acid, methyl ester; 6 — sucrose; 7 — cholesterol;
C16 — palmitic acid; C18 — stearic acid; C36 — n-hexatriacontane internal standard.

The GC-MS analysis of solvent extracted sample obtained directly from the
surface of the artefact without any destructive sampling revealed trace amounts
of conifer resins and tars identified from the coating material (see Figure 12).
Dehydroabietic acid (DHA) as a significant biomarker for archaeological
conifer resins (Regert and Rolando 2002; Rageot et al. 2021) was detected
along with other degradation biomarkers for conifer tars, such as phenanthrene
derivatives (dehydroabietane), 7-oxodehydroabietic acid and methyl 6-
dehydrodehydroabietate (Evershed et al. 1985; Hjulstrom et al. 2006). Such
oxidized diterpenoids are generated by isomerization, decarboxylation and
partial aromatization of abietic acid during the thermal production of tars, where
wood and resins are heated (Egenberg et al. 2002; Reber et al. 2019). The pre-
sence of anhydrosugars (e.g., levoglucosan) further supports the exploitation of
wood tars from Pinaceae, which are pyrolysis products of wood cellulose or
starch (Bailly et al. 2016). The multi-method analysis resulted in a conclusion
that conifer resins and tars have been used as adhesives and coating materials in
Estonia since early Mesolithic. Additionally, iron-rich clay pigment might have
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been used as additives for resinous materials, with the purpose of decoration or
enhancing the strength of adhesive.

4.1.4 Methodological advancements in the analysis
of ancient resinous materials

The previously discussed case studies of archacological adhesives and slotted
bone point demonstrate the need for multi-methodological approach to
investigate resinous materials, especially the combination of ATR-FT-IR and
GC-MS analysis which are highly complementary for each other. With ATR-FT-
IR spectra providing the preliminary scanning of samples’ bulk composition,
GC-MS can further determine the individual molecular composition and
identify diagnostic biomarkers.

As explained in paper I, ATR-FT-IR spectroscopy can characterize a wide
spectrum of materials, covering birch bark tar, pine resin, pine tar, bone,
silicate, beeswax and cellulose nitrate. Coupled with chemometric PCA-DA
classification models, ATR-FT-IR analysis is further empowered to rapidly and
visually differentiate materials with various composition and further distinguish
adhesive samples with similar composition but different archaeological back-
grounds (e.g., site, degradation patterns, study period and artefact types). GC-
MS analysis of nine selected samples confirmed the IR spectra interpretation
and classification by the PCA-DA model. The established PCA-DA classi-
fication model with the ATR-FT-IR spectra database provides reference for
future research on resinous materials, which suits the investigation of tiny and
valuable artefact and helps with the interpretation of massive amounts of IR
spectra. Apart from that, GC-MS analysis can be applied as a complementary
and confirmatory method, which when needed to lesser extent helps to avoid
damage on artefacts and reduce laborious sample preparation.

The case study of slotted bone point with clay pigment and organic painting
shows an example that GC-MS analysis is unavoidable when analysing samples
with complex components. ATR-FT-IR spectroscopy has several advantages in
analysing tiny samples with minimum destruction. However, the interpretation
of IR spectra is sometimes hindered by the complex matrix especially when the
targeting components at low concentration levels. In this case, the conventional
solvent extraction protocol was amended to minimize the damage to the
artefact, where the absorbed lipid residues were extracted from the bone point
surface by dipping/soaking it in DCM and MeOH mixture solvent under
sonication. GC-MS analysis successfully identified traces of coniferous resin
and tar biomarkers from the organic coating, which were invisible in the IR
spectra. Supported by the SEM-EDS results, the bone point was a part of resin-
hafted weapon with special decoration, where iron-rich red clay pigment was
mixed with conifer resin and painted on the artefact’s surface.
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4.2 Multi-proxy analysis of Estonian prehistoric diets

4.2.1 Bulk stable isotope analysis

Bulk stable isotope analysis using EA-IRMS was carried out for pottery-related
food crust samples in paper III and IV. The samples covered food crusts from
Iru Late Bronze Age (800-500 cal BC) fortified settlement (n=9) and Pada Late
Iron/(Pre-)Viking Age (7" to 11™ century AD; from here on labelled as Late Iron
Age for clarity) settlement (n=24) Estonia further complemented by reference
crops from Iru (Pre-)Viking Age (7" to 11™ century AD) contexts.

Bulk 6("*C) and 5('°N) values together with C/N ratios of all the analysed
food crusts and reference crops are presented in SI Table 2 and Figure 13.
According to the repeatability validation for 6(°C) and o("°N) (standard
deviation 0.5%o and 0.1%o respectively), results of three Iru food crusts (Iru-153,
491 and 1208) five Pada food crusts (Pada-136, 285, 383a, 481 and 899) were
excluded (see SI Table 2). The isotope values of reference crops demonstrate
the clear distinction of C3 plants (pea, bean, barley, wheat, and rye from Iron
Age Iru hillfort) from C4 plants (millet from archaeological contexts from
Ukraine, Bulgaria, and Lithuania) by their significant difference in 6('*C) values
(Sammler 2023). Notably, there is considerable variation in d('"°N) values of
different cereals and lentils, which might indicate potential manuring practices
or soil preferences for cultivating different crops, resulting in higher J("°N)
values for wheat and rye (Fraser et al. 2011; Vignola et al. 2017; Larsson et al.
2019). However, other taphonomic influences like burial ground and tempe-
rature applied in carbonization are also worth considering in explaining higher
5("°N) values (Sammler, 2023).
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Figure 13. Scatter plots of (a) 5("°N) versus 6(**C) values and (b) d(*°N) values versus
C/N ratio for Iru and Pada food crusts compared with reference crops; the numbers
represent the sample ID (see SI table 2) of food crusts from Iru Bronze Age fortified
settlement and Pada Late Iron Age settlement sites, the 67.5% confidence ellipses
represent the isotope ranges of C3 plants (pea, bean, barley, wheat, and rye from Iron
Age Iru hillfort) and C4 plants (millet from archaeological contexts from Ukraine,
Bulgaria, and Lithuania).

In order to differentiate plant substances from animal products, o("°N) values
and C/N ratios should be looked in combination, with C/N ratios showing the
relative proportion of carbohydrates versus proteins, and the J('°N) values
indicating the trophic level of cooked substances. The results from Iru settle-
ment food crusts demonstrate an animal-based diet with some inclusions of C3
plants in Bronze Age Estonia. The major group of Iru food crusts (Iru-209, 241,
555 and 905) show an animal-based diet with moderate 6('°N) values (5.7—
6.9%0) and low C/N ratios (below 15). Compared with isotope values of
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reference plants, such moderate J(*°N) values and low C/N ratios indicate the
small inclusion of low-carbohydrate plants in Iru diets. Two samples (Iru-205
and 234) are distinguished from the rest by their high C/N ratios (around 30),
demonstrating their richness in carbohydrates and further indicating the inclu-
sion of carbohydrate-rich plant substances. However, the low 6(°C) values
(-27%o to -24.7%0) exclude the C4 plants from Iru food crust ingredients. Thus,
the food crusts from Iru settlement site are characteristic of animal substances
with small inclusion of C3 plants, and some examples of purely C3 plant sub-
stances.

In contrast, the distribution of 6("*C) and d(*°N) values together with C/N
ratios from Iru and Pada settlement food crusts demonstrate the transition of
dietary habits in prehistoric Estonia: from an animal-based diet (in Bronze Age)
to a higher proportion of C3 plant consumptions (in the Iron Age). Compared to
Iru Bronze Age food crusts, the 6('°N) values (4—10%o) and C/N ratios (9—72) in
Pada food crusts show relatively larger variations, which indicate a more varied
diet with complex and more variable components in the Pada Iron Age context.
The Pada food crusts are further divided into two clusters based on C/N ratios in
Figure 13b, where the group with higher C/N ratios (over 20) is dominated by
carbohydrates over proteins, supporting consumptions of carbohydrate-rich
plants . Whereas the other cluster with lower C/N ratios (under 20) indicates the
protein-rich animal input in five Pada samples (Pada-158, 179, 214, 373 and
383b). The §("*C) values of Pada food crusts mostly distribute in a lower range
(-21%o to -27%0), overlapping with the isotope ranges of C3 reference crops (see
Figure 13a). Such results indicate the dominant food ingredients being C3
plants and/or animal products rather than C4 plants. Additionally, the slightly
higher 5("°N) values of some Pada food crusts (above 7%o) versus reference
crops are indicative of either crop cultivation with manuring practices and/or
cooking plant substances mixed with animal products. Yet overall, the EA-
IRMS results give evidence for considerable inclusion of C3 plants in Pada
diets, and evident yet lesser extent in Iru Bronze Age context. Still, it became
apparent that a combination of GC-MS analysis and plant micro fossil analysis
was needed for tracing the resources of dietary plants. Also, it has to be kept in
mind that food crusts were available for only a selection of sherds from Iru,
whereas only sherds with food crusts were selected from Pada settlement.
Hence the results might be biased, and better comparison of the two periods can
be achieved from the analysis of absorbed lipids extracted from pottery.

4.2.2 Lipid residue analysis

The lipid residue analysis was conducted on in total 99 potsherds (all from
Bronze Age) and 43 food crusts (10 from Bronze Age cemetery, 9 from Bronze
Age settlement and 24 from Iron Age settlement) using GC-FID/MS scanning
analysis. GC-MS-SIM analysis was further applied on 24 Pada food crusts for
searching miliacin, a biomarker for broomcorn millet which could be expected
to be present in North-Estonian Iron Age contexts. The lipid residue analysis
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confirmed that various dietary sources were processed within pottery vessels in
prehistoric Estonia, including terrestrial and aquatic animal fats, plant oils and
waxes, beeswax, resins, and tars. The primary consumption of animal or plant-
based substances can be interpreted by the fatty acid profile. The dominance of
the stearic acid (Cg) relative to palmitic acid (Cys) has been suggested as
indicative of animal-based diets (Ci6.0/Cis0 < 2), whereas the situation is
reversed in plant-based diets (Ci4.0/Cis0 > 3) (Evershed et al. 2002a; Copley et
al. 2005). However, the ratios between palmitic to stearic acids (Cy6.0/Cis:0)
cannot be considered as sole diagnostic biomarkers for animal fats or plant oils
in archaeological context, due to their different solubilities in water and organic
solvents. For example, stearic acids with higher solubility in water can be pre-
ferentially leached and lost from the organic residues, leading to evitable
changes in fatty acid ratios (Evershed 1993; Stern et al. 2000; Steele et al.
2010). Thus, the identification of lipids requires further consideration of various
archaeological biomarkers and combinations thereof. It must be emphasised
that, all the biomarkers examined in this doctoral study are based on their TMS
derivatives.
4.2.2.1 Investigation of plant biomarkers

The lipid residues from Pada food crusts were interpreted as mainly of plant
origins by the detection of a series of plant lipid indicators: phytosterols (j3-
sitosterol, stigmasterol and campesterol), plant wax residues including even and
odd-numbered n-alkanes (C;s33) and long-chain n-alkanols (Cie3,) together
with oxidation products from unsaturated fatty acids such as o,w-dicarboxylic
acids (Cy.14) (Copley et al. 2005; Lucejko et al. 2018; Shoda et al. 2018). The
presence of palmitic and stearic wax esters with even carbon number (Cso.42)
together with long-chain fatty acids with even carbon numbers and long-chain
n-alkanes with odd carbon numbers are indicative of plant epicuticular waxes

(Dunne et al. 2016b). The detection of unsaturated fatty acids such as
palmitoleic acid (C,¢.;), oleic acids (Cig.1), linoleic acids (Cig.2), APAAs (derived
from Ci¢3 and Cig;3) and unsaturated TAGs also suggests the presence of plant
oils (Copley et al. 2005; Bondetti et al. 2021). Another widely used criteria of
plant oil consumption are phytosterols such as PB-sitosterol, stigmasterol and
campesterol with their degradation derivatives (Steele et al. 2010; Hammann
and Cramp 2018).

Apart from the general plant indicators of plant waxes and oils, despite their
highly hydrophilic characters, starchy plant biomarkers (e.g., furanose and
pyranoses sugars, especially levoglucosan) were identified from 13 out of 24
Pada food crusts in considerable concentrations. The detection of such anhydro-
sugars are hints at potential cereal consumption with rich starch and cellulose
remains (Bailly et al. 2016; Heron et al. 2016; Shoda et al. 2018). Another class
of potential plant biomarkers are short-chain ®-(o-alkylphenyl) alkanoic acids
(APAA-Cis and Cyg), which are derived from poly-unsaturated fatty acids (Cie:3
and Cig;). Notably, long-chain APAA-C;5, Cy and C,, are concentrated in
aquatic animal fats, while short-chain APAA-C,¢ and Cy;g are indicative of non-
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aquatic source, such as plant remains and terrestrial adipose fat, especially when
isoprenoid acids are absent in the same sample (Bondetti et al. 2019, 2021).
Still, to specify the origins of these samples, further quantification of APAA
homologue ratios (APAA-C,/APAA-C5) and/or the relative abundance of
APAA-Cyg isomers (E and H) is needed. The APAA homologous ratio (APAA-
Cr/APAA-Cig) can distinguish aquatic resources from terrestrial plants and
animals, whereas the APAA-C,g isomeric ratio (E/H) can further differentiate
non-leafy cereals, leafy vegetables and animal substances (Bondetti et al. 2021),
however this specific quantitative analysis was not conducted as part of this
thesis.
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Figure 14. TIC chromatograms of samples from Pada-241 and Pada-899 with EIC
showing: (a) APAA (w-(o-alkylphenyl) alkanoic acids) homologues (m/a 105 and
305/333/361 for APAA-C,¢/C15/Cy) and (b) AR (alkylresorcinol) homologues (m/z 268
and 520/548 for C19/C21).
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Figure 15. Identification of miliacin and Cs¢ internal standard by GC-MS(SIM), with
partial TIC chromatograms of (a) miliacin standard material, (c) reference broomcorn
millet from Ukraine, (¢) sample from Pada-116; and mass spectra of (b) miliacin
standard material with retention time at 19.712 min, (d) miliacin from reference
broomcorn millet with retention time at 19.669 min.
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Additionally, the main innovation of this doctoral study draws attention to the
identification of cereal biomarkers: alkylresorcinol homologues (ARs) for C3
cereals and miliacin for C4 broomcorn millet. ARs with odd carbon alkyl chains
(ranging AR-C7.»5) are considered as biomarkers of C3 cereals, mostly detected
from wheat and rye, sometimes in smaller amount from barley and C4 millet. In
paper III, ARs (TMS derivatives) were identified from four Pada food crusts
(Pada-241, 255, 889 and 899) using extract-ion chromatograms (EIC), where
the diagnostic ion (m/z 268) for AR homologues and molecular ions (m/z 492,
m/z 520 and m/z 548) for AR-C,7, C;y and C,; were extracted respectively (see
Figure 14 b) (Colonese et al., 2017a; Hammann & Cramp, 2018; Ross et al.,
2001). Nevertheless AR-C;; was scarcely detected, indicating the cereal lipids
probably originated from wheat grains rather than rye (Colonese et al., 2017a;
Landberg et al., 2008; Ross, 2012).

For the first time in the eastern Baltic pottery ORA studies, miliacin, an
exclusive pentacyclic triterpenoid biomarker of broomcorn millet (P. milia-
ceum), was searched within Pada food crusts by GC-MS-SIM analysis. The
analytical procedure followed previously reported GC-MS-SIM approach
targeting ions with m/z 189, 204, 231, 425, 440 (see Figure 15) (Heron et al.
2016; Kucera et al. 2019). Corresponding to the low bulk 6('°C) values, the
absence of miliacin from Pada food crusts suggests that the spread and
cultivation of C4 millet may not have emerged in Iron Age Estonia, at least not
among the Pada (Pre-)Viking Age populations.

Alternatively, other pentacyclic triterpene methyl ethers (PTMEs) with
oleanane skeleton (B-Amyrin, Olean-12-en-28-oic acid, 2,3,23-trihydroxy-,
methyl ester, (2a,3B,40)- and Olean-12-ene-3,15,16,21,22,28-hexol, (38,150,
160,21B,22a)-) were detected from 11 out of 24 Pada food crusts. Such triter-
penoids with oleanane skeleton are commonly derived from the dehydration and
hydrolysis of higher plant triterpenols during cooking and burial alterations
(Jacob et al. 2005; Jcatczak and Grynkiewicz 2014). The detection of these
olean-12-ene triterpenoids can be interpreted as evidence for cooking a wide
range of plants from Poaceae family (e.g., barley, cane, fescue, lawn grass, oats,
pappus, and rice). Another possible source of olean-12-ene triterpenoids are the
subsequent aromatization products of taraxer-14-ene under the acid-catalysis in
clay materials (He et al. 2018). Noted that taraxerol is the biomarker of mangrove
plants which widely grown in tropical climate (Koch et al. 2011) and taraxane
skeleton is missing from TLE of Pada food crusts, in our case the olean-12-ene
triterpenoids are considered as potential proofs of grass or leaf of starchy plants
belonging to Poaceae (Bossard et al. 2013; Nakamura 2019).

Unlike Pada food crusts, the identification of cereals from Bronze Age
cemetery and fortified settlement vessels was scarce. Levoglucosan was
detected from one Iru settlement pottery and food crust samples (Iru Al 4051:
491), indicating the possible presence of starch or cellulose (see Figure 16—17).
Cereal biomarkers (miliacin and ARs) (Colonese et al., 2017a; Heron et al.,
2016) were searched under extract-ion chromatogram (EIC) and absent in
Bronze Age potsherds and food crusts. However, the exploitation of other plant
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materials was evidenced by the detection of polysaccharides, plant waxes and
plant derived resinous biomarkers. The exploitation of dietary plants in vessels
from Iru settlement and Vdo Kangru, Véo Jaani and Muuksi cemeteries is
evident by the detection of polysaccharides of pyranone, furanone and plant
epicuticular wax lipids: palmitic and stearic wax esters with even carbon
number (C30-42) together with long-chain fatty acids with even carbon
numbers and long-chain n-alkanes with odd carbon numbers (Pastorova et al.
1993; Dunne et al. 2016b). Similarly, ricinoleic acid was detected in Pada food
crusts and also in several potsherds from Iru hillfort settlement and Vo Kangru,
Vio Jaani and Muuksi cemeteries, which can be considered as a potential cereal
pest biomarker from ergot fungi (Lucejko et al., 2018). Noted that there were no
cereal biomarkers detected from Bronze Age vessels, ricinoleic acid here is
more generally interpreted for the use of vegetable oils (Copley et al., 2005;
Oras et al., 2020). Apart from dietary plant lipids, terpenoid resinous bio-
markers are also detected from the majority of settlement and cemetery vessels,
indicating the wide application/connection of vessels of conifer resin/tar and
birch bark tar (Evershed et al. 1985; Perthuison et al. 2020).

By comparing the ORA results of pottery absorbed lipids from the contem-
poraneous Iru settlement and cemetery vessels, there is clear distinction that
plant materials were more extensively explored in Iru settlement vessels. The
plant exploitation in Iru settlement site involves both dietary plants (starch/
cellulose, polysaccharides, vegetable oil and plant wax) and resinous materials
(conifer resin/tar and birch bark tar). Despite the wide detection of phytosterols
from Iru cemetery vessels, their interpretation as plant indicators is not conclu-
sive due to the co-occurrence of squalene and lack of other plant lipid bio-
markers. Apart from plant waxes, beeswax was found from a tableware pottery
(Iru AT 5302: 268b) by the detection of long-chain palmitic esters with even
carbon numbers (C40-54) together with their hydrolysis products, such as even-
numbered long-chain saturated fatty acids (Cy.s5), odd-numbered long-chain 7-
alkanes (dominated by A,7) and even-numbered n-alcohols (ay.34) (Regert et al.
2001; Evershed et al. 2003). This is the first ORA-based evidence of beeswax
and bee exploitation in prehistoric Estonia. Unlike Iru cemetery potteries,
vessels from other cemeteries (Vdo Kangru, Vdo Jaani and Muuksi) did not
show clear distinction from Iru settlement site. These cemetery vessels have
similar lipid profiles to the Iru settlement ones with inclusion of different plant
materials, covering plant wax, vegetable oil, plant gum, resins and tars.

The ORA results confirm the exploitation of plant materials in both Bronze
Age settlement and cemetery sites. Interestingly, there is distinction of Iru
settlement and Iru cemetery vessels, where Iru settlement vessels retain more
plant lipids, indicating the limited plant resources were used more for everyday
cooking rather than ritual activities in Iru context. Colliding the ORA results of
Bronze Age and Late Iron Age samples, cereal biomarkers (alkylresorcinols)
were only identified from Pada settlement food crusts, suggesting that C3
cereals were not explored as staples in Estonia until Iron Age, whereas the
consumption of C4 cereals remains unclear.
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4.2.2.2 Investigation of aquatic commodities

Animal fats were identified as primary substances from Bronze Age samples
and also from Pada Iron Age samples in smaller concentrations. Animal fats
were identified as the primary substance of lipid residues from Bronze Age
settlement and cemetery vessels (88 pottery and 12 food crust) based on the
wide detection of cholesterol and its derivatives (such as cholestadiene, cholest-
4-en-3-one, and 7-keto-cholesterol) together with saturated tri/di/mono-acyl
glycerides (TAGs/DAGs/MAGs) (Evershed et al. 2002a; Hammann et al. 2018).
Among the various sources of animal fats, the aquatic origins can be distin-
guished from terrestrial ones with simultaneous detection of long-chain APAA
homologues (APAA-Ci5,,) and at least one of the isoprenoid fatty acids
(3,7,11,15-tetramethyl hexadecanoic acid (phytanic), 2,6,10,14-tetramethyl-
pentadecanoic acid (pristanic), and 4,8,12-trimethyltridecanoic acid (TMTD))
(Hansel et al. 2004a; Evershed et al. 2008; Bondetti et al. 2019, 2021;
Dolbunova et al. 2022).
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APAAs (TMS derivatives) were detected from both Bronze Age and Late Iron
Age samples by extracting their diagnostic fragmentation ions (m/z 105 and
305/333/361/389 for APAA-C,¢/C;s/Cy/Csy, respectively) in EIC. Considering
that APAAs can also be detected from terrestrial animals and plants, to confirm
the presence of aquatic products, at least one of the following isoprenoid acids:
4,8,12-trimethyltridecanoic acid (TMTD) (m/z 117, 145 and 313), 3,7,11,15-
tetramethylhexadecanoic acid (phytanic acid) (m/z 117, 159 and 369), and
2,6,10,14-tetramethylpentadecanoic acid (pristanic acid) (m/z 117, 146, 355)
ought to be present (see Figure 18). The simultaneous detection of APAA-Cig
and C, together with one of the isoprenoid fatty acids was considered as
evidence of aquatic products consumption in Bronze Age (10 potsherds and 2
food crusts) and Iron Age (5 food crusts) pottery vessels.

Unlike aquatic resources, the discrimination of terrestrial ruminant and non-
ruminant animals is challenging using GC-MS solely. The distribution of
triacylglycerols (TAGs) with total acyl carbon numbers ranging from C,g.46 are
typical in non-ruminant animal fats (Regert 2011; Salque et al. 2013). However,
TAGs are usually hydrolysed during the degradation, generating long-chain
fatty acids. Short-chain TAGs with total alkyl carbon number (NC) from 24 to
28 were detected from 13 Bronze Age potsherds, which were probably
hydrolysis degradation products from long-chain TAGs. Thus, to further
separate the different food classes, compound-specific stable isotope analysis is
needed to distinguish the origins of animal fats with GC-C-IRMS (Chakraborty
et al., 2020; Evershed et al,, 2002b; Evershed et al., 2002a).The latter was not
carried out as part of this PhD thesis, and should be the subject of future
investigations.

4.2.2.3 Investigation of terpenoid components

Diterpenoids from abietic family including abietic acid, pimaric acid and de-
hydroabietic acid, were detected from most of the Bronze and Iron Age
potsherds (92 out of 99) and food crusts (27 out of 43), whereas in some cases
these specific molecular peaks were really dominant. These molecules are
biomarkers of Pinaceae resin (Regert and Rolando 2002; Breu et al. 2023). The
hydrolysed and thermally degraded abietic diterpenoids such as retene, 7-
oxodehydroabietic acid, 18-Norabietane and phenanthrene demonstrates the
presence of pine tar and pitch in 54 samples (33 potsherds and 21 food crusts),
which are produced by the thermal treatment of Pinaceae wood and resin
(Evershed et al. 1985; Reber et al. 2019). Apart from the coniferous diterpe-
noids, biomarkers of birch bark tar (betulin and lupeol) were also detected in 10
potsherds (Rageot et al. 2019; Perthuison et al. 2020). Triterpenoids with
oleanane skeleton were detected from 19 Bronze Age potsherds, including
oleanolic acid, olean-13(18)-ene and other pentacyclic triterpenes. Oleanane
triterpenoids are widely found from different plant species such as mastic resin
(Pistacia), birch bark tar (Betula), starox resin (Styrax) and other plants
(Modugno et al. 2006; Brettell et al. 2015; Bechtel et al. 2016; Soulaidopoulos
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et al. 2022). In our case, Pistacia and Styrax were not naturally present in the
researched area and the oleanane triterpenoids were considered to derive from
the root/bark of other plants, due to their sole detection without ursane, lupene,
lanostane or cinnamic acid, further excluding their origin of Betula.

The detection of those wood tar biomarkers indicates the heating process
during cooking practices, where pine tree and birch bark were probably used as
heating fuel or potentially lids of ceramic pots. Additionally, the detection of
thermally produced APAA homologous together with the pyrolytic abietic
diterpenoids (e.g., retene and methyl dehydroabietate) and anhydro-sugars (e.g.,
levoglucosan) indicate the samples were heated (Hansel et al. 2004a; Bailly et
al. 2016; Bondetti et al. 2021). Besides the pyrolyzed resins and cellulose, long-
chain ketones and alkyl nitriles were also detected in low concentrations from a
wide range of samples throughout Bronze and Iron Age, demonstrating the
heating process during cooking (Evershed et al. 2002a; Simoneit et al. 2003;
Hansel et al. 2004b; Jambrina-Enriquez et al. 2019; Bondetti et al. 2021). The
similar tendency of considerable inclusion of resinous compounds in pottery
ORA has been also detected in Latvian Bronze Age samples (pers. comm. Ester
Oras, 05.06.2023) and might hint at certain changed food procurement practices
in comparison with Stone Age samples, where such terpenoid compounds are
not present in such an abundance.

4.2.3 Methodological advancements and interpreting multi-
proxy data: statistical multivariate analysis

ORA-related bulk stable isotope and lipid residue analysis suggest the broad
presence of starchy plant remains in most Pada food crusts. However, it is chal-
lenging to further identify the exact cereal species consumed at Pada settlement
with ORA. This is where the multi-proxy approach, particularly incorporation
of plant micro fossil analysis proves particularly helpful.

4.2.3.1 Micro fossil versus ORA-related data

In general, micro fossil analysis from Pada food crusts presented relatively
consistent results with EA-IRMS and GC-MS, especially for identifying plant
remains. Elongate dendritic, rondel and trapezoid sinuate phytoliths were
observed in most Pada food crusts, referring to Poaceae, most likely C3 plants
(barley or wheat). The presence of C3 plant phytoliths is confirmed by the lower
5("*C) values (-26%o — -21%0) and C/N ratios (>20) of 13 Pada food crusts.
Among those C3 plant dominated samples, six samples show high C/N ratios
(>20), yet high 6("°N) values (> 7%o), might be indicative of nutrients from
fertilizers or animal substances input (Fraser et al. 2011; Styring et al. 2015;
Larsson et al. 2019). Meanwhile, five Pada food crusts yield higher J(*’N)
values (>7%o) and lower C/N (<20) ratios, revealing their protein-rich animal-
based composition. However, among those five, three samples (Pada-158, 179
and 214) showed relatively high richness of grass phytoliths. The latter serves
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as an example why it is of utmost importance to apply multi-method approach
combining microscopic, molecular and elemental/bulk stable isotope analysis
when targeting ancient plant consumption from pottery ORA, especially when
working with food crusts.

The results of plant micro fossil analysis and lipid residue analysis in
complementary confirm the consumption of barley and wheat as staples in Pada
settlement context. The elongate dendritic/dentate phytoliths were observed in
large fragmentation, which does not allow proper statistics of their morpho-
metry. Thus, the phytolith morphotype in Pada food crusts point to the inflo-
rescences of edible C3 cereals without solid evidence to further differentiation
between barley, wheat or rye (Ball et al. 1999). Lipid residue analysis narrowed
down the cereal collections to barley and wheat by excluding rye from Pada
diets based on the low concentration of ARC,7,, (Landberg et al. 2008; Colonese
et al. 2017a). A heavier consumption of wheat over barley in Pada diets can be
hinted by their different attractivity to fungal degradation. The rare observation
of starch grains and wide present of fungal phytoliths (Glomeromycota) in Pada
food crusts indicate the cereals were heavily degraded by ergot fungus attack
(SchiiBler and Walker 2010), which is supported lipid residue analysis with the
detection of fungal lipid biomarker (ricinoleic acid) as well as low con-
centrations of anhydrosugars in TLE. All these information may give tentative
hint of wheat cultivation in Pada context, since wheat and rye are more attrac-
tive to fungal degradation, still, the consumption of barley cannot be entirely
ruled out.

It is noteworthy that Bilobate phytoliths were also observed in Pada food
crusts, which are characteristic morphotypes of the Panicoideae (e.g., Ge et al.
2020; Barroso et al. 2021) and Arundinoidea subfamilies (Gu et al. 2008) within
Poaceae family. The possible sources for the bilobate phytoliths could be
broomcorn millet (Panicum miliaceum) and giant reed grass (Phragmites
australis) with the former ruled out by ORA results. The reed grass widely
grows throughout Estonia and has been extensively used as roof construction
material in ethnographical past (Tihase 2007), and for fire kindling as well
(Miljan and Kask 2013). As a conclusion, the bilobate phytoliths in Pada food
crust probably derived from the environment and firing fuel during cooking
than from direct food substance, which explains the wide presence of grass
phytoliths in the food crusts identified as animal-based by ORA.

4.2.3.2 Statistical correspondence analysis

In this doctoral research, the pottery and food crust samples were investigated
using multi-methodological approaches, generating massive and complex
datasets as presented in Table 4. The aim was to test if and to what extent
different proxies and methods overlap and are compatible in order to highlight
the biases of each and/or provide more rigid support for interpreting specific
sample.
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In paper 11, Correspondence Analysis (CA) was performed on 13 Pada food
crusts to compare and combine plant micro fossil, bulk stable isotope, and GC-
MS data (see Table 4 and Figure 19). Primarily, CA graph visually demon-
strates the relationship between the samples and variances (multi-proxy data in
our case). The correlation between samples and variances is compared ac-
cording to the distances and clusters, where the samples distributed in the same
cluster are considered to show strong correlation to each other. Meanwhile, the
variances located closer to the sample clusters are considered as distinctive and
responsible for differentiating the classes. For example, elongate dendritic/
dendate phytolith (ELO_DEN) is located close to the origin point in CA plot,
which are observed in all samples with similar amounts (see Table 4), therefore
it rarely shows functional distinctions within the Pada food crusts. This is a
limitation in our analysis caused by the small set of available data, which could
be improved by obtaining larger dataset in the future.
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Figure 19. Correspondence analysis summarizing results of plant micro fossil analysis,
bulk stable isotope analysis and GC-MS analysis. Blue dots represent samples, green
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75



The CA graph displays the clear separation of food crusts into five com-
positional groups. Five samples (Pada-116, 172, 241, 255 and 465) are classi-
fied as plant-based samples without animal inputs, whilst two samples (Pada-
158 and 373) are interpreted as animal-based from terrestrial and aquatic re-
sources respectively. The rest six samples are mixtures of plants and meats,
among which, four samples (Pada-868, 889, 740 and 225) are mixtures of plant
and terrestrial adipose tissues and the other two crusts (Pada-190 and 198) form
another cluster interpreted as plant and fish. The aquatic resources of food
crusts from Pada-190, 198 and 373 are identified by the detection of aquatic
biomarkers (APAAs and isoprenoid acids). The generally lower 6('*C) values
and high C/N ratios in two of those samples (Pada-190 and 198) further indi-
cates that the fish was likely of freshwater origin (Fuller et al. 2012) and cooked
together with plants, which falls in agreement with the presence of phytoliths in
micro fossil analysis.

The classification reported in CA graph highlights the importance of multi-
proxy analysis on archaeological dietary investigation, especially in the case of
identifying plant and aquatic commodities from combined food sources. The
bulk carbon and nitrogen isotope analysis can provide preliminary distinction of
food origins with plant and animal bases and extra hints of plants with C3 and
C4 photosynthesis and animals from terrestrial, freshwater and marine re-
sources. Plant micro fossil analysis can identify the species of plant remnants
from food crusts with the support of lipid residue analysis. Lipid residue
analysis can identify biomarkers from both food crusts and pottery absorbed
lipids, which complement the gap of investigating animal remains via plant
micro fossil analysis. However, all these approaches in combination are capable
of providing the most rigid insights into ancient food residues, but also highlight
the bieases of each method and/or analytical proxy.
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4.2.4 Main trends of plant exploitation in prehistoric Estonia

By applying multi-methodological approaches, the different plant exploitation
strategies in prehistoric Estonia and neighbouring eastern Baltic region were
reconstructed , showing that plant usage covered from plant-derived resins to
dietary vegetables and cereals. The exploitation of plant materials in prehistoric
Estonia displays different patterns along the time scale from technological
application in Stone Age to dietary consumption in Bronze Age and Late Iron
Age.

Associated with previous investigation on eastern Baltic region, resinous
material are the major means of plant usage in Stone Age with very little
identification of plants in dietary related potteries (Oras et al. 2017b; Robson et
al. 2019; Courel et al. 2020). The resinous materials are technologically ex-
plored and widely applied as adhesives for hafting tools, water-proof coating
materials and even chewing gum. Despite the dominant use of hunter-gatherer
ceramic vessels for cooking animal-based food (Courel et al. 2020), a few non-
culinary pottery usages (Borovoye Ozero VI (16), lleksa IV (17) and Shaitans-
koye Ozero II (21)) have been also reported in paper L. There, the ORA implies
that those vessels have been used for collecting and producing resins and tars.
The clear emergence of exploiting domesticates for dietary purposes arrives in
the 3™ millennium BC, but is focussed towards animals rather than plants and
crop cultivation the Bronze Age (the 3™ millennium cal BC) (Robson et al.
2019; Oras et al. Forthcoming). The broad detection of plant lipids (mainly epi-
cuticular waxes, vegetable oils and resinous terpenoids) from Bronze Age
settlement and cemetery vessels (except Iru cemetery) demonstrates the tran-
sition of foraging to farming culture with the development of agriculture. The
Iru vessels showed limited plant substances which were applied only for dietary
purpose; however, plants were part of the ritual meals as found in other Bronze
Age cemeteries including Vdo Kangru, Véo Jaani and Muuksi. Despite that
plants are extensively explored diet and ritual activities in Bronze Age, yet the
exploitation of cereals remains unclear until Middle/Late Iron Age.

The cultivation and consumption of C3 cereals were clearly identified in
Pada Iron Age settlement diets by applying a multi-methodological approach.
The bulk carbon and nitrogen isotope analysis point out the C3 plant bases of
Pada food crusts. Plant micro fossil analysis and lipid residue analysis further
confirm the species of C3 plants present in Pada context. The observation of
elongate dendritic, rondel and trapezoid sinuate phytoliths suggests the presence
of C3 cereals from Poaceae family (Ball et al. 1999). The identification of
alkylresorcinols (AR-C,9.¢ and C,;.,) further confirm that wheat and barley were
consumed as crop-based staples (Colonese et al. 2017a). The co-occurrence of
cereal and animal biomarkers within the same food crust samples (e.g., Pada-
190 and 198) demonstrates that cereals were mixed with meat during cooking
(Whelton et al. 2021). In contrast, cereals were not detected in the previous
research on contemporary cemetery vessels from Kukruse, north-eastern
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Estonia (Oras et al. 2018), indicating that cereals might have been excluded
from Iron Age cemetery ritual foods.

However, the early exploitation of C4 millet is so far unrevealed based on
this thesis and samples analysed as part of it . According to ORA data, lipid
residue analysis could not trace any millet-related biomarker (e.g., miliacin),
which is supported by the generally low bulk carbon isotope values (5("°C) < -
20%o). Although the evidence of millet cultivation in Lithuanina and Latvian
sites has been found as early as 1st millennium BC (Grikpedis and Motuzaite
Matuzeviciute 2018; Vasks et al. 2021), which was only detected with millet
seeds in Estonia until the 14th century AD (Sillasoo and Hiie 2007). Other types
of phytoliths associated with millet inflorescence (foxtail or broomcorn), such
as the irregularly shaped sinuate type (Lu et al. 2009) or interdigitating (Ge et
al. 2020) are also missing.

Although tuned for investigating plant exploitation, the multi-methodo-
logical approaches employed in this doctoral study shed extra light on the
identification of aquatic commodities. Aquatic biomarkers, long-chain APAAs
with at least one of the isoprenoid acids, were detected from in total of 13
Bronze Age samples (11 potsherds and 2 food crusts) and five Pada food crusts.
In comparison with Stone Age pottery (Oras et al. 2018, 2023; Robson et al.
2019), it is notable that the resources of aquatic animals were more limited in
the Metal Ages (Oras et al. 2018, 2023; Robson et al. 2019) However, the
limited aquatic resources were distributed in both mundane and ritual food
vessels from different Bronze Age settlement and cemetery sites. Interestingly,
aquatic substances were identified together with cereal biomarkers from two
Pada food crusts, suggesting fish and cereals were mixed for cooking during the
Iron Age. According to the previously conducted zooarchaeological study, Pada
settlement site shows dominance of domesticated terrestrial animals with scarce
findings of fish bones from faunal remains (Luik and Maldre 2005; Maldre
2007). Although the transition from salty Littorina Sea to the brackish Limnea
Sea reduced sea fishing from eastern Baltic coast in the Iron Age (Ldugas
2001), the Pada River next to the settlement suggests that freshwater resources
were consumed as alternatives. The generally lower §('*C) values of Pada food
crusts suggest the potential diets on freshwater resources, which is confirmed by
the stable isotope analysis on human bone collagen and pottery ORA from later
context in Pada and Kukruse (Oras et al. 2018).
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SUMMARY

This PhD work is aimed at unravelling the plant exploitation in ancient eastern
Baltic area with focus on two types of plant-derived materials: resinous
materials and dietary plants. The main innovations are developing multi-metho-
dological approaches and interpreting multi-proxy datasets with chemometric
and statistical methods.

ATR-FT-IR analysis complemented with GC-MS was conducted for identi-
fying the components of resinous adhesives (e.g., birch bark tar, pine reins/tar)
with different additives (e.g., bone, silicate and protein). Additional differentia-
tion power was obtained by coupling ATR-FT-IR analysis with a PCA-based
DA classification model. The developed DA model can differentiate “pure”
birch bark tar samples from birch bark tar with additives and minor/non-birch
bark tar samples easily, and further distinguish samples with similar compo-
nents but different backgrounds (e.g., sample ages, initial production processes
and environmental conditions). This method can help simplify IR spectra
interpretation and reduce the need for GC-MS analysis, which could be used as
a supplementary/confirmatory method to investigate samples with complex
components and provide archaeological DA references for future research.

With dedicated multi-method case studies on several Estonian Bronze Age
and Iron Age sites, this doctoral study provides new insights on how plant
micro fossil analysis and EA-IRMS combined with ORA can reveal the com-
position of food crusts and pottery absorbed lipid residues with complex
content. For investigating dietary plants represented in food crusts, plant micro
fossil analysis and GC-MS analysis complement each other considerably. The
ORA results of Bronze Age pottery and food crusts suggested an animal-based
diet including both terrestrial and aquatic substances. The bulk J('’N) versus
5("*C) values and C/N ratios of food crusts from Iru settlement site demon-
strated the preliminary plant inclusion to Bronze Age food resources, which was
further identified as leafy vegetables rather than cereals by ORA. Additionally,
ORA and plant micro fossil analysis showed a heavier consumption of the
aquatic and plant resources within Muuksi cemetery and Iru settlement than the
other cemeteries. Further analytical targets were set on alkylresorcinols and
miliacin as C3 and C4 cereal biomarkers, with the first proving successful, the
latter missing from the set of samples analysed in this study. Correspondence
analysis applied to food crust samples further compares and indicates the agree-
ment of three methods (micro fossil, elemental/isotopic and molecular results)
and visualizes the correlations between the multi-proxy data. The biomolecular
and plant micro fossil analysis results indicate considerable incorporation of C3
cereals, most likely barley and/or wheat, in the cooking practices at the Pada
Iron Age settlement contexts. However, it is evident that terrestrial and fresh-
water animal substances were likely part of local cuisine as well.

Based on previous ORA analysis from Stone Age pottery it seems to be the
case that plant exploitation during that time period was more technological
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(adhesives and resinous compounds) than dietary-related. The doctoral study
reveals that the dietary preferences in the Bronze Age Estonia were still
dominated by animal-based products, although some inclusion of (domesti-
cated) plants has been also detected from this time period. The major changes
happened with the Iron Age displaying more diverse diet with heavier con-
sumptions of C3 cereals (e.g., wheat and barley), at least in the Late Iron Age
context. Based on the discovered components and cooking habits, we can
speculate the development of C3 cereal cultivation and animal husbandry at
Pada settlement site, yet the spread and cultivation of C4 millet may not have
emerged in this region.
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SUMMARY IN ESTONIAN

Muinasaegse taimekasutuse tuvastamine Ida-Baltikumis:
taimsete materjalide orgaanilised jadgianaliisid erinevate
meetoditega

Kéesoleva doktoritod eesmérk on uurida muinasaegset taimede kasutamist
Ladnemere idakaldal, keskendudes kahele peamisele taimset paritolu materjali-
tilibile: vaigulaadsetele materjalidele ja toidutaimedele. Peamised uuendused
seisnevad mitmemeetodiliste ldhenemisviiside viljatdotamises ja erinevate and-
mestike tdlgendamises kemomeetriliste ja statistiliste meetoditega.

ATR-FT-IR analiiiis, tdiendatuna GC-MS analiiiisidega, viidi 1dbi erinevate
vaigulaadsete liimainete (kasetorv, minnivaik ja -torv) ja lisandainete (luu, rani-
dioksiid, valk) komponentide identifitseerimiseks. Eristamisvdime parandami-
seks iihendati ATR-FT-IR tulemused PCA-pShise DA klassifitseerimismude-
liga. Arendatud DA mudel suudab hdlpsasti eristada n-6 puhtaid kasetdrva-
proove segudest ja vihesel médiral/kasetdrva mitte sisaldavatest ainetest; mudel
suudab samuti eraldada proove, millel on sarnased komponendid, ent erinevad
muud mdjutegurid (nditeks proovide vanused, algsed tootmisprotessid ja kesk-
konnatingimused). Loodud mudel aitab lihtsustada IR-spektrite tolgendamist ja
vdhendada vajadust teha analiilise GC-MSiga. Viimast vdiks hoopis kasutada
lisa- voi kinnitava meetodina keerukate proovide uurimiseks ja selleks, et pak-
kuda kinnitust referentsandmestikule, mida kasutatakse DA mudelite loomiseks.

Kéesolev doktoritoo késitleb samuti mitme proovitiilibiga juhtumuuringud
Eesti pronksi- ja rauaaegsetest kontekstidest ning pakub uusi teadmisi selle
kohta, kuidas taimsete mikrofossiilide analiilis, EA-IRMS- pohine element-
analiiiis ja orgaaniline jéédgianaliilis (ingl. k. organic resiude analysis ehk ORA)
voivad anda teavet savindude pinnale ladestunud korbekihtide ja neisse imbu-
nud lipiidijddnuste keeruka koostise kohta. Taimset péritolu komponentide
midramisel tdiendasid teineteist arvestatavalt taimsete mikrofossiilide ja GC-
MS analiiiis. Pronksiaegse keraamika ja selle korbekihi ORA tulemused viita-
vad peamiselt loomsele toidule. Loomad on olnud périt nii maismaalt kui ka
vesikeskkonnast. Pronksiaegse Iru asulakoha kdrbekihtide 6('*N) vs d(**C) viir-
tused ja C/N suhted viitasid taimedele tarbimisele, mida tipsemalt méadratleti
ORA abil lehtkdogiviljadeks. ORA ja mikrofossiilide analiiiis nditas, et vorrel-
des teiste muistitsega tarbiti Muuksi kalmistu ja Iru asula kontekstis enam vesi-
keskkonnast parit toiduaineid ja taimi. Lisaks otsiti proovidest C3- ja C4-tera-
viljade biomarkereid, tdpsemalt alkiiiilresortsinoole ja miliatsiini, millest esi-
mesi leiti, kuid miliatsiini kéesoleva t60 proovide koostistes ei esinenud.
Korrespondentsanaliiiisi kasutati korbekihtide analiiiisimiseks, et hinnata kolme
eri meetodi (korbekihist parit mikrofossilide, elementaar-/isotoopanaliiiiside ja
molekulaarsete analiiliside tulemuste) kokkulangevust. Lisaks aitas korrespon-
dentsanaliiiis vastavaid korrelatsioone paremini visualiseerida. Biomolekulaar-
sete ja taimsete mikrofossiilide analiiiiside tulemused niitavad, et Pada rauaaja
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asulates kasutati toiduvalmistamisel markimisvéérsetes kogustes C3-teravilja,
tdendoliselt otra ja/voi nisu. Tulemustest ilmneb, et tdendoliselt olid Pada ini-
meste toidulaual ka maismaa- ja mageveekogudest périt loomsed toiduallikad.

Varasemate kiviaja keraamika ORA-analiiliside pdhjal ndib, et taimi kasutati
sel perioodil pigem tehnoloogilistel eesmérkidel (liimide ja vaiguiihendite nédol)
kui toiduks. Kdesolev doktoritod nditab, et pronksiaegses Eestis elanud inimese
toidulaual esinesid kdige enam loomset péaritolu toidud, kuigi sellest perioodist
on ndha ka moningaste sdodavate (kodustatud) taimede lisandumist. Peamised
muutusid leidsid aset rauaajal, mil ilmneb mitmekesisem toitumine, sealhulgas
suurem C3-teraviljade tarbimine just hilisrauaaegsetes kontekstides. Tuvastatud
komponentide ja toiduvalmistuspraktikate pohjal voib eeldada, et Pada raua-
aegses asulakohas esines nii C3 taimede ja loomakasvatus, kuid C4 taimena
hirsi kasvatus vatsavasse uurimispiirkonda ilmselt veel levinud ei olnud.
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APPENDIX 2

Supplementary table 2. EA-IRMS analysis data of Pada food crusts and reference
cereal materials.

5(°N) o) 0 0

Sample Measurement (%o air N») (% V-PDB) Atm % N Atm % C C/N

1 6.70 -24.53 1.25 35.64 33.26211

2 6.10 -24.46 1.33 41.08 36.17053
Pada-47

Average 6.40 -24.49 1.29 38.36 34.75868

STVD 0.42 0.05 0.05 3.85 2.06

1 4.63 -24.19 1.46 45.64 36.52243

2 4.79 -24.39 1.53 46.52 35.5924
Pada-116

Average 4.71 -24.29 1.49 46.08 36.04697

STVD 0.11 0.14 0.05 0.62 0.66

1 10.57 -24.89 0.43 9.55 25.92321

2 9.60 -24.91 0.40 8.78 25.81197
Pada-136

Average 10.09 -24.90 0.41 9.17 25.86981

STVD 0.69 0.02 0.02 0.55 0.08

1 8.57 -26.15 4.01 31.79 9.25653

2 8.61 -26.19 3.87 31.97 9.629947
Pada-158

Average 8.59 -26.17 3.94 31.88 9.440063

STVD 0.03 0.03 0.09 0.12 0.26

1 8.34 -25.87 1.20 40.28 39.1645

2 8.30 -25.84 1.17 40.67 40.51893
Pada-172

Average 8.32 -25.86 1.19 40.48 39.83343

STVD 0.03 0.02 0.02 0.27 0.96

1 8.33 -26.70 3.02 31.66 12.23712

2 8.17 -26.72 2.87 30.08 12.22528
Pada-179

Average 8.25 -26.71 2.94 30.87 12.23135

STVD 0.12 0.02 0.10 1.11 0.01

1 5.36 -24.13 1.12 49.07 50.97989

2 5.83 -24.11 1.11 49.58 52.1588
Pada-190

Average 5.60 -24.12 1.12 49.33 51.56565

STVD 0.33 0.02 0.01 0.36 0.83

1 5.35 -23.80 1.18 53.93 53.27867

2 5.97 -23.85 1.11 50.98 53.67656
Pada-198

Average 5.66 -23.82 1.14 52.46 53.47127

STVD 0.43 0.04 0.05 2.09 0.28
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6("N) 8("C) 0 0

Sample Measurement (%o air Ny) (%o V-PDB) Atm % N Atm % C C/N

1 8.32 -24.98 2.30 31.07 15.75944

2 8.46 -25.02 248 33.36 15.70504
Pada-214

Average 8.39 -25.00 2.39 3221 15.73123

STVD 0.10 0.02 0.13 1.62 0.04

1 8.99 -25.46 0.36 16.92 54.98363

2 8.54 -25.43 0.59 28.84 56.65273
Pada-221

Average 8.77 -25.44 0.48 22.88 56.02397

STVD 0.31 0.02 0.17 8.43 1.18

1 4.14 -24.48 0.96 46.34 56.08239

2 4.25 -24.57 0.97 46.69 56.15923
Pada-225

Average 4.20 -24.53 0.97 46.52 56.12093

STVD 0.08 0.06 0.00 0.25 0.05

1 5.83 -24.37 0.95 57.68 71.13915

2 5.97 -24.35 0.91 55.96 71.66605
Pada-241

Average 5.90 -24.36 0.93 56.82 71.39764

STVD 0.10 0.02 0.02 1.22 0.37

1 6.72 -24.98 1.02 54.20 62.11719

2 6.25 -24.90 0.96 47.52 57.69229
Pada-255

Average 6.49 -24.94 0.99 50.86 59.96847

STVD 0.34 0.05 0.04 4.72 3.13

1 8.08 -24.24 1.31 4891 43.42823

2 9.30 -24.34 1.45 50.90 41.06445
Pada-285

Average 8.69 -24.29 1.38 49.90 42.18981

STVD 0.86 0.07 0.09 1.40 1.67

1 727 -27.08 2.99 37.53 14.65197

2 7.08 -27.14 2.89 36.46 14.71414
Pada-373

Average 7.18 -27.11 2.94 36.99 14.68254

STVD 0.13 0.04 0.07 0.75 0.04

1 7.44 -26.21 0.96 13.19 16.04722

2 7.41 -26.01 1.25 17.01 15.87743
Pada-383a

Average 7.42 -26.11 1.10 15.10 1595114

STVD 0.03 0.14 0.21 2.70 0.12

1 6.63 -25.82 2.24 29.30 15.2512

6.90 -25.89 2.10 27.23 15.16581

Pada-383b

Average 6.76 -25.85 2.17 28.26 15.20994

STVD 0.19 0.05 0.10 1.46 0.06
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6("N) 8("C) 0 0

Sample Measurement (%o air Ny) (%o V-PDB) Atm % N Atm % C C/N

1 8.82 -21.71 0.36 6.20 19.98084

2 8.46 -21.66 0.39 6.99 20.85745
Pada-402

Average 8.64 -21.69 0.38 6.59 20.43603

STVD 0.25 0.04 0.02 0.56 0.62

1 4.89 -24.17 1.20 50.98 49.60907

2 4.87 -24.14 1.21 52.32 50.4912
Pada-465

Average 4.88 -24.15 1.20 51.65 50.05197

STVD 0.01 0.03 0.01 0.95 0.62

1 9.30 -25.78 1.02 23.40 26.66543

2 7.09 -25.26 1.16 24.11 24.20649
Pada-481

Average 8.20 -25.52 1.09 23.76 25.35834

STVD 1.56 0.37 0.10 0.50 1.74

1 7.60 -24.97 1.26 39.08 36.3289

2 7.70 -24.82 1.53 43.28 32.98046
Pada-740

Average 7.65 -24.89 1.39 41.18 34.48882

STVD 0.07 0.10 0.20 2.97 2.37

1 9.27 -24.54 0.95 51.09 62.87146

2 9.22 -24.45 0.94 50.10 62.24396
Pada-868

Average 9.25 -24.50 0.94 50.59 62.5592

STVD 0.03 0.07 0.01 0.70 0.44

1 7.31 -24.67 0.94 3891 48.34496

2 7.31 -24.68 0.87 36.74 49.04903
Pada-889

Average 7.31 -24.68 0.91 37.83 48.68438

STVD 0.01 0.01 0.05 1.53 0.50

1 4.10 -24.23 0.41 20.08 57.13845
Pada-899 2 5.34 -24.27 0.42 17.67 49.08333

Average 4.72 -24.25 0.42 18.88 53.06237

STVD 0.88 0.03 0.01 1.70 5.70
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