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ARTICLE INFO ABSTRACT

Keywords: Plants are often underrepresented in archaeological reconstructions of past subsistence strategies, especially
Sta“h. grains concerning the Paleolithic, largely because they preserve poorly in the archaeological record. However, plants
zgﬁdmm are versatile resources that were used for a wide range of purposes, including as a crucial food source. Starch, a

high-energy polysaccharide produced by plants, may have played an important role in the survival of Homo
sapiens as they dispersed into the northern latitudes of Eurasia during Marine Isotopic Stage 3 (MIS 3, 60-25 ka
BP). Starch granules provide direct evidence of the consumption and intentional elaboration of starchy plants.
The presence of these residues alongside use-wear traces strongly suggests the deliberate exploitation of plants
through mechanical processing, shedding light on early human adaptation strategies.

The conventional approach to starch grain identification relies on optical microscopy under transmitted and
polarized light to detect key diagnostic features, and typically, morphological assessment is supported by
comparison with modern reference collections. However, the majority of datasets prioritize economically
important domesticated plants, leaving starches from wild plants available during MIS 3, particularly at boreal
latitudes, largely underrepresented.

This study comprehensively analyzes starch extracted from 26 plant taxa. To this end, an array of physico-
chemical characterization techniques was integrated, including optical microscopy, scanning electron micro-
scopy, laser granulometry, infrared spectroscopy, and gas chromatography-mass spectrometry. This innovative
approach facilitates the identification of starch grains that are comparable to those recovered from ground stone
tools at Upper Paleolithic sites across Eurasia, offering a more complete framework for archaeological
interpretation.

Ground stone tools

Fourier transform infrared spectroscopy
Gas chromatography-mass spectrometry
Physicochemical characterization

1. Introduction macrobotanical remains (charcoal, seeds, parenchymatous remains of

tubers and rhizomes) (Mason et al., 1994; Weiss et al., 2008; Woll-

Plants have always played a relevant role for humankind, yet their
significance during the Paleolithic remains difficult to assess due to their
poor preservation and the small size of residues, often eluding effective
analysis through traditional archaeological practices. To date, the
presence of plants in such contexts have been documented through
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stonecroft et al., 2008; Pryor et al., 2013; Larbey et al., 2019; Wadley
et al., 2020), microbotanical residues such as pollen, phytoliths (Madella
et al., 2002; Piperno et al., 2004; Ivanova et al., 2016; Zanina et al.,
2021), starches (Revedin et al., 2010; Liu et al., 2013; Power et al., 2014;
Dubreuil and Nadel, 2015; Mariotti-Lippi et al. 2015, 2023; Barton et al.,
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2018; Longo et al. 2021, 2022; Hayes et al., 2022), and, more recently,
ancient plant DNA (Willerslev et al., 2014; Stahlschmidt et al., 2019; ter
Schure et al., 2022). The study of these remains has provided crucial
insights into how plants were exploited for subsistence strategies already
in the Lower Paleolithic (Goren-Inbar et al., 2002; Ahituv et al., 2024).
In the course of later periods, findings indicate a wider use of plants by
modern humans, namely as sources of food (Mercader, 2009; Revedin
et al., 2010; Aranguren et al., 2011; Florin et al., 2022; Hayes et al.,
2022), medicines, dyes, glue, fuel, and clothing (Langejans, 2006;
Hardy, 2018; Hardy et al., 2018; Sukenik et al., 2021; Longo et al.,
2025), and in the creation of objects such as ropes, strings, nets, baskets,
etc. (Adovasio et al., 1996; Hather and Mason, 2002; Soffer, 2004;
Hardy, 2008; Hurcombe, 2014; Ingold, 2012; Hardy et al., 2020).
Despite recognizing the presence of plants in contexts associated with
Homo sapiens (HS), their intentional transformation for different uses is
not always easily demonstrable. This is particularly true of micro-
botanical residues (Garcia-Granero, 2020; Henry, 2020). Indeed, pollen
is often dispersed by wind and water, even across long distances, and
thus generally reflects regional vegetation, whereas phytoliths—micro-
scopic silica structures that form within plant tissues—tend to remain in
place after the plant decomposes due to their resistance to decay, and
therefore are more indicative of past local vegetation and surrounding
landscape (e.g., Piperno, 2006; Daniau et al., 2019; Wang et al., 2022;
Olatoyan et al., 2023). On the contrary, starch grains are less prone to
natural dispersal than pollen. Thus, when retrieved from the surfaces of
archaeological ground stone tools (GSTs) used to mechanically process
vegetal resources, it is possible to hypothesize that they are residues of
this transformative activity (Mercader, 2009; Revedin et al., 2010;
Barton et al., 2018; Copeland and Hardy, 2018; Kovarnik and Benes,
2018; Hayes et al., 2022). Starch has also been found in dental calculus
(Hardy et al., 2009; Henry et al., 2014) and feces (Sistiaga et al., 2014).
Overall, their analysis provides further evidence of their intentional
human processing and consumption, and it is therefore a powerful
anthropogenic proxy.

Starch is the primary polysaccharide reserve of plants, and according
to the plant life cycle it can be classified as transient short-term starch,
which is produced and stored in non-storage tissues such as leaves and
stems and is rapidly mobilized for metabolic needs, and long-term
storage starch, which accumulates in the amyloplasts of dedicated
storage organs. These include above-ground storage organs (ASOs),
particularly seeds and fruits, and underground storage organs (USOs)
such as tubers, rhizomes, roots, and corms (Haslam, 2004). They have
high energetic value, which can play a crucial role in the survival of
animals capable of metabolizing them, including modern humans. Thus,
starch-rich plants could have been a source of food for HS between 60
and 25 kya (Marine Isotopic Stage 3, MIS 3 hereafter) during its dispersal
into a new environment, Eurasia, at a time of climatic harshening
(Carbone et al., 2025). The chronological time frame for the present
study is a constraining point as few starch-rich wild cereals were
available under the severe climatic conditions that persisted until the
end of the Last Glacial Maximum (Richerson et. al., 2001; Riehl et al.,
2024). Therefore, it is plausible that starch was exploited by processing
the storage organs from other plants, including rhizomes, tubers, shelled
fruits, bark, and seeds.

Starch grains are micrometric in size (1 to 100 um) and are charac-
terized by concentric rings of amylose (20-30%) and amylopectin (70-
80%) layered around a nucleation center called the hilum. These can be
retrieved from GSTs involving wet extraction (either pipetting or soni-
cating the stone tool) or mechanical action using dental scalers
(Mercader et al., 2018; Longo et al., 2022). Additionally, the peel-off
action of silicone derivatives, often used as molds for replicating stone
surface texture and studying use-wear traces, can also be utilized to
recover organic residues from GST surfaces (Longo et al., 2021).
Following their isolation from any associated matrix, they are commonly
identified by means of optical transmitted microscopy (OM) with
brightfield and polarized light (Piperno and Holst, 1998; Haslam, 2004;
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Piperno et al., 2004; Henry et al., 2014; Cagnato and Ponce, 2017;
Copeland and Hardy, 2018; Kovarnik and Benes, 2018; Longo et al.,
2021), the latter used to evidence the Maltese cross, which is a feature
that appears due to their semi-crystalline structure. The morphology of
starch grains can also be investigated by means of Scanning Electron
Microscopy (SEM), typically providing high magnification and resolu-
tion of external features (Cortella and Pochettino, 1994; Torrence, 2006;
Longo et al., 2021, 2022; Zanina et al., 2021; Birarda et al., 2023).
Microscopy can also inform on mechanical processing and thermal
treatment, and help identify starch granules that have been degraded by
enzymatic activity, particularly due to alpha-amylase (Moss, 1976; Gott
et al., 2006; Hardy et al., 2009; Ma et al., 2017). Complementarily,
spectroscopic and spectrometric analysis can provide information about
ancient starch composition and its structure (Birarda et al., 2023;
Ordonez-Araque et al., 2024).

These techniques can inform about other less abundant components
of starch, offering additional information about their potential plant
source. These components include proteins and lipids that can be found
on both the surface and the interior portion of the starch grain (Pérez
and Bertoft, 2010). The surface lipid components include free fatty
acids, along with triglycerides, glycolipids, and phospholipids, while
internal lipids are predominantly monoacyl lipids (Gallant et al., 1997;
Dhital et al., 2019; Ordonez-Araque et al., 2024). Fatty acids play a
critical role in numerous biological functions that are essential for
maintaining health (Ursin, 2003; Calder, 2015), including serving as an
energy source (Lunn and Theobald, 2006; Ameur et al., 2012).

However, some of these spectroscopic and spectrometric techniques
cannot be applied to archaeological samples since the limited amount of
starch retrieved represents a constraint (Copeland and Hardy, 2018).
Nevertheless, the use of brighter sources, as lasers or Synchrotron Ra-
diation, coupled with advanced spectromicroscopies enables the anal-
ysis of even single granules (Birarda et al., 2023).

Currently, although not with the same taxonomic precision as for
pollen, starch grains can be classified according to their morphology and
size, which vary according to their taxa and to the different storage
organs from which they originate (Esau, 1977; Pearsall, 2000). An
important number of publications focus on the characterization of
starches from plants of industrial interest (i.e., potato, rice, maize,
manioc) (Deka et al., 2024; Shetty et al. 2024), thus limiting the proper
taxonomic attribution of archaeological starch grains (but see Piperno
and Holst, 1998; Messner, 2011; Mercader et al., 2018; Larbey et al.,
2019; Cagnato et al., 2021; Ahituv and Henry, 2022). This scarcity of
comparative datasets contributes to an incomplete picture of plant
availability and use during MIS 3 at the boreal latitudes (Revedin et al.,
2010; Mariotti Lippi et al., 2015; Longo et al., 2022; Birarda et al.,
2023). Addressing this gap is essential, and it provided the motivation
for developing a robust and systematically designed reference collection
of plant starches. In this study, we present a first attempt at establishing
a well-documented, multi-analytical reference framework for plants that
were likely available across the Eurasian Steppe during MIS 3. This
approach supports morphological comparison and also lays the
groundwork for preliminary physicochemical studies.

In this context, we developed a reference collection of starch
extracted from 26 plants: 23 were selected as putatively available across
the Eurasian Steppe during MIS 3, and 3 non-native ones were used for
comparative purposes (Hardy, 2010; Blinnikov et al., 2011; Magyari
et al., 2014). The plant organs selected for the reference collection
included both USO and ASO. Afterwards, a procedure to extract starches
from the storage organs was developed. The isolated starch grains were
morphologically analyzed using both OM and SEM. To further
strengthen the analytical depth of the reference collection, we investi-
gated starch grain size distribution using laser granulometry and char-
acterized their chemical profiles through Fourier Transform Infrared
(FTIR) Spectroscopy and Gas Chromatography-Mass Spectrometry
(GC-MS). Together, these complementary methods establish an inte-
grated comparative framework that enhances the reliability of
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identifying archaeological starches and represents a significant contri-
bution toward reconstructing plant exploitation in our area of interest.

Finally, to evaluate and refine the applicability of this approach we
included archaeological starch grains recovered from ground stone tools
BZ833 and BZ442, unearthed from the Upper Paleolithic level of Brin-
zeni I Cave in Moldova (Allsworth-Jones et al., 2018). Given that it is not
always feasible to perform all possible physicochemical analyses on
these unique samples, we managed to combine data from OM, SEM, and
FTIR. Finally, it was not possible to apply GC-MS to our archaeological
samples, because although this technique requires small amounts, these
are greater than those typically available to archaeologists. Moreover,
given the destructive nature of this technique we used it as a comple-
mentary source of information to help interpret or confirm signals
observed in FTIR spectra, particularly by identifying specific fatty acids
trapped within the starch whose characteristic vibrational modes might
be observed in archaeological samples.

2. Materials and methods
2.1. Plant selection based on archaeological and ethnobotanical data

In-depth analyses were performed on twenty-three plant species
selected based on three criteria: the first group comprises species re-
ported in Paleolithic archaeological contexts; a second group is
composed by plants that are present up to MIS 3 in the reference region;
while the last group is represented by plants that are present nowadays
in regions that are known to have been crossed by HS 60,000 years ago,
hypothesizing —if present— their past dietary exploitation. This selec-
tion was based on archaeobotanical evidence reported in the literature,
including the presence of macro- and microbotanical remains (pollen,
starch grains), and plant DNA (Table 1). Additionally, three species,
non-native to our region of interest, were also considered for compari-
son, and are discussed further below. Overall, this corpus consists of 26
taxa representing 17 plant families. Both USOs and ASOs are present,
with 14 USO and 13 ASO. Isatis tinctoria is the only species represented
by two different plant parts (roots and leaves) (Table 2).

Three additional plants were considered in the reference collection,
these include maize (Zea mays), potato (Solanum tuberosum), and emmer
wheat (Triticum dicoccum). Maize was domesticated in Mexico (Piperno
and Flannery, 2001), while emmer, a hulled wheat, was domesticated in
the Fertile Crescent (Middle East) (Iob and Botigué, 2023). Both these
plants are commonly consumed today and could thus potentially be
present as contaminants in archaeological samples. The potato, origi-
nally from the Andean region (Pearsall, 2008), was chosen as a standard
for several reasons, namely that it produces large, recognizable starch
grains, and given that the starches are easy to extract, we were able to
obtain a clean, pure starch sample.

2.2. Sampling area for the plant collection

The plants/taxa reported in Table 2 were sampled over two years in
various environmental contexts. The botanical garden in Novezzina
(Verona, Italy)? located at 1232m asl on the Monte Baldo (Venetian
Prealps), is a biodiversity hotspot, where around 50% of Alpine flora can
be found. The flora of Monte Baldo, well known since the XVI century,
was named Hortus Europae and was recognized in scholarly publications
such as F. Calzolari's (2026) Viaggio del Monte Baldo and in the Illustrated
Flora of the Monte Baldo (Prosser et al., 2009). Other plants were
collected in the area of Marano di Valpolicella (CSI IT3210002, Verona)

2 This area is acknowledged as a CSI Site of Community Site of Importance, IT
3210039, IT 3210004, and Rural Development Program (RDP) for the Veneto
Region, 2014-2020.
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and in the Busatello freshwater swamp area,” which is located at the
confluence of the Tione and Tartaro Rivers. Sampling was also carried
out in the vicinity of Vindjia Cave (Northern Croatia) and Brinzeni I
Cave (Northern Moldova), where Heracleum sibiricum and Typha latifolia
were collected. Finally, the plants used as controls were purchased from
local markets in Venice, Italy.

2.3. Procedure for starch extraction

2.3.1. Modern starch extraction

Five grams (or multiple aliquots) of each raw storage organ were
ground by means of a blender and the chopped residue was soaked in
200 mL of ultrapure water (with a resistivity of 18.2 MQcm, obtained
with the Milli-Q® system Millipore) for 3 h. The mixture was then
filtered using a Millipore filtration apparatus (Merck Millipore Glass
Vacuum filtration system) by using a stainless-steel support grid with
pore size of 0.1 mm. The filtered water containing the starches was then
centrifuged in a Jouan CR3i centrifuge (UK) at 7000 RPM (RCF = 6147)
for 10 min at 20 °C; the pellet obtained by removing the supernatant was
washed with 100 mL of ultrapure water and the mixture was sonicated
in an ultrasound bath for 2 min before recovering the pellet by further
centrifugation. The precipitated matrix was then washed with 1 mL of
ethanol (EtOH; Sigma-Aldrich), followed by the sonication and centri-
fugation processes as described above. The recovered pellets were dried
at room temperature and stored in a dark, dry place. To prevent bacterial
attack and degradation we tested different solvents as described below.
In general, appropriate clean-lab procedures were applied throughout,
including the use of gloves, clean tools, procedural blanks, and rigorous
handling practices to minimize contamination risk.

2.3.2. Influence of organic solvents on modern starch morphologies

The influence of four different organic solvents on starch morphol-
ogies was investigated to facilitate the selection of an optimal one for the
extraction procedure. 200 mg of starch grains extracted from Castanea
sativa fruits and Cannabis sativa seeds were dispersed in 5mL of the 4
following solvents: EtOH, acetone, acetonitrile, and i-propanol (Merck,
Sigma-Aldrich). The 8 mixtures were briefly sonicated in an ultrasound
bath (1 min) before recovering the pellets by centrifugation (for 10 min,
as for the extraction procedure). The precipitated pellets were dried (at
room temperature) and stored under dark conditions before the analysis.

2.3.3. Archaeological starch extraction

Archaeological starches were extracted from two GSTs collected
from the site of Brinzeni I (Longo et al., 2021) at the Chemistry
Department of the State University of Moldova (Chisinau). Active areas
of the GSTs were immersed in MQ® water and then placed in an ul-
trasonic bath. The suspension was subsequently centrifuged twice at
6000 RPM and the supernatant was discarded. The remaining solution
was transferred to a vial with a few drops of EtOH. For observation at the
OM, a few drops of the sample were placed on a glass slide, while for
SEM and FTIR the samples were suctioned in 50 uL of deionized water
and dropped onto CaF; or ZnSe windows.

2.4. Analytical techniques used to characterize starches

2.4.1. Microscopy

An aliquot of around 1 mg of reference starch was dispersed in ul-
trapure water and droplets of 0.5 pL were set on a microscope slide for
both OM and SEM inspection.

In preparation for OM observations, a drop of 1:1 water:glycerine
solution was added to the sample on the slide, before placing a cover slip
on top. The slides were then viewed between 100x and 600x

5 This area is acknowledged as a Site of Community Importance (CIIS
1T3210013) and as a Special Protection Area (SPA 1T3210013).
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Table 1
Summary of plant taxa selected for this study, their documented regional and chronological archaeobotanical evidence, and corresponding bibliographic references.
Taxa Region Period Archaeological contexts Type of evidence References
Arundo donax Tajikistan 4th- end of 3rd millennia BC Sarazm Carbonized wood Spengler and Willcox (2013)
Avena sativa Israel 780 ky Gesher Benot Ya'aqov Grinding stones Ahituv et al. (2024)
(starch grain)
Italy (Avena sp.) 33 ky Paglicci Cave Grinding stones Mariotti Lippi et al. (2015)
(starch grain)
Altai in Central Eurasia (Avena  6th — 4th c¢. BC Various sites Dental calculus Zanina et al. (2021)
sp.) (starch grains)
Cannabis sativa  Turkey (Cannabis sp.) 110 kya _ Pollen McPartland et al., (2019);
Rull (2022)
Carex humilis Germany (Carex various 300 ka Schoningen 13 Seeds and pollen (Bigga et al., 2015);
species) i Urban and Bigga (2015)
Eastern Russia (Carex dioica) 22,500 cal yr BP Northern Yakutia Woolly mammoth van Geel et al. (2008)
gut content (seeds)
Poland (Carex sp.) 11380- 8270 BP Calowanie Sediment Kubiak-Martens (1996)

Castanea sativa

Cyclamen sp.

Cyperus
rotundus

Convallaria
majalis

Echinochloa
crus-galli

Erythronium
dens-canis

Heracleum
sibiricum
Iris sibirica

Isatis tinctoria

Linum
usitatissimum

Oxalis
acetosella

Pastinaca sativa

Paeonia
officinalis
Pisum sativum”

Quercus ilex

Rumex acetosa

Georgia
Spain

West Carpathians and in the
Southern Limestone Alps

(C. purpurascens)

Germany (Cyperus pannonicus)

Hungarian Plain

China (Echinocloa spp.)
Eastern Ukraine

Altai in Central Eurasia
(Erythronium sibiricum)
Believed to have originated in
Pleistocene Europe

Czech Republic (Heracleum
sp.)

Altai in Central Eurasia
(Heracleum dissectum)
Bulgaria (Iris pumila/Iris
gramminea)

Armenia

Georgia
Georgia

Hungary

NW Russia

Georgia

Believed to have originated in
Pleistocene Europe

Altai in Central Eurasia
(Paeonia anomala)
Armenia

Southern Levant (Pisum sp.)
Altai in Central Eurasia

Israel

Armenia (Quercus sp.)

Italy (Deciduous Quercus)
Germany (Rumex maritimus)
Eastern Russia (Rumex cf.
sibirica)

Armenia (Rumex sculatus)
Balkans (Rumex acetosa)

Eastern Russia (Rumex
acetosella)

84-56 kya BP
3140 cal BP

115-11 kya

ca. 300 ka

Subboreal period (5000-
2500 yr BP)

13,800 and 11,600 cal. BP
5th and 1st centuries B.C.

Early Iron Age (5th century BC
- 5th century AD)

Currently found in evergreen
taiga and montane forests, as
well as coniferous forests
10,500 and 7500 B.P.

2nd c. BC - 5th c¢. AD
39 kya

39-24 ky

32-34 ya

84-56 kya BP
Current

Current

Current
Current

Early Iron Age (5th century BC
- 5th century AD)
39-24 ky

ca. 10300-9000 BC
5th c. BC — 5th c¢. AD

780 kya

39-24 kya

Aurignacian and Gravettian
levels

Ca. 300 ka

39140 + 390 years ago
39-24 kya

39.300 + 50 ka
22,500 cal yr BP

Solkota Cave
El Tiemblo

Multiple refugia

Schoningen 13 II
Lake Balaton

Shizitan Locality 9
Zanovskoe

Various sites

Various sites
Stepuska
Magura Cave
Aghitu-3 Cave
Dzuduana Cave

Solkota Cave

Currently found in evergreen
taiga and montane forests, as
well as coniferous forests
Various sites

Aghitu-3 Cave

Hayonim Cave
Various sites

Gesher Benot Ya'aqov
Aghitu-3 Cave
Paglicci Cave

Schoningen 13 1I
Cherskii

Aghitu-3 Cave

Magura cave
Northern Yakutia

(Carbonized
achenes)
Stalagmite (aDNA)
Sediment cores
(Pollen)

DNA

Pollen

Carbonized seeds
Pits (Carbonized
grains)

Dental calculus
(Starch grains)

Pollen

Dental calculus
(starch grains)
Hyena coprolites
(Pollen)

Sediment cores
(DNA)

Grinding stones
(starch grain)
Stalagmite (aDNA)

Modern vegetation
Modern vegetation
Modern vegetation
Modern vegetation

Dental calculus
(starch grains)
Sediment cores
(DNA)

Seeds (attributed to)
Dental calculus
(starch grains)
Grinding stones
(starch grains)
Sediment cores
(DNA)
Charcoal

macro-remains
Woolly rhinoceros
gut contents (pollen)
Sediment cores
(DNA)

Coprolites (pollen)
Woolly mammoth
gut contents (seeds,
pollen)

Stahlschmidt et al. (2019)
Lopez-Saez et al. (2017)

Slovak et al. (2012)

(Bigga et al., 2015)
Nagy-Bodor et al. (2000)
Bestel et al. (2014)
Motuzaite-Matuzeviciute
et al. (2012)

Zanina et al. (2021)

Hardy (2010)

Kunes et al. (2008)
Zanina et al. (2021)
Ivanova et al. (2016)

ter Schure et al. (2022)
Longo et al. (2025)
Stahlschmidt et al. (2019)
Dénes et al. (2012)
Kolosova et al. (2020)
Nakhutsrishvili et al. (2022)
Hardy (2010)

Zanina et al. (2021)

ter Schure et al. (2022)

Hopf and Bar-Yosef (1987)
Zanina et al. (2021)

Ahituv et al. (2024)
ter Schure et al. (2022)
Mariotti Lippi et al. (2015)

(Bigga et al., 2015)
Boeskorov et al. (2011)

ter Schure et al. (2022)

Ivanova et al. (2016)
van Geel et al. (2008)

(continued on next page)
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Taxa Region Period Archaeological contexts Type of evidence References
Sagittaria Israel (Sagittaria sp.) 700 and 800 kya Gesher Benot Ya'aqov Pollen van Zeist and Bottema
sagittifolia (2009)
Germany ca. 300 ka Schoningen 13 II Pollen (Bigga et al., 2015)
Poland 9390 -+ 70 B.P. Catowanie Sediments (tubers) Kubiak-Martens (1996)
Sorghum Believed to be native to Current _ Paterson et al. (2020)
halepense Western Asia
Typha latifolia Germany (Typha sp.) ca. 300 ka Schoningen 13 II Seed and rhizomes (Bigga et al., 2015)
Armenia (Typha sp.) 39-24 kya Aghitu-3 Cave Sediment cores ter Schure et al. (2022)
(DNA)
Italy (Typha sp.) Gravettian Bilancino II Pollen Revedin et al. (2010)

@ DNA from Aghitu-3 Cave has been attributed to pea (Pisum sativum; ter Schure et al., 2022). However, these data seemingly contradict the well-established early
Holocene timing of pea domestication, which occurred around 10,000 BC in the Near East and in Central Asia. Earlier Pleistocene occurrences of Pisum in the eastern
Mediterranean-Near Eastern region likely relate to wild taxa (e.g. P. sativum ssp. elatius, P. fulvum) and not to the cultivated form of P. sativum sensu stricto (Trnény et al.,

2018).

Table 2
Plants selected for this study, potentially available during MIS 3 (Entries 1-24)
and reference materials or potential contaminants (Entries 25-27).

Name Common Family Plant Storage
name part organ

1 Arundo donax L. Giant cane Poaceae Stalk ASO

2 Avena sativa L. Oat Poaceae Seed ASO

3 Cannabis sativa L. Hemp Cannabaceae Seed ASO

4 Carex humilis Lesser pond-  Cyperaceae Seed ASO
Leyss. sedge

5 Castanea sativa Chestnut Fagaceae Fruit ASO
Mill.

6 Cyclamen sp. Cyclamen Primulaceae Root Uso

7 Cyperus rotundus Purple nut Cyperaceae Rhizome  USO
L. sedge

8 Convallaria Lily of the Asparagaceae  Root Uso
majalis L. Valley

9 Echinochloa crus- Cockspur Poaceae Seed ASO
galli (L.) P. Beauv.

10  Erythronium dens- Dog's-tooth- Liliaceae Bulb Uuso
canis L. violet

11  Heracleum Cow parsnip ~ Apiaceae Root Uso
sibiricum L.

12 Iris sibirica L. Iris Iridaceae Root Uso

13 Isatis tinctoria L. Woad Brassicaceae Leaf ASO

14  Isatis tinctoria L. Woad Brassicaceae Root Uso

15  Linum Flax Linaceae Seed Uso
usitatissimum L.

16  Oxalis acetosella Wood sorrel ~ Oxalidaceae Rhizome  USO

L.

17  Pastinaca sativa L. Parsnip Apiaceae Root Uso

18  Paeonia officinalis Common Paeoniaceae Shoot ASO
L. peony

19  Pisum sativum L. Pea Fabaceae Seeds ASO

20  Quercus ilex L. Evergreen Fagaceae Seed ASO

oak

21 Rumex acetosa L. Curly dock Polygonaceae  Roots Uso

22 Sagittaria Arrowhead Poaceae Rhizome  USO
sagittifolia L.

23 Sorghum halepense  Johnson Poaceae Seed ASO
(L.) Pers. grass

24 Typha latifolia L. Cattail Typhaceae Rhizome  USO

25  Solanum Potato Solanaceae Tuber Uso
tuberosum L.

26  Triticum dicoccum  Emmer Poaceae Seed ASO
Schrank ex wheat
Schiibl.

27  Zea mays L. Maize/corn Poaceae Seed ASO

magnification by means of a polarizing microscope (Nikon Eclipse 600
EPOL). Individual starch grains were photographed using a Zeiss Axio-
cam 305 color camera and measured with a dedicated software.

For SEM visualization, the samples were observed without coating.
Glass slides were mounted directly on the SEM holder and then observed
with minimal dose and charge parameters with a high-resolution Field-

Emission SEM operating at 3 kV (GeminiSEM500, Zeiss) with a 15 mm
objective aperture diameter. Secondary electrons were collected with
the high sensitivity Everhart-Thornley detector. Scan speed and inte-
gration mode were adjusted during observation to optimize signal
detection.

2.4.2. Laser granulometry

Particle size analysis by laser diffraction granulometry was con-
ducted using a Mastersizer 3000 (Malvern Panalytical) with a wet
dispersion unit (Hydro EV). Starches were added to 500 mL of pure
water until at least 5% obscuration was achieved. The dispersions were
stirred at 2500 rpm and the ultrasonic bath was set to 90% power to
ensure the deagglomeration of the starch and stability of the suspension
during analysis. To enhance statistical robustness, each sample was
measured for 10 s across 10 replicates. The data were processed using
the instrument's software, considering the particles as "non-spherical",
and selecting cellulose as the material (Adsorption Index 1.468,
Refractive Index 0.01, Density 1 g/cm®), and water as the dispersant.
The results are reported as volume-based distributions in the range be-
tween 0.1 and 1000 pm.

2.4.3. Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) analyses were per-
formed directly on the starches extracted from the modern plants
without further preparation (Figs. S1-527). For these samples, Thermo
Nicolet Nexus 670 FTIR spectrophotometer equipped with a Smart Orbit
Single Reflection Diamond ATR (Attenuated Total Reflection) accessory
was used. The samples were analyzed in the 4000-400 cm™! region,
averaging 64 scans with 4 cm™! spectral resolution.

As far as the archaeological samples are concerned, they were
measured at the Chemical and Life Sciences branch of the infrared
beamline at Elettra Sincrotrone Trieste, (SISSI-Bio) (Birarda et al.,
2022). The samples were dropped onto 1 mm thick ZnSe IR-grade win-
dows and analyzed using a Hyperion 3000 Vis/IR microscope coupled
with a VERTEX 70v interferometer (BRUKER Optics, Billerica MA, US).
Chemical images were collected using the focal plane array detector
(FPA) and co-adding 256 scans for each measurement, at a spectral
resolution of 4cm™. Single spectra were extracted with OPUS 8.5
software as previously outlined in Birarda et al. (2023). FTIR data were
elaborated with Omnic 9.0, OPUS 8.5, Origin 8.0, and Origin Pro 2024
software.

2.4.4. Gas chromatography- mass spectrometry (GC-MS)

GC-MS analyses were performed to detect and quantify fatty acids
from lipids in the extracted starches. A well-established GC-MS meth-
odology for lipidic fractions determination was adopted (Izzo et al.
2014, 2022; Scarponi et al., 2021; Fuster-Lopez et al., 2019; Carava
et al., 2020; Gnemmi et al., 2024): small amounts of starch samples
(from 0.20 to 0.40 mg) were treated with 50 pL of 2.5% in methanol, by
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an overnight reaction carried out at room temperature. This allows fatty
acids to be transformed into their corresponding methyl esters. 1 pL of
each derivatized solution was automatically injected by an autosampler
AS1310 (Thermo Scientific) in a Trace GC 1300 system (Thermo Sci-
entific) equipped with an ISQ 7000 MS detector with a quadrupole
analyzer (Thermo Scientific). The chromatographic separation was ob-
tained on a chemically-bonded fused silica capillary DB-5MS Column
(30m length, 0.25mm, 0.25 pm—5% phenyl methyl polysiloxane),
using helium as the carrier gas (flow rate 1 ml min~1). The GC inlet, the
MS interface, and the transfer line were maintained at 280 °C, while the
MS source temperature was set at 300 °C. The temperature ramp was set
from 50 (3 min) to 320 °C (5min), 10 °C min~. The MS ran in Full Scan
mode (m/z 40-650) at 1.9 scans/s. Electron ionization energy was
70 eV.

The compounds were identified by comparing them with the NIST
and MS Search 1.7 libraries of MS spectra, as well as a lipid library
created by the authors.

Quantitation of fatty acids in starches was achieved using non-
adecanoic acid as the Internal Standard and a standard solution con-
taining the most abundant saturated (myristic, palmitic, stearic) and
unsaturated (oleic, linoleic, linolenic, palmitoleic) fatty acids. Quanti-
tative data obtained were expressed in ug/mg.

Data from GC-MS were statistically analyzed through hierarchical
clustering analysis, using the maximum distance between any two points
in separate clusters to determine the distance between those clusters
(called “complete” linkage). This method focuses on the furthest points,
leading to more compact and well-separated clusters with respect to
single or average linkage methods. Statistical analysis was performed
using R Statistical Software (v4.1.2; R Core Team, 2021), using R
package “hclust” (Becker et al., 1988).

3. Results and discussion

A combination of analytical techniques was used to characterize the
starches extracted from the selected plants, with the aim of providing
new, unexplored features that could improve the identification of plant
residues obtained from archaeological materials, such as GSTs, dental
calculus, and coprolites. Optical microscopy, commonly utilized by ar-
chaeologists to identify starches and other residues in a non-destructive
manner, was integrated with SEM inspection, which also allowed ob-
servations of smaller remains in a more detailed way. We coupled these
imaging analyses with a physicochemical characterization by means of
granulometric, FTIR, and GC-MS techniques.

Journal of Archaeological Science 190 (2026) 106570

3.1. Extraction procedure

The starch granule extraction procedure from modern plants devel-
oped in this study (section 2.3) aimed at preserving the morphology,
size, and shape of the granules. To prevent chemical degradation, a set of
solvents was tested during the extraction procedure. The best option was
selected after mixing the starches obtained from Castanea sativa and
Cannabis sativa with four different solvents, and analyzed by OM and
SEM. Due to the small size of the Cannabis sativa starch grains, we were
unable to document any morphological modifications by OM. Castanea
sativa starch grains observed with the OM, did not show a significant
variation in shape after solvent treatment (Figs. S28-S31). However,
SEM images allowed us to identify some alterations in both cases, as
shown in Fig. 1. Castanea sativa showed starch granule degradation with
all the other solvents tested except EtOH. In particular, acetone and i-
propanol lead to an opening of the starch granules, exhibiting amylose
and amylopectin rings. As for acetonitrile, it appears to dissolve the
starch granules. Even in the case of Cannabis sativa starches, except for
EtOH, granule alteration was observed with all the solvents used.
Accordingly, EtOH was selected as the most suitable solvent to be used
following the extraction procedure of the plants reported in Table 2,
which prevents bacteriological attacks without altering the shape or size
of the starch granules.

3.2. Morphological characterization and size distribution

The starch granules extracted from the plants listed in Table 2 were
examined by OM, where the typical Maltese cross was observed, and by
SEM (Figs. 2-5). Both sets of images revealed a variety of shapes,
including spherical, polyhedral, and elliptic starch grains. In some cases,
other vegetal residues (i.e., raphides, amyloplasts) besides starch grains
were observed; this will be further discussed in section 3.3. In the case of
Isatis tinctoria, we only included images of the starch grains found in the
root, as those in the leaves were too small to be characterized using the
OM.

Avena sativa and Arundo donax notably produce compound starch
grains, which are aggregates of individual starch grains. These aggre-
gates are also present in other members of the Poaceae family, including
rice, sorghum, and millet. We then observe starch grains that are
rounder to hemispherical in shape, such as for Carex humilis, Typha
latifolia, Cannabis sativa, and Paeonia officinalis. Linum usitatissimum,
Convallaria majalis, Echinocloa crus-galli and Zea mays range from
roundish to more facetted. Sagittaria sagittifolia, Quercus ilex, Castanea
sativa, Cyclamen, and Solanum tuberosum produce starch grains that are

Solvents:

Cannabis sativa

acetone

acetonitrile i-propanol

Fig. 1. SEM images of Cannabis sativa and Castanea sativa starch grains washed with different solvents.
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Fig. 2. Images of modern plants (first column; images downloaded and modified from https://www.gbif.org/) selected according to their presence in the archae-
ological record during our period of interest, and corresponding starches imaged by OM (second and third column) and SEM (fourth column).

more oval and elongate. Erythronium dens-canis also fits this category,
although numerous grains tend to taper towards one end and are more
flattened when viewed sideways. Very irregular starch grains can be
found in several of our taxa, including Iris sibirica, Cyperus rotundus,
Pisum sativum, Heracleum sibiricum, Oxalis acetosella, Rumex acetosa, and
Pastinaca sativa. Of the taxa from this list, only Typha latifolia and Con-
vallaria contained raphides (calcium oxalate crystals).

Starch grains produced by Triticum dicoccum are highly bimodal.
They produce large oval grains that when viewed sideways are lenticular
in shape, while the smaller grains (<10 pm) are more spherical in shape.
This type of bimodal distribution is commonly seen in the Triticeae tribe

(Poaceae family), notably in many domesticated species such as wheat
and barley (Yang and Perry, 2013).

The size of starches analyzed by OM and SEM are depicted as box-
plots in Fig. 6, ranging from 0.6 to 62 pm in length. The smaller grains
belong to Cannabis sativa, while the potato produces the largest starch
grains. It is not surprising that the size ranges obtained by OM and SEM
slightly differ, given the higher magnification of SEM, capable of im-
aging smaller starch grains barely or not visible with OM.

Laser diffraction particle size analysis achieved further information
on the size ranges, allowing the measurement of the hydrodynamic size
of a large quantity of starch grains dispersed in ultrapure water. The
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Fig. 2. (continued).

overall data are reported in Table S1 and once more, the measurements measuring the scattered light as a function of the scattering angle, unlike
obtained are slightly different from the size calculated by the other OM or SEM techniques that image individual constituent particles
techniques. This is due to the technique's physical basis: laser diffraction (Bresch et al., 2022).

determines the size distribution of starch dispersed in water by
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Arundo donax
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Fig. 3. Images of modern plants (first column; images downloaded and modified from https://www.gbif.org/) selected according to their presence in the archae-
ological record but that postdate our time period, and corresponding starches imaged by OM (second and third column) and SEM (fourth column).

3.3. FTIR characterization of extracted starches

As clearly revealed by SEM, besides the presence of starches, other
organic plant residues such as raphides (calcium oxalate crystals) and
phytoliths (siliceous concretions in plants) can be observed in the
extracted materials. These same residues are also frequently observed in
archaeological samples (Crowther, 2009; Shillito, 2018) and together
with other less structured remains that cannot be easily identified using
OM and SEM, or that need other analytical techniques to be detected,
could provide important information about past plant use.

In this context, to strengthen our understanding of other organic

residues that can remain behind with starches after the extraction pro-
cedure herein followed, FTIR analysis was performed on all the extrac-
ted starches reported in Table 2 and their corresponding spectra are
reported in the SI.

Solanum tuberosum was selected as a reference material, given the
purity of the starch extracted. Indeed, the corresponding FTIR spectrum
(Fig. 7) showed the characteristic absorptions associated with amylose
and amylopectin in the wavelength region between 3600 and 600 cm ™.
The typical absorption bands observed, assigned according to Monnier
et al. (2017), are the following: 3249 cm ™! (O-H stretching), 2928 cm™*
(CHy stretching), 1640 em ! (O-H bending mode of adsorbed water),
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Fig. 4. Images of modern plants (first column; images downloaded and modified from https://www.gbif.org/) based on their current consumption in our region of
interest, and corresponding starches imaged by OM (second and third column) and SEM (fourth column).

Fig. 5. Images of modern plants (first column; images downloaded and modified from https://www.gbif.org/) selected as standard (Solanum tuberosum) and po-
tential contaminants (Triticum dicoccum and Zea mays), and corresponding starches imaged by OM (second and third column) and SEM (fourth column).

10



C. Cagnato et al.

70

Journal of Archaeological Science 190 (2026) 106570

A

60
50

40

30
20

Size diameter (um)

N
-
[}

Arundo donax
Avena sativa
Cannabis sativa

Carex humilis
B castanea sativa
DCyclamen sp.
B Cyperus rotundus
.Convallaria majalis
Echinocloa crus-galli
- Erythronium dens-canis
- Heracleum sibiricum

Iris sibirica
Isatis tinctoria

Linum usitatissimum
-Oxalis acetosella
. Pastinaca sativa

Paeonia officinalis
- Pisum sativum
-Quercus ilex
[ Rumex acetosa
B sagittaria sagittifolia
DSorghum halepense
-Typha latifolia

Solanum tuberosum
Triticum dicoccum
Zea mays

Y &

70

60 -

50 —

40 +

30

Size diameter (um)

20 4

*

10

: ) . ) =
[+ +$ T T ****¢; )

Arundo donax
Avena sativa
Cannabis sativa
Carex humilis
ECaslanea sativa
Cyclamen sp.
- Cyperus rotundus
B convallaria majalis
I Echinocloa crus-galli
= Erythronium dens-canis
Heracleum sibiricum
- Iris sibirica
[ 1satis tinctoria (leaf)
- Isatis tinctoria (roots)
Linum usitatissimum
[l Oxalis acetosella
Pastinaca sativa
Paeonia officinalis
Pisum sativum
Quercus ilex
Rumex acetosa
B sagittaria sagittifolia
Sorghum halepense
Typha latifolia

/A Solanum tuberosum
Y /A Triticum dicoccum
-” Zea mays

| native

non-
native

Fig. 6. Starch granule size ranges as derived from A) OM and B) SEM analyses.

1437 cm™! (CH3 bending), 1336 cem! (CHy bending, C-O-H bending),
1247cem™! (C-O-H bending), 1150cm™! (C-O stretching, C-O-H
bending, C-C stretching), 1076 cm™! and 995cm™! (C-O stretching,
C-O-H bending, C-C stretching), 931 cm™! (skeletal mode involving the
beta C-O-C linkage), 861 cm ™! (CHy bending), and 761 cm ™! (skeletal
mode involving the beta C-O-C linkage).

Cyclamen sp., Cyperus rotundus, Erythronium dens-canis, Heracleum
sibiricum, Pastinaca sativa, Quercus ilex, and Sagittaria sagittifolia, show
similar FTIR spectra to the one of Solanum tuberosum (Fig. S6; S7; S10;
S11; S17; S20; S22), thus the identified characteristic IR absorption
bands are mainly related to amylose and amylopectin.

The other starches extracted showed some meaningful differences
with respect to Solanum tuberosum. In particular, for starches extracted
from Arundo donax, Cannabis sativa, Iris sibirica; Oxalis acetosella, Paeonia
officinalis, Pisum sativum, Rumex acetosa, Sorghum halepense, Triticum
dicoccum, and Zea mays (Fig. S1; S3; S12; S16; S18; S19; S21; 523; S26;
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$27), an increase in the intensity signal at around 1640 cm ™ and the
appearance of a new band at around 1530 cm ™! were registered, which
could be assigned to Amide I and Amide II bands, respectively, from
proteins. This latter band was less intense in Iris sibirica, Triticum
dicoccum, and Zea mays.

Another group of starches, extracted from Avena sativa, Carex humilis,
Castanea sativa, Convallaria majalis, Echinocloa crus-galli, Linum usita-
tissimum, and Typha latifolia (Fig. S2; S4; S5; S8; S9; S15; S24), in
addition to the bands at around 1640 and 1530 cm ™! (Amide I/II), also
showed a small band at 1745 cm ™, corresponding to C=0 stretching. As
reported by Martinez-Sanz et al. (2018), the presence of these bands at
around 1740 cm ™! and 1540 cm ™!, can be attributable to un-conjugated
ketones, esters and acetyl groups from macro-molecules such as hemi-
celluloses, lignin and pectin that have been extracted in water together
with the starches, but also from proteins and carboxylic acids (i.e., fatty
acids) included in starches (Wang et al., 2020).
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Fig. 7. FTIR spectra of selected starches in the region 3600 - 600 cm ™.

Finally, Isatis tinctoria starches from the root show a small band at
approximately 1790cm™!, a broad and intense band at around
1400 cm ™! and two narrow bands at 874 and 712 cm ™}, probably due to
the presence of calcite (CaCO3) (Zhang et al., 2018). These signals are
also present in the Isatis tinctoria starches from the leaf, but they are less
intense (Figures S13-S14).

3.4. Fatty acids characterization by GC-MS analysis

Fatty acids (FAs) are not structural components of starch itself, but
rather molecules that are intrinsically associated with and often
encapsulated within starch granules during their biosynthesis. This oc-
curs particularly by forming amylose-lipid complexes (V-type com-
plexes), an association crucial to many of starch's properties (Jane et al.,
1999; Hoover, 2001). Key characteristics such as crystallinity, gelatini-
zation behavior, and interactions with other biomolecules are dictated
by these factors (Gallant et al., 1997). Indeed, due to their chemical and
thermal stability, and hydrophobicity, these FAs associated with starch
granules persist in situ for extended periods (Whelton et al., 2021). This
makes them valuable biomarkers for identifying original plants or plant
groups, providing crucial insights into plant sources, processing
methods (e.g., thermal treatments), and their preservation state (i.e.,
integrity of FAs; Dudd et al., 1998; Evershed, 2008; Garcia-Granero
et al., 2022; Ordonez-Araque et al., 2024). Despite the fact that
analytical techniques used to analyze FAs (e.g., GC-MS) require only
minute sample amounts, the availability of such quantities in archaeo-
logical contexts is often limited. This challenge is further compounded
by the lack of a systematic study on the quantity and profile of FAs
associated with starches derived from plants not of commercial interest.
Addressing this gap by creating a reference collection of FA types and
quantities in starches from various non-commercial plants could repre-
sent a significant step forward in broadening our understanding of plant
biomarkers in archaeological contexts. With the aim of identifying FA
profiles that could be used to associate starches with their botanical
source, we detected the presence of both saturated and unsaturated FAs
on starch grains by GC-MS. Fig. 8 illustrates the abundance (expressed in
ug/mg) of the predominant FAs identified in the starches extracted from
the plants selected for this research. The overall data are reported in
Table S2 and examples of GC-MS total ion chromatograms (TICs) are
available in Fig. S32. Across nearly all samples, saturated long-chain
monofatty acids (predominantly, myristic, palmitic, and stearic), satu-
rated difatty acids (mainly azelaic and sebacic), and unsaturated
mono-FAs (palmitoleic, oleic, linoleic, and linolenic) were identified.
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GC-MS data (Fig. 8) reveal significant variability of FA content in
starches across the different plant species analyzed. In particular,
Cannabis sativa, Heracleum sibiricum, Paeonia officinalis, Pisum sativum,
Erythronium dens-canis, and Sagittaria sagittifolia exhibited the highest FA
concentrations (all >100 pg/mg, listed in decreasing order of abun-
dance). Conversely, Cyperus rotundus, Rumex acetosa, Triticum dicoccum,
Sorghum halepense, and Carex humilis contained the lowest amounts (all
<5 pg/mg, also presented in decreasing order of abundance).

Saturated and unsaturated FAs vary by species and processing
methods. In general, the most abundant FAs detected in the starches
analyzed were palmitic, oleic, and linoleic acid. Similar findings have
been reported in the literature regarding the FAs commonly found in
cereals (Morrison, 1988; Pastor et al., 2020; Mansouri et al., 2021).
Minor components frequently include stearic, myristic, and linolenic
acids. These profiles reflect both genetic and environmental influences
on lipid composition (Schmid and Ohlrogge, 2008). Oleic acid was also
detected in most samples, with exceptions in Oxalis acetosella, Solanum
tuberosum, and Zea mays, and only in low amounts (<0.1 pg/mg) in
Cyclamen sp., Isatis tinctoria, Convallaria majalis, and Heracleum sibiricum.

Among the analyzed starches, those from Cannabis sativa exhibited
the highest overall concentration of FAs, with oleic and palmitic acids
being predominant. Similarly, Linum usitatissimum starches showed a
notably high abundance of oleic acid. Other species, including Eryth-
ronium dens-canis, Heracleum sibiricum, Paeonia officinalis, Pisum sativum,
and Sagittaria sagittifolia, displayed elevated levels of palmitic and
linoleic acids in their starches. Myristic acid was generally present in low
concentrations across most samples; however, comparatively higher
levels were observed in Heracleum sibiricum, Paeonia officinalis, Sagittaria
sagittifolia, and, to a lesser extent, in Pisum sativum.

Furthermore, it is notable that a group of acids, including lauric,
azelaic, sebacic, palmitoleic, and linolenic acids is absent or present in
trace quantities (<0.1 pg/mg) in the starch of some species, such as
Avena sativa, Cannabis sativa, Castanea sativa, Linum usitatissimum, Carex
humilis, Echinocloa crus-galli, Oxalis acetosella, Solanum tuberosum, and
Triticum dicoccum.

Starch samples from two distinct organs of Isatis tinctoria—leaves and
roots—were analyzed in this study. It is noteworthy that the FA profiles
obtained from both plant parts exhibited a high degree of similarity,
demonstrating the reproducibility and reliability of the analytical
method employed as reported in previous studies on plant lipidomics
(Schmid and Ohlrogge, 2008; Shuman et al., 2010; Hill and Roessner,
2013). Consistently, the GC-MS TICs of root and leaf extracts (Fig. 9a, b)
show the same dominant peaks at comparable retention times (e.g.,
peaks 1-3 and 6, alongside the internal standard), confirming a largely
conserved qualitative profile across organs. Notably, the leaf TIC ex-
hibits additional unsaturated FA methyl esters signals (peaks 4-5) and a
higher relative intensity of the palmitate-derived signal (peak 2)
compared with the root TIC, in which peaks 4-5 are not evident. More
significantly, these findings suggest that starch extracted from different
organs of the same species may have comparable FA compositions, with
the notable exception of palmitic acid, which was observed at slightly
higher concentrations in leaf-derived starch relative to root-derived
starch. This organ-specific variation in palmitic acid content aligns
with previous reports of differential lipid distribution across plant tis-
sues (Lytovchenko et al., 2009; Napier et al., 2014), thus reflecting
distinct physiological roles or metabolic activities associated with starch
biosynthesis and storage in leaves compared to roots.

Cluster analysis of the complete dataset revealed two principal
groups, highlighted by red and black rectangles (Fig. 10). In addition to
the trends previously discussed, samples within the red cluster are
characterized by high concentrations of linoleic acid (>55 pg/mg) and
palmitic acid (>50 pg/mg). Conversely, samples within the black rect-
angle generally exhibit low levels of both linoleic acid (<20 pg/mg) and
palmitic acid (<8 pg/mg), with Cannabis sativa representing a notable
exception. Additionally, the violet rectangle identifies the two samples
with exceptionally high concentrations of oleic acid.
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Fig. 8. Quantification of fatty acids (expressed in pg/mg) detected by GC-MS in starches considered in this study. A: Histograms showing all analyzed samples. B:

Focus on samples with fatty acid concentrations equal to or above 50 pg/mg.

Although the hierarchical clustering did not reveal a significant
pattern, such as the grouping of plant families by FA type and concen-
tration, GC-MS results may still be helpful in providing complementary
information to other techniques (i.e., OM, SEM, FTIR, Time-of-Flight
Secondary Ion Mass Spectrometry) used for plant identification in
archaeological contexts (Longo et al., 2021).

In addition, although linoleic and linolenic acids are common con-
stituents of modern plant lipids and reference starches, their direct
preservation in archaeological contexts is rare due to their high
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susceptibility to oxidative degradation. In archaeological samples, these
polyunsaturated FAs are therefore generally absent or occur only as
trace components, as discussed by Whelton et al. (2021). Consequently,
FA profiles obtained by GC-MS should not be interpreted as direct
equivalents of modern reference materials, but rather in terms of
degradation pathways and the presence of more stable oxidation prod-
ucts derived from unsaturated precursors.

The identification of azelaic and sebacic acids is consistent with the
oxidative degradation of unsaturated FAs originally present in plant-
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Fig. 10. Hierarchical cluster analysis of fatty acid profiles in extracted starches. In red are shown the 3 non-Eurasian taxa. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

derived lipids. These compounds are commonly reported as the domi- in minor amounts and may fall below detection limits in archaeological
nant dicarboxylic acids in degraded lipid assemblages, while suberic samples. Experimental and heritage science studies have shown that
acid—although theoretically expected to co-occur—is often present only such dicarboxylic acid distributions reflect advanced oxidation
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processes affecting polyunsaturated FAs, particularly linoleic and lino-
lenic acids (e.g. [zzo et al., 2014; Fuster-Lopez et al., 2019).

In our case, the use of GC-MS was not feasible for the archaeological
samples due to the extremely limited amount of material and the
destructive nature of the technique, which poses clear constraints when
dealing with unique archaeological specimens. Instead, the GC-MS
reference data were used to support the identification of specific FTIR
signals as FAs.

3.5. Comparison with archaeological samples

Analysis of archaeological starches, obtained via sonication in water
from molds of GSTs BZ442 and BZ833 from Brinzeni I (Longo et al.,
2021, 2022; Birarda et al., 2023), was conducted by means of OM, SEM
and FTIR (Figs. 11 and 12). OM and SEM provide complementary in-
formation: OM confirms starch through the presence of the Maltese
cross, while both techniques allow detailed observations on granule
morphology, preservation, and potential mechanical or thermal alter-
ation. FTIR further strengthens starch identification through character-
istic amylose and amylopectin absorption bands, particularly when the
Maltese cross is obscured by sediment or when the granule is degraded.
It can also detect functional groups that indicate diagenetic processes,
confirming the starch's ancient origin. In the analyzed samples, OM
clearly showed starch grains with a damaged Maltese cross (Fig. 11A and
B and D-E). Moreover, a clear fracture was seen in the grain from sample
BZ442 (Fig. 11A and B), while the starch grain from BZ833 presented a
central depression, a feature often associated with exposure to heat
(Fig. 11D and E). The microphotographs acquired at the SEM show two
different starch grains; the first seemingly presents adhering soil
(Fig. 11C), while the other shows a flaked surface, likely the result of
fractured lamella (Fig. 11F). The use of synchrotron radiation was
crucial to perform FTIR analysis as it permitted single starch grain
investigation (Birarda et al., 2023). Conventional FTIR requires sub-
stantially larger sample quantities, which are typically unavailable for
archaeological material of this chronology, and it does not allow
single-grain measurements, which are essential when samples may
contain starches originating from different plant sources. Subsequently,
a comparative analysis of modern and archaeological spectra was per-
formed to ascertain whether features observed in modern starches could
indicate the botanical source or organ of origin of these ancient starches.

FTIR imaging (Fig. 12A-C) allowed for the morphological inspection
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of the mineral and organic residues deposited on the ZnSe window.
Then, according to the procedure described in Birarda et al. (2023), FTIR
analysis (Fig. 12 D) was performed on the five points marked in
Fig. 12A-B-C. FTIR imaging revealed that grains BZ442_#2, BZ442_#3
and BZ442_#4 were quite well isolated and clean, while grains
BZ442_#1 and BZ833_#1 had a lot of adhered material. The spectra
presented in Fig. 12D confirm their identification as starches, as most of
the characteristic peaks observed in modern ones were present. Specif-
ically, bands between 3600 and 3000cm™ ' and at 1630cm ! are
attributed to -OH stretching and bending vibrations, respectively. A
band between 3000 and 2800 cm ™! corresponds to C-H stretching, and
the main bands in fingerprint region (1200-900 cm ') are as previously
described.

The broad O-H stretching band, typically centered ~3450 cm ™! re-
gion, shifts to approximately 3300 cm ™! in all the archaeological sam-
ples and often it is paired with a sharp band at 3610 cm ™' due to free
-OH and weakly bonded -OH (Palchowdhury et al., 2022). The band
shift and the extra peak may be attributed to varying states of order,
likely a consequence of aging (Gallina et al., 2006). With regards to
grains BZ442_#1 and BZ833_#1 and compared to the other archaeo-
logical examples, they exhibited better preserved spectral characteristics
with well-defined peaks. Conversely, the spectra of grains BZ442_#2 and
BZ442_#4 showed broad, poorly defined bands at 1020 em !, weak
signals of the CH, in the 2800-3000 cm ™" range and a weak, broad band
of OH stretching at ~3300 cm™!. This suggests a disordered starch
structure, the presence of minor organic compounds/contaminants
(possibly from other plant matter), or environmental degradation
products and high levels of degradation and dehydration. Finally, the
spectrum of grain BZ833_#1, even though well preserved, displayed a
broad band at 1430cm ™' and two smaller signals at 1780 and
2511 cm™! that could be linked to carbonate signals and may be related
to the starch's partial mineralization, as previously observed (Birarda
et al., 2023).

The presence of a very weak peak at 1733 cm ™! in BZ833_#1, one of
the better-preserved particles, can be attributed to the presence of a
minor component of FAs that can contribute to the long-term preser-
vation of the starch grains.

Based on the results obtained, all the analyzed particles are
confirmed to be starch grains. Some specimens, however, could not be
assigned to a specific taxon because their optical characteristics were too
heavily degraded for reliable identification. Notably, these same

Fig. 11. Micrographs of archaeological starches from Brinzeni I GSTs BZ442 (A-C) and BZ833 (D-F). The starch grains viewed under OM in brightfield and polarized
light (two left columns) and those observed at SEM (right column) are not the same.
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Fig. 12. Analysis of five potential starch grains from archaeological contexts. A-B) Optical images of the sample obtained from BZ442 with four particles identified as

potential starches and C) of one particle obtained from sample BZ833; D) FTIR spectra of the selected potential starches in the region 3800 - 800 cm

damages may provide important information on how these plants could
have been treated or processed in the past. The starch grains observed
using SEM are more identifiable, given their more intact state. Based on
a comparison with imaging data from our reference collection, and
supported by morphometric information from granulometric analyses of
the modern reference material, we can infer that one grain (Fig. 11C)
could belong to the Triticeae tribe in the Poaceae (grass) family, while
the second (Fig. 11F), is similar to starches produced by Sorghum hale-
pense. FTIR analysis confirms that the selected spots show the typical
amylose and amylopectin signals and possibly the presence of FAs
(signals at 1730cm™ 1) and proteins (amides in the region 1640 -
1530 cm’l). In this framework, GC-MS—used on modern starches to
investigate their content—was not applied to the archaeological sam-
ples. Owing to the destructive nature of the technique and the extremely
limited quantity of archaeological material available, GC-MS was
deemed unsuitable, despite requiring only very small sample volumes.
Consequently, GC-MS results from modern starches were primarily used
to support the interpretation of FTIR spectra rather than to analyze the
archaeological samples directly. This decision does not diminish
GC-MS's value in archaeological research. On the contrary, it can pro-
vide highly informative data when applied to appropriate proxy mate-
rials, and it should be considered whenever the technique can yield
relevant and diagnostic results. When sample availability permits, GC-
MS remains a powerful tool for characterizing organic residues.

Our study highlights the necessity of a multi-technique analytical
approach, as no single method can consistently provide all the infor-
mation required to confidently identify starches and contribute to
archaeological interpretation. This approach, however, presents an
inherent challenge: it is often difficult to analyze the same area—or even
the same starch granule—using multiple techniques. Moreover, it is not
always possible to apply destructive methods without risking the loss of
rare and irreplaceable archaeological material. For these reasons,
analytical strategies that rely on proxy materials and prioritize non-
destructive techniques are strongly recommended, as they maximize
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the information that can be obtained from precious archaeological
samples. In addition, future methodological advances that allow sam-
ples to be marked and repeatedly analyzed in exactly the same area
would significantly enhance the reliability and comparability of multi-
technique analytical approaches.

4. Conclusions

Starch analysis has the potential to be a highly informative tool,
given its ability to withstand thousands of years in archaeological con-
texts (i.e., lithic and ceramic artifacts, dental calculus, coprolites).
Starch grains offer unique insight into past human activities and the use
of perishable materials, as well as subsistence practices such as the
preparation and processing of plant-based resources, and interactions
with the environment, including the use of specific plant taxa. Despite
this potential, the application of starch grain analysis in archaeology is
constrained by several significant challenges. These include issues
related to the state of preservation of starch grains over time, which alter
their morphology, and biases inherent in extraction and identification
techniques. Moreover, there is a lack of comprehensive reference col-
lections, particularly for wild or non-domesticated plants that were
likely significant in the Paleolithic but are not economically relevant
today and are therefore not easily accessible.

This study addresses two of these limitations. First, it contributes a
novel multi-technique reference collection of 23 starches derived from
plants likely to have existed during MIS 3 and from 3 non-Eurasian taxa.
While the collection is not yet exhaustive—although a significant effort
to expand the collection is ongoing—this work represents a critical first
step in characterizing a range of plant families and plant organs,
allowing researchers to more confidently distinguish ancient starches
and differentiate them from potential modern contaminants. Secondly,
the approach adopted here goes beyond traditional morphology-based
identification. While shape and size remain valuable diagnostic fea-
tures, they are often compromised in archaeological samples due to
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diagenetic processes, including enzymatic attacks or intentional human
activities such as mechanical alteration (i.e., grinding and pounding of
plant organs) or exposure to heat. By integrating chemoprofiling tech-
niques, this study demonstrates that chemical composition can serve as a
complementary analysis to confirm the presence of starch, even if the
grains are altered by the aforementioned processes. Moreover, these
techniques facilitate the identification of starch grains even when they
are embedded in complex matrices such as soil, and could also be suc-
cessfully applied to dental calculus or coprolites, contexts in which the
isolation of elements for microscopic analysis is often challenging.
Indeed, the integration of FTIR analysis of archaeological samples,
compared against our modern starch reference collection, was key in
confirming the starch nature of the observed features. The analysis of
spectral signatures also revealed specific signals that can be linked to
age-related degradation, mineralization or processing effects. This is
also evident from the microscopy analysis. Indeed, images showed
damage to the Maltese cross and to the overall morphology of the grains.

While GC-MS offers significant insights into starch architecture and
composition through fatty acid profiling, particularly in non-
commercial botanical sources, its application to archaeobotanical
specimens presents considerable methodological challenges. The limi-
tation in the quantities of starch commonly encountered in archaeo-
logical contexts could make GC-MS analysis operationally unfeasible.
However, the spectroscopic detection of an IR absorption band at
approximately 1740 cm™! provided a non-specific indicator on the
presence of an esterified FA.

This study also highlights some limitations of current analytical
procedures. The most evident one is surely the impossibility of per-
forming all the aforementioned analyses on the same archaeological
starch granule. Moving the sample from one instrument to another can
result in the loss of a reference coordinate, and in turn, can lead to a
reduction in the probability of identifying the same areas of interest.
Moreover, the different procedures for sample observation (i.e., wet vs.
dry; with or without a coverslip; type of support for sample deposition)
introduce an additional hurdle to the analytical sequence.

Overall, this approach offers a more robust analytical framework
that can enhance the reliability of identifications, even in cases where
starch grains are poorly preserved or altered, and help distinguish be-
tween ancient and modern unaltered contaminants.
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