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a b s t r a c t

Current knowledge about Paleolithic human plant use is limited by the rare survival of identifiable plant
remains as well as the availability of methods for plant detection and identification. By analyzing DNA
preserved in cave sediments, we can identify organisms in the absence of any visible remains, opening up
new ways to study details of past human behavior, including plant use. Aghitu-3 Cave contains a 15,000-
yearlong record (from ~39,000 to 24,000 cal BP) of Upper Paleolithic human settlement and environ-
mental variability in the Armenian Highlands. Finds from this cave include stone artifacts, faunal re-
mains, bone tools, shell beads, charcoal, and pollen, among others. We applied sedimentary ancient DNA
(sedaDNA) metabarcoding to the Aghitu-3 sedimentary sequence and combined this with pollen data to
obtain a temporal reconstruction of plant assemblages. Our results reveal a stratification of plant
abundance and diversity where sedaDNA reflects periods of human occupation, showing higher diversity
in layers with increased human activity. Low pollen concentrations combined with high sedaDNA
abundance indicate plant remains may have been brought into the cave by animals or humans during the
deposition of the lower two archaeological horizons. Most of the recovered plants are reported to be
useful for food, flavor, medicine, and/or technical purposes, demonstrating the potential of the envi-
ronment around Aghitu-3 Cave to support humans during the Upper Paleolithic. Moreover, we identified
several specific plant taxa that strengthen previous findings about Upper Paleolithic plant use in this
region (i.e., for medicine and the manufacturing and dyeing of textiles). This study represents the first
application of plant sedaDNA analysis of cave sediments for the investigation of potential plant use by
prehistoric humans.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Analyses of preserved botanical remains yield excitingly
detailed insights into the integral role that plants played in pre-
historic human life, as plants provide food, medicine, rawmaterials,
and fuel (Shipley and Kindscher, 2016; Hardy, 2018, 2019). Evidence
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for the Paleolithic human diet gleaned from plant fragments, phy-
toliths, and microfossils, as well as biomarkers from food prepa-
ration tools and dental calculus, has shifted the assumption of a
largely animal-based diet to one that included a range of plants
(Revedin et al., 2010; Power et al., 2018; Wadley et al., 2020).
Specifically, DNA, chemical biomarkers, and starch grains extracted
from dental calculus at several Neanderthal sites indicate ingestion
of plant foods (Hardy et al., 2012; Salazar-García et al., 2013;
Weyrich et al., 2017; Power et al., 2018). Furthermore, starch grains
recovered from ~30,000-year-old grinding tools at several locations
in Europe suggest widespread vegetal food processing by hunter-
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gatherers, and possibly the production of flour (Revedin et al.,
2010). Plants also provided fuel for fires and key raw materials
(Albert et al., 2000; Allu�e et al., 2012; Goldberg et al., 2012), and
were possibly used for medicine (Hardy, 2019), as well as early
production of textiles (Kvavadze et al., 2009). Nevertheless, survival
of identifiable plant remains is rare at Paleolithic sites, and our
current knowledge about past human plant use is limited by the
degradation of plant remains, by the ability to recover those re-
mains, and by the availability of methods and technologies for plant
detection and identification.

Developments in sedimentary ancient DNA (sedaDNA) methods
and protocols have allowed the recovery of DNA from a variety of
sedimentary contexts, including cave sediments (Hofreiter et al.,
2003; Willerslev, 2003; Haile et al., 2007). Through such analyses
we can identify organisms in the absence of any visible remains in
cave environments, as illustrated by studies that successfully
retrieved sedaDNA in caves originating from animals, including
birds and mammals as well as hominins (Willerslev, 2003;
Hofreiter et al., 2003; Haile et al., 2007; Slon et al., 2017; Zhang
et al., 2020; Vernot et al., 2021). Notably, recent sedaDNA ana-
lyses of cave sites in Europe, Siberia, and the Tibetan Plateau have
reconstructed Neanderthal and Denisovan population history (Slon
et al., 2017; Zhang et al., 2020; Vernot et al., 2021; Zavala et al.,
2021), focusing on the traces of mammal DNA, particularly of
hominin origin. With caves often mitigating the full effects of the
elements on organic materials such as bones, feces, and plant re-
mains accumulated by humans, animals, and other natural agents,
they provide a unique opportunity to study not only past human
presence, but also past environments and human activities through
DNA analyses.

Previous sedaDNA studies on cave sites in New Zealand,
Australia, and North America demonstrate the potential to recover
and identify plant DNA and reconstruct plant assemblages from
>20,000 years ago (Willerslev, 2003; Haile et al., 2007; Haouchar
et al., 2014; Seersholm et al., 2020). Moreover, a recent study at
Solkota Cave in Georgia successfully retrieved up to 84,000-year-
old mammal and plant DNA from stalagmites (Stahlschmidt et al.,
2019), attesting to the unique conditions of preservation in caves.

The Armenian Highlands together with the southern Caucasus
lie along an important route for early humans as they migrated out
of Africa, with the earliest evidence dated to approximately 1.8 Ma
at the Early Pleistocene site of Dmanisi in Georgia (Gabunia and
Vekua, 1995; Egeland et al., 2010; Ferring et al., 2011; Gasparyan
and Glauberman, 2022). It is an extremely diverse region, both
topographically and climatically, and supports a variety of plant
habitats from deserts, semi-deserts, and steppes to open wood-
lands, forests, and alpine meadows (Nakhutsrishvili, 2012; Fayvush
and Aleksanyan, 2016). In Armenia, these vegetation units mainly
follow altitudinal gradients of temperature and precipitation
(Gulisashvili et al., 1975; Moreno-Sanchez and Sayadyan, 2005;
Fayvush et al., 2013, 2017). The lower areas (480e1200 m) are
characterized by semi-deserts, whereas a variety of steppic and
forest vegetation covers the middle and upper mountain belts
(1200e2000 m), and meadows and carpets characterize the sub-
alpine and alpine areas (2200e4000 m; Fayvush et al., 2013, 2017).
Only a few studies have described the Pleistocene paleovegetation
in the Armenian Highlands (i.e., Bruch and Gabrielyan, 2002;
Gabrielyan and Gasparyan, 2003; Joannin et al., 2010; Pinhasi et al.,
2011), and information on Paleolithic plant use is even scarcer.
Based on palynological evidence, the current vegetation types
appear to have persisted throughout the Pleistocene with phases of
expanded forest-steppe during more humid periods in response to
climate oscillations (Joannin et al., 2010; Ollivier et al., 2010).
Analysis of leaf imprints from several edible plants found in the
area around Sisian, southern Armenia, suggests the environment
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was suitable for human life in the Plio-Pleistocene (Gabrielyan and
Gasparyan, 2003; Fig.1). Yet no indications of human presence have
been found and, by extension, no evidence of human use of these
plants for food. However, Acheulean localities recorded in the
Vorotan Depression, north from Sisian, indicate human presence in
this region as early as the Middle Pleistocene (Lyubin and Belyaeva,
2013). More direct evidence of human plant use comes from dyed
and spun flax fibers from Upper Paleolithic strata at Dzudzuana
Cave in Georgia, indicating that prehistoric hunter-gatherers in the
southern Caucasus region were making cords, weaving baskets, or
sewing garments (Kvavadze et al., 2009).

Here, we assess the potential of sedaDNA metabarcoding for
reconstructing prehistoric plant assemblages from cave sediments
by applying these methods to Aghitu-3 Cave in the Armenian
Highlands. Specifically, we evaluate: 1) the potential of sedaDNA
metabarcoding for recovering prehistoric plant assemblages from
cave sediments; 2) whether prehistoric humans may have accu-
mulated the identified plant remains; and 3) modern uses of the
recovered plants to infer putative prehistoric human plant use. To
this end, we combine plant sedaDNA metabarcoding with previous
pollen evidence from Aghitu-3 Cave in southern Armenia, followed
by analysis of modern uses for the recovered plants. Aghitu-3 Cave
represents one of a handful of stratified Upper Paleolithic (Late
Pleistocene) sites in the Republic of Armenia and contains a 15,000-
yearlong record (from ~39,000 to 24,000 cal BP) of Upper Paleo-
lithic human settlement (Gasparyan et al., 2014). Plant remains
identified throughout the sequence of Aghitu-3 include pollen and
nonpollen palynomorphs, such as spores, algal and fungal remains,
wood, and other undifferentiated plant parts (Kandel et al., 2017),
implying good preservation of organic materials. The occupation
horizons at Aghitu-3 yielded many finds, including stone artifacts,
combustion features, and faunal remains, separated by archaeo-
logically sterile layers with few finds (Kandel et al., 2017; Bertacchi
et al., 2021). The observed interstratification creates an opportunity
to test whether humans and animals accumulated the identified
plant remains. Through the analysis of modern uses of the recov-
ered plant taxa, we provide insight into their possible prehistoric
use at Aghitu-3.

2. Materials and methods

2.1. Study site

Aghitu-3 Cave (39.5138� N, 46.0822� E, 1601 m a.s.l.) is situated
115 m above the Vorotan River in the Syunik Province of southern
Armenia (Fig. 1A). With dimensions of 11 m depth, 18 m width, and
6 m height, it is the largest of several caves along the base of a basalt
massif, the source of which was an eruption from nearby Mount
Bughdablur between 126,000 and 111,000 years ago (Ollivier et al.,
2010). The Vorotan River has cut through this basalt, forming a
river valley and facilitating the movement of wildlife as well as
people (Kandel et al., 2014). The current vegetation in this region is
classified as ‘Pre- and Transcaucasian Stipa-Steppes’ according to the
European Vegetation Map (Bohn et al., 2004). It is characterized by
steppes and mountain meadows, with occasional small patches of
oak forests (with Quercus macranthera) only on north-facing slopes
with a more humid, favorable microclimate (Kandel et al., 2017).
Archaeological excavations at Aghitu-3 started in 2009 and yielded
many finds, including stone artifacts, faunal remains, bone tools,
shell beads, charcoal, and pollen (Kandel et al., 2014, 2017; Bertacchi
et al., 2021). Twelve geological and seven archaeological horizons
(AHs) were originally identified. As the two uppermost horizons are
mixed with Holocene debris, we focus on the intact Pleistocene
stratigraphy of AHs VIIeIII, dated to ~39,000e24,000 cal BP (Kandel
et al., 2017).



Figure 1. Aghitu-3 Cave. A) Map showing the location of the cave in the Republic of Armenia. B) View of the Aghitu basalt massif looking west into the valley of the Vorotan River
(left) and a closer view looking west into the cave (right). C) SedaDNA sampling in between the basalt plates of AH III (top) and a section of the sediment profile in AH VI in the
excavation pit (bottom). Photos by A. Kandel.
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The relatively dry cave environment of Aghitu-3, with sedi-
ments composed mainly of silt, clay minerals, volcanic ash, and
basalt debris from the cave ceiling, has preserved many organic
remains (Kandel et al., 2014, 2017; Bertacchi et al., 2021). Most of
the sedimentary sequence consists of clayey silt, with somewhat
more clay in AH VI compared to other layers; only in AH VII
does the sediment grade to silty sand with depth (Kandel et al.,
2014).

Remains obtained from palynological analyses were observed
throughout the sedimentary sequence. Other organic remains
found in the cave sediments include charcoal and faunal remains of
birds, fish, micromammals, and macrofauna (Kandel et al., 2017;
Bertacchi et al., 2021). The abundance patterns of these remains
along the archaeological horizons indicate an association with
human occupation. More organic remains were found in archaeo-
logical horizons that also contain high densities of lithics (AH VII,
VI, and III), as compared to those considered almost sterile (con-
taining <0.1% of the total number of lithics i.e., AH V and IV).
Macrofaunal remains are rare in AH V and IV, followed by AH VII. A
high abundance of mainly goats and horses was observed in AH VI
and III (Kandel et al., 2017; Bertacchi et al., 2021). Anthropogenic
modifications, including cut marks, percussion marks, and burn
marks, were observed on several bones from these layers, and in AH
VI, there was evidence that some of the fauna was accumulated by
carnivores (Bertacchi et al., 2021).

The pattern of macrofaunal abundance matches that of the
lithics as well as the microcharcoal concentrations, and together
with the rare presence of carnivore remains and lack of copro-
lites suggest human occupation in AH VII, VI, and III, when the
cave may have been used as a shelter for short-term stays for
hunting (Taller et al., 2018). In contrast, the faunal remains from
small mammals (lagomorphs and rodents) showed high rates of
3

deposition, especially in AH V and IV, which have been associ-
ated with a reduced presence of humans in the cave (Kandel
et al., 2017).

The abundance of organic remains throughout the sedimentary
sequence suggests conditions of good preservation, while the
stratification of human occupation layers (AHs VII, VI, and III)
interspersed with archaeologically sterile layers (AH V and IV)
creates the opportunity to make inferences about possible human
plant use at Aghitu-3 Cave during the Upper Paleolithic.

2.2. Sediment sampling for sedimentary ancient DNA

The Aghitu-3 excavation profile (>5.5 m) consists mainly of dry
silt, which is dominant throughout and interspersed with basalt
debris from the cave ceiling. We collected sedaDNA samples in
September 2019 over the full depth of the profile. As AH III contains
high amounts of platy basalt (Fig. 1C), samples were taken from
accessible sediments in between the basalts. In the lower horizons
(AH VII and VI), which contain much less basalt, we did not sample
close to boulders and avoided including small rocks.

The cave sedimentary sequence was sampled while wearing
personal protective equipment (hairnets, facemasks, double
gloves) and using sterile instruments. Sampling tubes and scalpel
holders were UV irradiated in preparation for the sampling, and
scalpel holders were cleaned with bleach in between each sample
to avoid cross-contamination of DNA. First, 1e2 cm of surface
material was removed. Then two consecutive cuts were made with
sterile scalpels before sample collection in a sample tube,
following the procedure described by Epp et al. (2019). Samples
were kept cool during transport to the ancient DNA facilities at the
University of Oslo, where they remained at �20 �C until DNA
extraction.
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2.3. DNA analyses

DNA extraction and amplification DNA was extracted from 25
samples and three negative controls at the dedicated ancient DNA
laboratory, Department of Biosciences, University of Oslo. We
extracted DNA from 90 to 190 mg of sediment using the sediment
extraction protocol as described by Rohland et al. (2018) with silica
spin columns and binding buffer D. We increased the elution buffer
volume to 100 mL. See Supplementary Online Materials (SOM) S1
for further details.

Plant chloroplast DNA was amplified using the trnL-gh primers
that target the P6 loop from the trnL-intron (Taberlet et al., 2007).
These primers are specifically designed for amplification of
degraded plant DNA and are widely used in plant sedaDNA studies.
Both primers were tagged with a unique 8 or 9 base pair long
barcode at the 50 end to allow for multiplexing as described by
Voldstad et al. (2020). We conducted six polymerase chain reaction
(PCR) replicates per sample and extraction negative control, and
included 30 PCR negative controls. Amplifications of DNA were
carried out in a final volume of 25 mL containing 5 mL of DNA extract
and 0.2 mM of each primer. The amplification mixture further
contained 2U of AmpliTaq Gold DNA Polymerase with Buffer II
(Applied Biosystems), 1 � Buffer II, 2.5 mMMgCl2, 0.2 mM of each
dNTP, and 0.32 mg/mL of bovine serum albumin (BSA, Roche Diag-
nostic). The mixture was denatured at 95 �C for 10 min, followed by
45 cycles of 30 s at 95 �C, 30 s at 50 �C, 1 min at 72 �C, and a 10-min
final elongation at 72 �C.

Polymerase chain reaction products were visualized with
agarose gel electrophoresis. Equal volumes of PCR products with
similar band intensity were mixed and purified using the MinElute
Purification kit (Qiagen GmbH, Hilden, Germany), including PCR
products that did not show a band. Concentrations of the pools
with purified PCR products were measured on a Qubit 2.0 with the
Qubit dsDNA HS kit (ThermoFisher Scientific), and pools were
subsequently combined in an equimolar superpool. Libraries were
built from the resulting superpool using the KAPA HyperPrep DNA
kit (Roche) and sequenced on the Illumina HiSeq 4000 at the
Norwegian Sequencing Centre.
DNA sequence analyses and filtering Initial sequence data pro-
cessing was done using the OBITools package v. 1.2.12 (http://
metabarcoding.org/obitools/doc/index.html; Boyer et al., 2016).
Forward and corresponding reverse reads were assembled using
‘illuminapairedend,’ followed by sample assignment with ‘ngsfil-
ter.’ We removed reads with a quality score <40, <100% tag match,
>3 mismatches with the primers, shorter lengths than expected
(<8 bp), and those containing ambiguous nucleotides. Unique reads
were merged and singletons removed. Amplification and
sequencing errors were identified using ‘obiclean,’with a threshold
ratio of 5% for reclassification of sequences identified as ‘internal’ to
their corresponding ‘head’ sequence. Finally, sequences were
compared to a taxonomic reference library using ‘ecotag.’ The
reference library was prepared using the global EMBL sequence
database (release 142; January 2020; http://www.ebi.ac.uk/embl/)
and the NCBI Taxonomy database (https://www.ncbi.nlm.nih.gov/
taxonomy) by performing an in-silico PCR with the ecoPCR soft-
ware v. 1.0.1 (Ficetola et al., 2010).

To minimize the chance of misidentification, we filtered the
identified sequences in R v. 4.1.0 (R Core Team, 2021) to further
remove: 1) sequences occurring in negative controls, 2) sequences
with a percentage identity <97.5%, 3) read counts <10 reads per
sequence in a PCR replicate, and 4) PCR replicates with <10 reads.
As the used reference database contains limited data from the
Caucasus region, it is possible that DNA sequences were misas-
signed to a sister taxon, or to a more narrow taxon than appro-
priate, causing potential overconfidence in the taxonomic
4

assignments. To mitigate these potential biases, a taxonomic expert
checked the taxonomic annotations to assess the likeliness of
occurrence in the region at the time. Based on this assessment,
several taxonomic assignments were adjusted (see SOM Table S1)
and additional filtering steps were performed removing sequences
occurring in a single PCR replicate over the entire data set, se-
quences with a percentage identity <98%, and sequences without
family-annotation or that were deemed unlikely for the period and
location. Samples consisting of <2 positive replicates after filtering
were considered empty and their read counts were set to 0.
Remaining unique DNA sequences were designated as molecular
operational taxonomic units (MOTUs). An overview of the filtering
steps and their effect on the size of the data set, as well as a list of
manually removed taxa, can be found in SOM Table S2.

The filtered sequence data were corrected for the amount of
input material (SOM Table S3). Polymerase chain reaction replicates
were merged while calculating the total read counts for each
sample as well as the number of positive replicates. The total read
counts per sample were subsequently log-transformed to correct
for the exponential increase in read counts during PCR
amplification.

All raw read data of this study are available at the European
Nucleotide Archive under study accession number PRJEB54625.
Scripts for read data processing are available at https://github.com/
terschure/dataprocessing_AGH. All processed data are available in
SOM Tables S1 and S4eS6.

2.4. Pollen data

Sediment samples for palynological analysis (including pollen)
were obtained along the sediment profile walls during excavations
in 2011 and 2013 (Kandel et al., 2017). Per sample, 50 g of sediment
was processed using 30% HCl and 30% HF to remove carbonates and
silica. Tablets of spores (Lycopodium) were added to each sample to
calculate pollen concentrations (Stockmarr, 1971). Sodium poly-
tungstate (SPT) was used to separate particle fractions by gravity.
The samples were sieved with a 6 mm filter and centrifuged with
SPT to separate particle fractions. Two strew-mounted slides were
prepared from each residue with glycerin gelatin as a mounting
medium. The resulting palynological data have previously been
used for qualitative analysis of the vegetation and environmental
conditions at Aghitu-3 (Kandel et al., 2017). In this study, we focus
on the pollen data.

2.5. Plant-use assessment

For the assessment of plant use by humans, we selected all taxa
from the pollen and sedaDNA records that were identified to genus
or species. From this list, we limited our analyses to those species
that are included in the Flora of Armenia (Takhtajan, 1954e2009).
For taxa determined at genus level (DNA and pollen) or as pollen
types, both of which are represented by several species, we used
only Armenian species for the compilation of information. For
example, of 472 accepted species of Artemisia, 23 occur in Armenia,
and only these were assessed for evaluating the potential plant use
of the genus Artemisia in this study. The taxonomic status of these
Armenian species was checked with the Plants of the World Online
database (http://www.plantsoftheworldonline.org/) for their val-
idity and potential synonyms.

Potential uses of plants were identified using the PlantBITES
database (Altolaguirre et al., 2021, unpublished data) from “The
Role of Culture in Early Expansions of Humans” (ROCEEH) project,
the “Plants For A Future” database (https://pfaf.org; Fern, 1997), the
“Useful Temperate Plants” database (http://temperate.theferns.
info/; Fern, 2019), as well as botanical and ethnobotanical
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publications (e.g., Rivera et al., 2012; Fleischhauer et al., 2016). In
cases where, after thorough research, no informationwas available,
we considered the taxon as not having any uses as known thus far
(see Table 1). We evaluated the following categories of use: edible,
medicinal, dye, repellent, and other (e.g., string making, thatching,
weaving, strewing; i.e., the scattering of fragrant or insect repellent
plants). Plants of the ‘edible’ category were further divided into
whether parts of the respective plant can be eaten in large
amounts, i.e., served as bulk food, or if the plant is used as a
flavoring (condiment, herb, spice, tea). For each taxon, we scored its
use per category as to whether it is useful or not as determined by
being reported in the literature. For taxa identified to genus level
and comprising several species, we scored the genus as being useful
if one or several of the Armenian species listed could be classified as
useful. In cases where all Armenian species of a genus are consid-
ered useful, this was noted in the table. If none of the Armenian
species of this genus had any reported use, the genus was consid-
ered as not having any uses as known thus far.

2.6. Statistical analyses

All statistical analyses were performed in R v. 4.1.0 (R Core Team,
2021). To visualize changes in abundance of plant taxa over time,
we created stratigraphic plots with the ‘rioja’ package v. 0.9-26
(Juggins and Juggins, 2020; SOM Figs. S1eS3).

To investigate plant assemblages, we used nonmetric multidi-
mensional scaling (NMDS) based on BrayeCurtis dissimilarities,
allowing the visualization of dissimilarities in composition across
samples. A stress level of <0.2 for NMDS is considered acceptable
for this purpose (Clarke, 1993). We grouped samples according to
their archaeological horizons and tested for differences between
groups by performing a permutational multivariate analysis of
variance (perMANOVA) with 999 permutations using the adonis
function in the ‘vegan’ package v. 2.5-7 (Oksanen et al., 2020). For
pairwise perMANOVAs, we corrected p-values for multiple testing
using the Bonferroni method (Bland and Altman, 1995) of the
p.adjust function. We tested the perMANOVA assumption of ho-
mogeneity of multivariate dispersions using the permutest func-
tion with 999 permutations.

To facilitate comparisons between sedaDNA and pollen diversity
and relate these to plant-use information, we reduced the sedaDNA
data set from MOTUs to species and genera, summing the different
MOTUs of the same species or genus together. This reduced data set
was used to determine the taxonomic richness and the inverse
Simpson index using Hill numbers (q ¼ 0 and q ¼ 2) with the
hill_taxa function of the ‘HillR’ package v. 0.5.1 (Li, 2018). We used
the nonparametric ManneWhitneyeWilcoxon test to identify dif-
ferences in plant diversity among archaeological horizons, available
under the function wilcox_test from the ‘rstatix’ package v. 0.7.0
(Kassambara, 2021) with standard settings, including a Holm
correction of p-values (Holm, 1979). We applied a significance level
of a ¼ 0.05 for all statistical tests.

3. Results

3.1. Brief description of the data

We obtained 168.8 million raw DNA sequence reads. After
filtering, the DNA data set consisted of 3.3 million reads from 21
samples, leaving four samples with no sequences (SOM Table S1).
Read counts per sample, corrected for the amount of input material,
averaged 305 ± 38 log-transformed reads per mg of sediment
(excluding empty samples; Fig. 2A; SOM Table S4). The number of
positive replicates per sample averaged 4.3 ± 0.7 (excluding empty
samples; Fig. 2A; SOM Table S5). The filtered DNA data set
5

contained 128 unique MOTUs, corresponding to 10 plant families,
20 genera, and six species (see SOM Figs. S1 and S2 for detailed
stratigraphic plots). Forbs (nongraminoid herbaceous plants) ac-
count for 116 MOTUs and more than 93% of the log-transformed
read abundance, followed by graminoids, with 11 MOTUs at
approximately 6% and trees with 1 MOTU at <0.5%.

Twenty-seven of the 38 previously analyzed palynological
samples contained pollen. Altogether, 39 taxa were identified,
covering 28 families, 24 plant genera, and seven species, all cor-
responding to taxa occurring in Armenia. Total pollen concentra-
tions averaged to 278 ± 75 grains per gram of sediment (excluding
empty samples; Fig. 2A). Forbs were themost abundant plant group
with 26 pollen types accounting for more than 70% of the total
concentration. Trees, represented by 12 pollen types, accounted for
17.5%, followed by graminoids at 12%. Detailed pollen concentration
diagrams can be found in SOM Figure S3 and the corresponding
data in SOM Table S6.

3.2. Recovery of plant taxa

Comparison of pollen and sedaDNA Across pollen and sedaDNA
data sets, a total of 32 plant families, 43 genera, and 14 species were
identified, with an overlap between the two data sets of six plant
families (19%), two genera (5%), and no overlap in detected species.
Regarding the plant families, 22 are unique to the pollen data set,
including Betulaceae and Pinaceae, and four are unique to the
sedaDNA data set (Boraginaceae, Fabaceae, Lamiaceae, and Polyg-
onaceae). The six plant families occurring in both data sets are
Asteraceae, Brassicaceae, Amaranthaceae, Fagaceae, Plumbagina-
ceae, and Poaceae. Asteraceae (55%) represents the most abundant
plant family in the pollen record, whereas Brassicaceae (44%)
dominates the sedaDNA data set, followed by Fabaceae (21%). The
plant genera detected in both data sets are Artemisia (wormwoods)
and Quercus (oaks). Another 23 genera were uniquely detected by
pollen compared to 18 by sedaDNA analysis.
Plant assemblages across archaeological horizons Among the
analyzed samples, 21 sedaDNA and 27 pollen samples contained
identifiable plant taxa and these were used to investigate the plant
assemblages. The number of samples per horizon varied between
two and 10 (Fig. 2). No sedaDNA was recovered from the two
samples taken from AH IV. Nonmetric multidimensional scaling
showed visual separation of AH III from all other AHs for both
pollen and sedaDNA data sets, and sedaDNA samples in particular
cluster more closely for some horizons (AH VII and VI) than for
others (AH V; Fig. 3). Permutational multivariate analysis of vari-
ance on BrayeCurtis dissimilarities derived from both data sets
(sedaDNA and pollen) indicated significant differences between
plant assemblages among AHs (sedaDNA adonis F3,20 ¼ 2.53,
r2 ¼ 0.31, p < 0.001; pollen adonis: F4,26 ¼ 1.70, r2 ¼ 0.24, p¼ 0.011).
The assumption of homogeneity of dispersion among AHs was
supported by nonsignificant permutest results (sedaDNA:
p ¼ 0.158, pollen: p ¼ 0.352). Post hoc pairwise perMANOVAs on
subsets of the sedaDNA data indicated statistically significant
(Bonferroni-adjusted p < 0.05) differences in plant assemblages
between AH III and VI, between AH III and VII, and between sets of
AHs, VII-VI and V-IV, and VII-VI and III. The same analysis for the
pollen data set revealed a significant difference between the AH
VII-VI set and III, but no differences in plant assemblages were
found using pairwise comparisons of individual AHs based on
Bonferroni-adjusted p-values.

Plant richness was highest in the lower archaeological horizons,
with AH VII having a median of 31 MOTUs (interquartile range
[IQR] ¼ 19.75e42.75, n ¼ 6) and three pollen types (IQR ¼ 0.5e5.5,
n¼ 10) and AH VI having amedian of 38MOTUs (IQR¼ 28.5e40.75,
n ¼ 10) and three pollen types (IQR ¼ 1e6, n ¼ 13; Fig. 2A).



Table 1
List of Armenian plant genera and species documented by sedaDNA and pollen from Aghitu-3 Cave and their assignment to plant-use categories based on information in the
ROCEEH project database PlantBITES (Altolaguirre et al., 2021, unpublished data), the Plants For A Future database (https://pfaf.org; Fern, 1997), the Useful Temperate Plants
database (http://temperate.theferns.info/; Fern, 2019), as well as botanical and ethnobotanical publications (e.g., Rivera et al., 2012; Fleischhauer et al., 2016). The number of
species in Armenia refers to those listed in the Flora of Armenia (Takhtajan, 1954e2009). The taxonomic status was checked with the Plants of the World Online database
(http://www.plantsoftheworldonline.org/) and the number of accepted species according to this database is given in brackets.

Assigned Armenian taxa n species in
Armenia

Proxy Bulk
food

Flavoring Medicinal Dye Repellent Other uses Other uses being:

Forbs
Acoraceae
Acorus calamus L. Pollen e √ √ e √ √ Basketry, strewing,

thatching, weaving
Amaranthaceae
Atriplex sp. 12(11) DNA √ e √ e e e

Beta vulgaris type 5 Pollen √ e √ e e e

Chenopodium sp. 12(11) DNA √a e √ √ √ e

Asteraceae
Achillea pseudoaleppica
Hausskn. ex Hub.-Mor.

DNA eb eb √ eb eb eb

Artemisia sp. 24(23) Both e √ √ e √ √ Strewing
Centaurea sp. 88 Pollen e e e √ e e

Cirsium sp. 22(11) DNA √ e √ e e √ Tinder
Matricaria matricarioides
(Less.) Porter ex Britt.

Pollen e √ √ e √ e

Boraginaceae
Lappula sp. 8(6) DNA eb eb eb eb eb eb

Lithospermum officinale L. DNA e √ √ √ e e

Brassicaceae
Alyssum sp. 24(15) DNA e e eb eb eb eb

Brassica nigra (L.)
W.D.J.Koch

DNA √ e √ e √ e

Brassica oleracea L. DNA √ e √ e √ e

Isatis sp. 13(12) DNA √ √ √ √ e √ Preservative
Lepidium sp. 12(12) DNA e √ √ eb eb eb

Raphanus raphanistrum L. DNA √ e √ e e e

Sterigmostemum sp. 2(2) DNA eb eb eb eb eb eb

Caprifoliaceae
Knautia arvensis type 2(2) Pollen e √ √ e e e

Convolvulaceae
Convolvulus arvensis type 2 Pollen e √ √ √ e √ String

Ephedraceae
Ephedra distachya type 1 Pollen e √ √ e e e

Fabaceae
Astragalus sp. 144 DNA e √ √ e e e

Hedysarum sp. 8 DNA ed ed e e e e

Onobrychis sp. 25(23) DNA ec √c ec ec ec ec

Pisum sativum L. DNA √ e √ e e e

Malvaceae
Malva neglecta type 3 Pollen √ e √ √ e √ Toothbrush

Polemoniaceae
Polemonium caeruleum L. Pollen e e √ e e e

Polygonaceae
Rumex scutatus L. DNA √ e √ √ e e

Ranunculaceae
Thalictrum sp. 6 Pollen e √ √ e e e

Typhaceae
Typha sp. 10 Pollen √ e √ e e √ Tinder, thatching, weaving,

stuffing
Viscaceae
Viscum album L. Pollen e √ √ e e e

Graminoids
Poaceae
Alopecurus myosuroides
Huds.

DNA eb eb eb eb eb eb

Phragmites australis (Cav.)
Trin. ex Steud.

Pollen √ e √ √ e √ Thatching, string, weaving

Trees and shrubs
Betulaceae
Betula sp. 3(2) Pollen e √a √ e e √ Drinking vessels
Carpinus sp. 3 Pollen e e √ √ e e

Corylus sp. 2 Pollen √ e √ e e √ Basketry, tannin
Buxaceae
Buxus sempervirens L. Pollen e e √ e e e

Cannabaceae
Celtis sp. 2 Pollen √a e eb e e e

Fagaceae
Quercus sp. 6(4) DNA e √ √ √ √ √ Gum, basketry, tannin
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Table 1 (continued )

Assigned Armenian taxa n species in
Armenia

Proxy Bulk
food

Flavoring Medicinal Dye Repellent Other uses Other uses being:

Quercus frainetto type Pollen e √ √ √ √ √ Gum, basketry, tannin
Quercus coccifera type Pollen e √ √ √ √ e

Juglandaceae
Juglans regia L. Pollen √ e eb e e e

Pinaceae
Pinus sp. 6(4) Pollen e √a √ √ e √ String, tannin, pitch,

turpentine
Salicaceae
Salix sp. 14 Pollen √ e √ √ √ √ String, resin, adhesive,

basketry, stuffing, tannin
Sapindaceae
Acer sp. 7 Pollen √ e √ √ e e

a True for all Armenian species.
b No information found, designated as not useful.
c No information on Armenian species, information on Onobrychis viciifolia was used.
d Some Chinese and American species are reported to be edible, but those known to occur in Armenia are not edible.
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In AH VII, the pollen record was dominated by Asteraceae,
whereas Brassicaceae dominated the sedaDNA record with five
genera (Brassica sp.: cabbage, turnip, mustard; Isatis sp.: woad;
Lepidium sp.: cress; Raphanus sp.: radish; and Sterigmostemum sp.).
Both records indicate the presence of these families, as well as
Amaranthaceae, identified by sedaDNA as mainly Atriplex sp.
(orach) and Chenopodium sp. (goosefoot). Other plant families in
this AH detected by both records are Poaceae (Alopecurus sp.: fox-
tail grass, and other unidentified grasses) and Fagaceae (i.e., Quer-
cus sp.: oak). Specific to the pollen record in AH VII were traces of
other trees (Pinus sp.: pine; Acer sp.: maple), some forbs and gra-
minoids (Apiaceae, Caryophyllaceae, Cyperaceae, Convolvulus sp.:
bindweed), and the gymnosperm shrub Ephedra sp., whereas the
sedaDNA record counted another 10 genera.

In AH VI, one pollen sample (sample 41, depth ¼ �4.26 m)
stands out with higher pollen counts (n ¼ 218; Fig. 2A) and higher
diversity than any other analyzed pollen samples, containing 28 of
the 38 identified pollen types detected throughout the sequence.
Particularly Phragmites sp. and Asteraceae pollen were abundant in
this sample. Asteraceae remained present in the pollen record
throughout AH VI, with concentrations increasing with depth. In
the sedaDNA record, Brassicaceae and Amaranthaceae remained
abundant, whereas Fabaceae (particularly Astragalus sp.: milk-
vetch) showed a much higher presence than in AH VII.

Moving up the sequence from AH VI to AH V, the median
number of plant taxa declined to 3.5 MOTUs (IQR ¼ 2.75e4.25,
n ¼ 2) or 2 pollen taxa (IQR ¼ 1e3.5, n ¼ 3). Detected plant taxa in
AH V included Asteraceae and Poaceae in both sedaDNA and pollen,
Fabaceae and Lamiaceae only in the sedaDNA record, and Amar-
anthaceae, Juglans regia (walnut), Quercus sp., and Pinus sp. only in
the pollen.

In AH IV, sedaDNA detected no plant MOTUs and the median
number of pollen taxa was 1.5 (IQR ¼ 0e3.25, n ¼ 8). Asteraceae
pollen concentrations increased compared to AH V and pine pollen
was continuously detected. Other pollen finds included Ericaceae,
Amaranthaceae, Brassicaceae, and low concentration of J. regia at
the bottom of this AH.

In AH III, the median number of MOTUs increased to 12
(IQR ¼ 9e14, n ¼ 5), whereas pollen taxa further decreased to a
median of 0.5 (IQR ¼ 0e1.5, n ¼ 4). A high concentration of Arte-
misia sp. pollen was found, as well as Pinus sp. and Amaranthaceae.
In the sedaDNA data, this AH was dominated by Fabaceae, partic-
ularly Astragalus sp., but also some Pisum sp. (pea). Further finds
included several Brassicaceae (Brassica nigra: black mustard;
B. oleracea: wild cabbage and cultivars; and Raphanus raphanis-
7

trum) and one taxon (Pisum sp.) from the legumes family
(Fabaceae).

No significant differences in plant richness between individual
AHs were found for either sedaDNA or pollen. Grouping AHs
together provided more statistical power and revealed a significant
decrease in sedaDNA-based plant richness from the AH VII-VI set to
AH V-IV (ManneWhitney U ¼ 3, p ¼ 0.021), followed by a signifi-
cant increase toward AH III (ManneWhitney U¼ 7.5, p¼ 0.021; see
SOM Table S7). This same grouping did not result in significant
differences in pollen-based plant richness.

3.3. Potential use of recovered plant taxa

Useful plant data The potential use of the detected plant taxa was
determined for the plants identified to genus and species level,
reducing the sedaDNA data set to 21 taxa, and the pollen data set to
25 pollen types. With the focus on Armenian species, most of these
plants were considered useful in at least one, and many of them in
multiple use categories (i.e., bulk food, flavoring, medicinal, dye,
repellent, other), including 16 of the taxa identified with sedaDNA,
and 20 of the taxa identified with pollen analysis. Those considered
not useful are as follows: Alopecurus myosuroides, Lappula sp.
(stickseed), Alyssum sp. (alyssum), Sterigmostemum sp., and Hedy-
sarum sp. (sweetvetch; Table 1).
Edible plants A total of 15 edible plant taxa were detected by
sedaDNA analysis, nine of which categorized as bulk foods, and
seven usable as flavoring. Pollen analysis detected 18 edible plant
taxa: six bulk food and 11 flavoring (Table 1; Fig. 4). The bulk food
taxa detected by sedaDNAwere primarily found in AH VII, VI, and III
and included several members of the Brassicaceae (e.g., B. nigra,
B. oleracea, R. raphanistrum, Isatis sp.) and Amaranthaceae (i.e.,
Atriplex sp. and Chenopodium sp.) as well as Rumex scutatus (French
sorrel), Cirsium sp. (plume thistle), and Pisum sp. The pollen record
indicates a high richness in bulk food in one particular sample
(depth ¼ �4.26 m) including Beta vulgaris (beet) type pollen and
those of Phragmites sp. (reed) and Typha sp. (bulrush), whereas
other pollen samples include one bulk food taxon at most, from
either Celtis sp. (nettle tree), Juglans sp., or Acer sp. Plant taxa that
could be used for flavoring were more consistently present in the
pollen record, and were also detected in many sedaDNA samples
throughout the sedimentary sequence (Fig. 4).
Other uses Fifteen of the 16 useful plant taxa detected with
sedaDNA were categorized as medicinal compared to 21 of the 24
useful plant taxa detected through pollen (Table 1). Both records
indicate consistent presence of these taxa throughout the sedi-
mentary sequence (Fig. 4).



Figure 2. Plant diversity per archaeological horizon (AH) based on sedaDNA and pollen analysis. A) The total concentrations of plant sedaDNA (brown tones) and pollen (green
tones) per sample and the inverse Simpson index of the recovered plant genera and species with respect to depth. The size of the circles indicates for sedaDNA, the number of
positive replicates kept after filtering, and for pollen, the total pollen sum. The schematic profile drawing provides an overview of the sediment profile; however, the thickness and
depth of the indicated layers vary spatially across the excavated area (Kandel et al., 2017). B) Boxplots of the total number of sedaDNA molecular operational taxonomic units
(MOTUs; left: brown tones) and pollen taxa (right, green tones) detected per layer. Center line, median; box limits, upper and lower quartiles; whiskers, extremes of the data. A total
of 25 sedaDNA samples (AH III, n ¼ 5; IV, n ¼ 2; V, n ¼ 2; VI, n ¼ 10; VII, n ¼ 6) and 38 pollen samples (AH III, n ¼ 4; IV, n ¼ 8; V, n ¼ 3; VI, n ¼ 13; VII, n ¼ 10) were compared. The
coloring of the circles and bars indicates the AH, with darker colors for deeper horizons. Shaded areas on the right side of the figures indicate the relative intensity of human
occupation (very low, low, medium, and high) as reported by Kandel et al. (2017). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article).
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Figure 3. SedaDNA (left; brown tones) and pollen (right; green tones) nonmetric multidimensional scaling (NMDS) ordination of BrayeCurtis dissimilarity of samples (small circles)
and averages per archaeological horizon (big circles). The stress levels of 0.138 and 0.134 are under the cut-off value of 0.2 as posed by Clarke (1993) to indicate an interpretable
ordination. The coloring is indicative of the archaeological horizon (AH), with darker colors for deeper horizons. One pollen sample outlier (sample 11 from AH VI, depth ¼ �2.26,
NMDS1 ¼ �4.06, NMDS2 ¼ �0.31, containing only Juglans sp. pollen) was excluded from visualization here, but included in the statistical analysis. Archaeological horizon IV is
missing from the sedaDNA NMDS (left) as associated samples were considered empty. Plant assemblages among AHs were significantly different (p < 0.05) for both sedaDNA and
pollen. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article).
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Plant taxa possibly used for dye were similarly detected
throughout the pollen record but limited to AH VII and VI in the
sedaDNA record. Those detected by sedaDNA included R. scutatus,
Lithospermum sp. (gromwell), Isatis sp., and Chenopodium sp., while
the pollen record distinguished eight different taxa, of which four
trees (two Quercus types, Pinus sp., and Acer sp.), Pinus sp. in
particular, being present throughout most of the sedimentary
sequence.

The category of repellents encompassed five taxa detected with
sedaDNA and three detected with pollen. These include several of
the taxa also categorized as bulk foods and/or flavoring (Brassica
sp., Artemisia sp., Chenopodium sp., and Quercus sp.), and sedaDNA
from these categories showed similar patterns (Fig. 4). Repellent
taxa found by pollen analysis were Acorus calamus (sweet flag),
Artemisia sp., and Matricaria matricarioides (wild chamomile) type
(Table 1).

Ten taxa were assigned to the category of ‘other uses,’ of which
two were found with both proxies (Quercus sp. and Artemisia sp.),
two others uniquely with sedaDNA (Cirsium sp. and Isatis sp.), and
eight with pollen (Table 1; Fig. 4). Several of the pollen taxa
belonging to this category are trees (Pinus sp., Quercus sp., and
Betula sp.), while others are grasses (Phragmites sp.) and forbs
(A. calamus, Artemisia sp., Convolvulus sp. and Typha sp.).

4. Discussion

We combined evidence of plant presence from sedaDNA meta-
barcoding and pollen datawith information on known plant uses to
assess the potential of sedaDNA metabarcoding for reconstructing
prehistoric plant assemblages associated with human occupation.
Pollen and sedaDNA analyses enabled us to reconstruct the plant
assemblages, while the assessment of plant utility provided insight
into potential human plant use at Aghitu-3 Cave during the Upper
Paleolithic. In the following section, we discuss the effects of
taphonomic processes on the recovery of plant taxa by pollen and
sedaDNA analyses, the observed changes in plant assemblages over
time, and the potential prehistoric human plant use at Aghitu-3.

4.1. Taphonomy and recovery of plant sedaDNA and pollen

Plant sedaDNA was recovered throughout the Aghitu-3 Cave
sequence, consistent with the numerous organic finds throughout
9

the stratigraphy as reported by Kandel et al. (2017). By contrast, the
recovery of pollen appeared more variable, and pollen numbers
were generally low (Fig. 2A). The pathways through which vege-
tation travels from outside the cave to the cave floor vary, including
transportation by wind, by animals (for nests, burrows, on their
bodies, or in fecal matter), or by humans (Hunt and Fiacconi, 2018).
Alternatively, plant remains could come directly from vegetation
growing at the cave entrance (Hunt and Fiacconi, 2018). As Aghitu-
3 is a relatively wide and shallow cave, it is possible that plant re-
mains were deposited in the cavewithout animal or human agency.
Comparing the different botanical proxies and integrating these
with other evidence from the site facilitates further inferences
about the origin of the identified plant diversity.
Origin and taphonomy of plant sedaDNA and pollen Pollen and
sedaDNA records are differentially affected by source productivity
and taphonomic processes of dispersal, transfer, and deposition
(Niemeyer et al., 2017; Alsos et al., 2018; Giguet-Covex et al., 2019),
and both proxies signify different records. SedaDNA is generally
considered of local origin (Jørgensen et al., 2012; Alsos et al., 2018),
whereas pollen (especially from wind-pollinated plants, such as
many trees and grasses) may originate from a wide area as it is
distributed regionally through the air (Birks and Bjune, 2010;
Parducci et al., 2018). Moreover, plant DNA in sediments can orig-
inate from most plant parts, but is unlikely to source from pollen
due to the robustness of the pollen grain wall and the low amount
of DNA it contains (Parducci et al., 2017; Sj€ogren et al., 2017; Clarke
et al., 2020). Furthermore, the primers used in this study are un-
suitable for analyzing DNA in pollen grains as they target chloro-
plast DNA, which is especially low or absent in pollen (Zhang et al.,
2003; Ellis et al., 2008).

Postdepositional factors impacting pollen and sedaDNA could
additionally produce differences in the recovery of plant data by the
two proxies. Although pollen grains are highly robust, sedaDNA is
known to degrade significantly as a result of temperature fluctua-
tions, low pH, and high oxygen and water content, thereby
decreasing the amount of detectable DNA over time (Willerslev and
Cooper, 2005). DNA is better preserved in sediments with a high
mineral content and at low temperatures. Minerals can bind to and
protect DNA, whereas low temperatures thermally stabilize DNA
against chemical degradation (Torti et al., 2015). Desiccated sedi-
ments can also prevent DNA damage and breakage by strongly
decreasing the effects of hydrolysis. In addition to degradation, DNA



Figure 4. Useful plants per archaeological horizon (AH) based on the reduced sedaDNA and pollen datasets to genus- and species-level identifications. A) The number of plant taxa
considered useful per category and proxy (sedaDNA, pollen, and both proxies combined) of the total number of genus- and species-level identifications. B) The number of useful
plant taxa per category over depth for sedaDNA (left; brown tones) and pollen (right; green tones). C) The number of useful and not-useful plant taxa per category, summarized per
AH for sedaDNA (top) and pollen (bottom). The coloring of the bars is indicative of the AH, with darker colors for deeper horizons. Shaded areas on the right side of the figures
indicate the relative intensity of human occupation (very low, low, medium, and high) as reported by Kandel et al. (2017). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article).
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may be translocated after deposition, either through themovement
of sediment particles containing DNA, or the movement of DNA in
solution, also known as DNA leaching (Haile et al., 2007; Pedersen
et al., 2015). When there is a more or less constant input of plant
remains through time and no DNA leaching, as is the case for many
lake sediments, sedaDNA recovery is usually lower in older sedi-
ments due to degradation processes (Parducci et al., 2017). We do
not observe such patterns of recovery; we recover higher DNA
concentrations in the lower archaeological horizons (AH VII and VI)
and overall DNA concentrations were higher compared to the
younger horizons (AH V, IV, and the lower part of AH III) without
obvious evidence of change in the sediment composition (Fig. 2A).

Aghitu-3 cave has been a dry and stable environment with a
more or less similar sediment composition throughout the
10
stratigraphy, with sediments composed mainly of silt, clay min-
erals, volcanic ash, and basalt debris from the cave ceiling (Kandel
et al., 2014, 2017; Bertacchi et al., 2021). Preliminary micromor-
phological analyses do suggest somemovement of sediment during
specific horizons. Specifically, low-energy surface flow has been
observed in AH V and below, whereas AH IV and III are character-
ized by erosion and eolian transport (Kandel et al., 2017). Some
evidence for bioturbation was found as well as evidence for freeze-
thaw processes in the form of lenticular microstructures over-
printing pre-existing laminations (Kandel et al., 2017). Thawing
could imply some degree of downward percolation of moisture as
well as degradation of DNA through hydrolysis or changes in
temperature, possibly decreasing sedaDNA concentrations. These
processes suggest that, at least at a microscale level, DNA
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concentration may have been affected by postdepositional pro-
cesses. To fully understand these processes and firmly establish the
stability of plant DNA at Aghitu-3, DNA extraction of microscale
sediment samples together with in-depth micromorphological
analyses is needed, such as those recently presented for mammal
DNA from Denisova cave (Massilani et al., 2022). Hereby, hetero-
geneity in taxonomic composition, not just among adjacent
macroscale samples (as we observe) but also among microscale
samples, would support limited movement of DNA through
leaching. Nevertheless, the freeze-thaw and bioturbation processes
observed in the preliminary micromorphological analyses at
Aghitu-3 did not cause any major, visible disturbance affecting the
distribution horizons of the original deposits. The current evidence
of the homogeneity of the cave sediments together with the pre-
liminary micromorphological analyses therefore suggest that
postdepositional processes have not played a major role leading to
differences in DNA concentrations between archaeological hori-
zons at Aghitu-3, but that these differences are rather a result of the
transfer of plant remains into the cave. Nevertheless, there is a need
for explicit analyses on microstratigraphy and sedaDNA of plants
for disentangling the role of taphonomy and human behavior in the
plant profile that can be retrieved from these kinds of sites.
Source and transfer of recovered plant sedaDNA and pollen into
Aghitu-3 The sedaDNA record at Aghitu-3 indicates relatively high
plant DNA concentrations throughout AH VII and VI, whereas pol-
len concentrations are low in these horizons (Fig. 2A). In AH III,
where most archaeological remains were found, both sedaDNA and
pollen abundance increased relative to the sterile underlying layers.
However, the increase in the pollen record is driven by a peak in
abundance in one sample, and a higher peakwas observed in AH IV,
whereas for the sedaDNA, the increase is consistent across all
samples taken from AH III (Fig. 2A). The Asteraceae family domi-
nates the pollen record and the observed peaks, and although
several knownwind-pollinated taxa were found (including grasses,
oak, and pine), their relatively low concentrations compared to
primarily insect-pollinated Asteraceae suggest wind-
transportation of plant remains into the cave was limited (SOM
Figs. S1 and S2). The combination of low pollen concentrations
with high sedaDNA abundance suggests animals or humans may
have actively brought plant remains into the cave during AH VII, VI,
and AH III.

It can be expected that plants are more likely to establish inside
the cave or its entrance during periods of reduced occupation by
either animals or humans. Remains of these plants in the cave
deposits would likely be detected by both pollen and sedaDNA.
Comparison of the pollen and sedaDNA records revealed six fam-
ilies and two genera in common. Of the two genera (Quercus and
Artemisia), Quercus may be an unlikely pioneer plant of cave envi-
ronments, but its presence cannot be excluded. Artemisia species
are described as preferring no-shade to semi-shade conditions
(Fern,1997).With the cave opening towards the northeast, it enjoys
only morning sun and therefore is unlikely to have sustained
Artemisia growth.

We note a few instances of simultaneous detection of plant
families by sedaDNA and pollen. Brassicaceae was recorded
throughout AH VII and VI by sedaDNA, but occurred only in single
pollen samples of AH VII, VI, and III. Both records indicate Amar-
anthaceae in AH VII, and VI, but only pollen of this family were
identified in AH IV and III. Fagaceae was found throughout the
pollen sequence, but only in two DNA samples. Plumbaginaceae
was observed with sedaDNA throughout AH VI, but in only one
pollen sample in AH VI. Lastly, Poaceae and Asteraceae were pre-
sent in both pollen and sedaDNA in AH VII, VI, and V. However,
Asteraceaewas highly abundant in the pollen record in AH IV, while
absent from the sedaDNA record of that layer.
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Overall, we see a few layers where both records overlap. In
contrast to the assumed higher potential of plants to grow at the
cave entrance or inside the cave during periods of reduced occu-
pation, we found the layers indicating overlap among proxies to be
those associated with increased human occupation. For example, a
lower abundance and diversity of plants was associated with the
archaeologically sterile layers of AH V and IV (Figs. 2 and 4). Pre-
vious palynological analysis, including investigation of nonpollen
palynomorphs, also reported fewer other botanical remains in
these sterile layers compared to the rich layers (Kandel et al., 2017).
In sum, comparison of the sedaDNA and pollen proxies suggests the
plant diversity we recovered at Aghitu-3 Cave was affected by an-
imal or human occupation, while the effect of plants growing at the
cave entrance or inside the cave on the recovered plant diversity
was limited.

4.2. Reconstructed plant assemblages across archaeological
horizons

Our analysis of pollen and plant sedaDNA in the sediment record
of Aghitu-3 Cave revealed a diverse plant recordwith an abundance
of Brassicaceae, Fabaceae, Amaranthaceae (supported by the
sedaDNA), and Asteraceae (supported by the pollen data; SOM
Figs. S1eS3). The diversity of plant taxa matched the total abun-
dance patterns, with higher diversity in the lowest layers (AH VII
and VI) and lower diversity in the almost sterile levels (AH V and IV;
Fig. 2). For the pollen record, plant diversity also remained low in
AH III, the level with the most archaeological finds, whereas for the
sedaDNA record, plant diversity increased in AH III compared to AH
V and IV (Fig. 2).

The reconstructed plant assemblages differed significantly
among AHs, as supported by NMDS and perMANOVA (Fig. 3). The
stratification in assemblages was stronger in the sedaDNA
compared to the pollen, showing that the plant assemblages
reconstructed using sedaDNA are more specific to the AHs than
those identified using pollen. This may reflect an artifact of the
nature of the sedaDNA data, with MOTUs providing a higher res-
olution than pollen types. Alternatively, this may indicate that the
sedaDNA more closely reflects the delineation into archaeological
horizons of human occupation alternating with sterile layers,
where the presence of more or different plants resulted from
increased human activity. The patterns in the reduced sedaDNA
data set (species and genera only) support an association with
human occupation in terms of diversity (Fig. 2A). The abundance
and composition of the sedaDNA record match inferences from
previous finds at Aghitu-3, with lithic densities indicating low
settlement intensity in AH VII and VI, no significant occupation in
AH V and IV, followed by high lithic density in AH III. This trend is
mirrored by similar patterns in the presence of combustion features
and evidence of animal exploitation (Kandel et al., 2017; Bertacchi
et al., 2021).

The higher diversity in plant assemblages in AH VII, VI, and for
sedaDNA also in AH III, matches changes in paleoclimate previously
reconstructed from the deposition of the Aghitu-3 cave sediments
based onmicromammal and pollen data (Kandel et al., 2017). These
proxies suggest that conditions were warm and humid during the
deposition of AH VII and VI (~39e32 kyr cal BP), while the climate
was cooler and humid during AH V (~32e30 kyr cal BP). Further
cooling was seen during deposition of AH IV (~30e29 kyr cal BP),
with a cold and dry period in the lower part of AH III
(~29e26 kyr cal BP) followed by conditions that were not as cold
during the upper part of AH III (~26e24 kyr cal BP). These recon-
structed environmental changes are in accordance with the global
climatic trend for the period covered (Lisiecki and Raymo, 2005).
The sedaDNA data also supports this with higher plant DNA
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diversity as well as higher concentrations of DNA from plant taxa
that prefer moist soil and occur in temperate and warm regions
(e.g., Atriplex sp., Brassica sp., Pisum sp.) in layers deposited during
warmer periods (AHs VII and VI) compared to those deposited
during colder periods (AHs V, IV, and AH III). During the upper part
of AH III, conditions were not as cold as during the lower part of this
layer and plant DNA diversity increased. Archaeological finds from
this layer suggest high settlement intensity with high lithic density,
the appearance of bone tools and shell beads, and frequent com-
bustion features (Kandel et al., 2017). Despite intense site-use
during AH III, plant DNA diversity did not return to the high
levels found in the older human occupation layers (AHs VII and VI;
Fig. 2A) and the plant assemblages are different (Fig. 3). This is
likely due to the cold, dry conditions affecting the vegetation
communities around the cave as well as the potential loss of sedi-
mentary DNA by the increased fire activity in AH III, as heat de-
grades DNA.

Climatic conditions affect the distribution of plant and animal
communities and can reasonably be assumed to influence the form
and intensity of site occupation by humans (Avery, 1995; Armitage
et al., 2011; Pinhasi et al., 2011; Scerri et al., 2014). Higher humidity
especially facilitates the expansions of woody plants and a diver-
sification of the landscape, as is the case today in more humid parts
of the southern Caucasus (Gulisashvili et al., 1975). The warm and
humid conditions during AHs VII and VI likely facilitated the
establishment of a higher diversity of plants in the vicinity of the
cave and may have attracted human occupation at Aghitu-3 Cave.
Behavioral changes observed in AH III, illustrated by the frequent
combustion features and the appearance of bone tools, including a
needle and awl suggesting manufacturing of clothing (Kandel et al.,
2017), presumably provided ways to cope with the harsher envi-
ronmental conditions during this period.

4.3. Potential prehistoric human plant use at Aghitu-3

An assessment of prehistoric plant use is inherently based on
our current relation with plants supplemented by traditional
knowledge that has persisted. Of the 43 plant taxa that were
recovered at Aghitu-3, all but five were found to be useful to
humans (Table 1; Fig. 4). This high proportion of useful taxa sug-
gests that the plant assemblage recovered from the most archae-
ologically rich horizons in Aghitu-3 cave are a result of human
occupation. Owing to the limited recovery of plant taxa from the
archaeologically sterile layers, and the detection of very few not
useful plant taxa overall, it was not possible to test for a transition
in the proportion of useful versus not useful plants between
archaeologically rich and archaeologically sterile layers.
Plants for food and flavor Edible plants can be used as either bulk
food or flavoring. We found the highest number of plant taxa that
could be used as bulk food in AHs VII and VI, primarily from the
vegetable families of Brassicaceae and Amaranthaceae (Table 1).
The Brassicaceae family, also known as the mustard or cabbage
family, includes many species that can be used as leafy vegetables,
and many of our modern winter vegetables. Brassica oleracea is
known as wild cabbage and its modern cultivars include several
common foods such as broccoli, kale, Brussels sprouts, and cauli-
flower. The Amaranth family (Amaranthaceae) was represented by
saltbush (Atriplex sp.) and goosefoot (Chenopodium sp.), and species
of both genera can be eaten like spinach. Other detected bulk foods
in AH VII and VI included maple (Acer sp.), French sorrel
(R. scutatus), plume thistles (Cirsium sp.), and Pisum sp. (recently
renamed to Lathyrus; Govaerts et al., 2021). One pollen sample in
AH VI (at �4.26 m) with high plant richness further included
B. vulgaris-type pollen, likely from common beet, as well as pollen
from reed grasses (Phragmites sp.), Typha sp. and A. calamus. In
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Armenia, only one species of Phragmites (P. australis) is an accepted
taxon in the Plants of the World Online database and all of its parts
are edible; the stems have a high sugar content, and the roots are
rich in starch. Typha has many common names including bulrush,
reed, and cattail, and the underground storage organs are especially
rich in starch as is also the case for A. calamus. Evidence of pre-
served starch grains on grinding stones indicates underground
storage organs of Typha were eaten and processed for flour in
Europe and the Russian plain up to 30,000 years ago (Revedin et al.,
2010).

Like bulk food, more flavoring plant taxa were found in human
occupation layers AH VII and VI compared to the other archaeo-
logical horizons. This is especially the case for the sedaDNA dataset
(Fig. 4). All 11 flavoring plants detected through pollen were
recorded in one sample (depth ¼ �4.26 m), with several taxa
limited to this sample, such as A. calamus, Knautia arvensis type, and
Thalictrum sp. In contrast, pollen from pine trees (Pinus sp.) and oak
(Quercus frainetto type) were observed throughout the stratigraphy
(although pollen were generally detected in very low numbers),
while pine DNA remained absent from the sedaDNA record and oak
DNA was only documented in AHs VII and VI (SOM Fig. S2). Acorn
pieces or meal can be used as a thickener in stews or for making
bread. Roasted acorns have been used for making acorn coffee, but
oak also has many other potential uses, including medicinal, re-
pellent, ink, basketry, gum, as well as building material and fuel
(Fern, 1997). Other plant taxa that were identified as flavoring
include Artemisia and Astragalus, both large and diverse plant
genera encompassing many species that can also be used for me-
dicinal purposes.
Medicinal plants and diseases Most of the recovered plants were
found to be of potential medicinal use (Fig. 4). Artemisia sp. is the
most abundant plant in the pollen record with a high concentration
in one sample in AH III and further detection in AHs VII, VI, and V.
Its DNA was recorded in three samples in AHs VII and VI. Artemisia
constitutes a diverse plant genus, of which 24 different species
occur in Armenia (Table 1). Many of these have reported medicinal
properties and are used against diseases such as malaria, inflam-
mation, hepatitis, and for treating infections (Abad et al., 2012;
Nigam et al., 2019). Artemisia annua has antimalarial properties,
whereas Artemisia absinthium has been reported to have many
different properties, including anti-inflammatory, antioxidant,
antiseptic, and antimicrobial. Both of these species have been
suggested to have been used as medicine by Upper Paleolithic
humans in the Caucasus (Martkoplishvili and Kvavadze, 2015).
However, as shown in Table 1, Artemisia species can also be used as
flavoring, and as cave floor strewing for its fragrant smell and insect
repellent properties. Similarly, the genus Astragalusddetected in
most samples of AHs VI and III using sedaDNAdcould have been
used as flavoring, but is also known for its medicinal properties
(Rios and Waterman, 1997; Auyeung et al., 2016).

A few detected taxa were limited to the category of medicinal
plants and unlikely to be used for food or other purposes: Pole-
monium caeruleum, Buxus sempervirens, and Achillea pseudoalepp-
ica. Both P. caeruleum (also known as Greek valerian and Jacob's
ladder) and B. sempervirenswere detected from pollen but not from
sedaDNA, in AH IV and AHs IV and VI, respectively. Owing to the
low concentrations of both plants at 1.5 up to 7.5 grains per gram of
sediment and constituting less than 5% of the total pollen counts
per sample, wind dispersal or other means of transfer onto the cave
floor cannot be excluded. Polemonium caeruleum is a forb that
prefers moist well-drained soil and has been used in the treatment
of many conditions ranging from toothaches and headaches to fe-
vers and epilepsy (Fern, 1997; Łaska et al., 2019). Buxus sempervi-
rens, known as boxwood or common box, is an evergreen shrub and
its leaves and bark have been used to treat various diseases. Tea
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made from the leaves can be used to reduce fever and has been
reported to be drunk every day in Anatolia for its antiparasitic as
well as its stimulating effects on bile and the liver (Baytop et al.,
1999, cited by Orhan et al., 2012). Other traditional uses of this plant
include as a laxative and purgative, a sleeping aid, sedative,
diuretic, and for the treatment of malaria (Fern, 1997; Neves et al.,
2009). DNA from Achillea pseudoaleppica was recorded in AHs VII
and VI. This species occurs especially in steppic habitats on slopes
and rocky surfaces. It is not edible, but Ac. pseudoaleppica and other
members of the Achillea genus, commonly known as yarrow, are
widely used in folk medicine, as the entire plant can be used for
treating a variety of ailments. It is particularly valuable for treating
wounds, colds, fevers, kidney diseases, stomach aches, as pain re-
lief, and to reduce inflammation (Fern,1997; Si et al., 2006; Nemeth
and Bernath, 2008). Chemical analysis of essential oils of Ac. pseu-
doaleppica and other species of yarrow indicates high concentra-
tions of anti-inflammatory and antimicrobial components (€Ozen
et al., 2003; Si et al., 2006; Motavalizadehkakhky et al., 2013). An-
alyses at cave sites in Georgia have previously recovered pollen
from common yarrow (Achillea millefolium) in Upper Paleolithic
layers of Dzudzuana, Satsurblia, Kotias Klde, and Bondi caves
(Martkoplishvili and Kvavadze, 2015). Pollen counts were high in
the Upper Paleolithic layers compared to modern pollen spectra
inside and outside several karst caves, suggesting that humans
brought these plants into the caves (Martkoplishvili and Kvavadze,
2015). Combined with our findings this indicates that the use of
yarrow for the treatment of ailments could have been a common
practice across the region during the Upper Paleolithic.
Plants for various other uses Several recovered plants at Aghitu-3
Cave are known repellents and other potential uses included
strewing (i.e., the scattering of fragrant or insect repellent plants),
basketry, tinder, dyeing, and string (Table 1). Four of the 43 plant
taxa recovered at Aghitu-3 can be used for making string, and
archaeological finds at Aghitu-3 Cave include an eyed needle made
of bone recovered from AH III (Kandel et al., 2017), suggesting the
manufacturing of clothing. The oldest reported dyed textile fibers to
datewere found in Dzudzuana Cave in Georgia, made fromwild flax
and dated to approximately 30,000 years ago (Kvavadze et al.,
2009). At Aghitu-3, we found that 11 of the 43 plant taxa recov-
ered can be used as dye, for example, to color textiles. For instance,
Isatis tinctoria is also known as dyer's woad for the indigo dye that
can be produced from the leaves, and P. australis (common reed)
can be used to make a light green dye from the inflorescence, while
the sturdiness of the stems and leaves makes it a good material for
constructions, fences, thatching, mats, nets, and rope (Fern, 1997).
The detection of several plants that can be used to produce and dye
textiles, together with the finding of an eyed needle at Aghitu-3
Cave and the previously reported dyed flax from the same region
suggests that manufacturing and dyeing of textiles may have been
common practice. Altogether, the recovery of a wide range of plant
taxa that can be used for food, flavoring, medicine, and/or technical
purposes, demonstrates the potential of the area surrounding
Aghitu-3 to support Upper Paleolithic humans.
5. Conclusions

Survival of identifiable plant remains is rare at Paleolithic sites.
Our current knowledge about human plant-use during this period
is defined and limited by the degradation and recovery of plant
remains and the availability of methods and technologies for plant
detection and identification. Caves can provide unique environ-
ments in which the full effect of the elements on accumulated
organic materials may be mitigated. Using evidence from sedaDNA
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and pollen, we were able to reconstruct the plant assemblages of
the 15,000 yearlong sedimentary record of Aghitu-3 Cave.

The stratification of plant abundance and diversity differed
among the previously described archaeological horizons. A lower
abundance and diversity of plants was associated with the
archaeologically sterile layers (AH V and IV). Especially sedaDNA
reflected periods of human occupation with higher diversity
detected in horizons with increased human activity (AH VII, VI, and
III). The combination of low pollen concentrations with high
sedaDNA abundance suggests animals or humans may have
brought plant remains into the cave during AH VII and VI. This
hypothesis is strengthened as most of the recovered plants are
useful for food, flavoring, medicine, and/or other technical pur-
poses. Moreover, we identified several specific taxa that support
previous findings about humanplant use (e.g., medicine, dye) in the
region during the Upper Paleolithic. This study represents the first
application of plant sedaDNA analysis on cave sediments for the
investigation of potential plant use by prehistoric humans.
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