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Plants and plant-based foods played a crucial role in human evolution, and the interaction between plants and
humans is a highly debated topic in archaeology. Ground stone tools are considered particularly valuable evi-
dence due to their direct involvement in various plant processing tasks. This paper investigates the use of
sandstone ground stone tools coming from the site of Vlasac in the Danube Gorges region, used in plant pro-
cessing tasks, providing clues about the exploitation of vegetal resources during the Mesolithic of the region.
Applying a novel approach based on the combination of qualitative and quantitative methods, including optical

microscopy, 3D surface texture analysis, and spatial analysis, we explore the use of ground stone tools in plant
processing at the site. Our results highlight the existence of a specific plant-food processing technology in the
area of the Danube Gorges during the eight millennium cal BC, alongside the familiarity of these Mesolithic
foragers with the consumption of wild plants, long before the introduction of agriculture in this region.

1. Introduction

Ground stone tools (henforth GSTs) are of primary importance in
investigating activities associated with plant, animal, and mineral ma-
terial exploitation for subsistence as well as for daily life practices
(Adams, 2014; de Beaune, 2004; Delgado-Raack et al., 2022; Delgado-
Raack and Risch, 2008; Dietrich et al., 2019; Dubreuil and Savage,
2014; Wright, 1991; de Beaune, 2000). These artefacts represent a major
component of the prehistoric toolkit since the Early Stone Age ~3Mya
and have been employed in a vast range of activities, including the
processing of plant foods (Arroyo et al., 2020; Arroyo and de la Torre,
2018; Titton et al., 2020, 2018). As these tools are used for grinding,
pounding, and pulverizing grains, seeds, nuts, and underground storage
organs (henceforth USOs), GSTs allow making plant foods readily
digestible, unlocking nutrients and eliminating toxins in some plant
species, which would otherwise be non-edible (Alonso, 2019; Stahl,
2014). Recent studies have highlighted the importance of plant foods
and their processing strategies in early prehistory. Such new interest in
the study of this evidence led to a more systematic investigation of
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ground stone tools, underlining their relevance as indirect evidence for
the role of plants in prehistoric diet and technology. For instance, the use
of ground stone tools to crack nuts is recorded at the Acheulean site of
Gesher Benot Ya’aqov in Israel (Goren-Inbar et al., 2002) and at the
Middle Palaeolithic site of Nesher Ramla (Paixao et al., 2021a). Use-
wear and residues interpreted as evidence of plant processing activ-
ities have been identified on Upper Palaeolithic ground stone tools from
the Gravettian sites of Dolni Véstonice (Czech Republic), Surein I (Cri-
mea), Bilancino, and Grotta Paglicci (Italy) (Lippi et al., 2015; Longo
et al.,, 2022, 2021; Mariotti Lippi et al., 2023; Revedin et al., 2015,
2010). In the Mesolithic, the use of ground stone tools to work nuts,
grains, and tubers has been observed at several sites across Europe,
including locations in Spain, Germany, and Italy (Cristiani et al., 2021;
Holst et al., 2024; Roda Gilabert et al., 2016, 2015, 2012).

In this article, we present the evidence for the use of ground stone
tools recovered at the Mesolithic site of Vlasac situated in the Danube
Gorges area of the north-central Balkans. Here, ground stone tools start
appearing in the archaeological record in the Early Mesolithic
(Antonovi¢, 2006), if not earlier. However, it is only in the Late
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Mesolithic that these tools became an essential component of the forager
toolkit as documented at various sites across the region, such as Padina,
Lepenski Vir, Hajducka Vodenica, and Vlasac (Antonovi¢, 2006; Boric
et al., 2018, 2014; Srejovic, 1969).

Recent studies, including the analysis of aDNA in human dental
calculus and the study of plant micro remains retrieved in human
ancient plaque, along with a systematic research on botanical macro-
remains, have provided strong evidence for the consumption of plant
foods in this region during the Mesolithic, i.e before the introduction of
agriculture (Cristiani et al., 2021; Cristiani and Bori¢, 2016; Filipovic
et al., 2020, 2017, 2010; Marinova et al., 2013). From these studies, a
picture has emerged of a long-lasting tradition of plant consumption
among local forgers that likely prompted the development of a specific
technology for plant food processing (Cristiani and Bori¢, 2016; Ottoni
et al., 2021).

The site of Vlasac also yielded one of the largest and best preserved
records of Mesolithic GSTs within the area of the Danube Gorges, which
makes it an optimal context to apply a novel multiscalar functional
approach, which has so far been tested only experimentally (Cristiani
and Zupancich, 2020; Zupancich and Cristiani, 2020). In this paper, we
combine surface metrology and spatial analysis with the microscopic
observation of use-wear to provide more details about the use of ground
stone tools at Vlasac in plant food processing tasks and reveal the
complex life cycles of these tools.

Integrating qualitative and quantitative techniques enables us to
achieve high-resolution functional data and enables us to refine our
understanding of GSTs at the site. Specifically, we show how the
application of 3D surface texture analysis allows us to further explore
aspects of surface modifications on ground stone tools associated with
plant working. Also, we demonstrate how the application of GIS can aid
in our understanding of aspects related to the handling of tools,
providing relevant clues for understanding the kinematics of gestures
involved in plant working. Moreover, we contribute to the debate
regarding the need for comparable and reproducible use-wear data,
while emphasizing the importance of a multi-level approach based on
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the combination of classical and quantitative techniques, which has seen
a rapid development over the last decade, especially concerning non-
flaked technology (Arroyo and de la Torre, 2020; Benito-Calvo et al.,
2018; Caruana et al., 2014; Cristiani and Zupancich, 2020; de la Torre
etal., 2013; Longo et al., 2021; Marulli et al., 2023; Paixao et al., 2021b;
Proffitt et al., 2021; Sorrentino et al., 2023; Zupancich et al., 2019;
Zupancich and Cristiani, 2020; Marreiros et al., 2020). Finally, while
exploring the potential of our proposed multi-scalar approach, the re-
sults presented in our paper provide further evidence for the familiarity
that Mesolithic hunter-gatherers had with wild plant foods in the Bal-
kans and can directly be linked with the development of a specific
technology employed for plant food processing long before the intro-
duction of agriculture in this area.

2. Archaeological background

Vlasac is one among two dozen Mesolithic sites known from the area
of the Danube Gorges, located on the southern side of the Danube River,
between the southern extent of the Carpathians and the northwestern
foothills of the Balkan Mountains (Fig. 1) (Bori¢ et al., 2008, 2014;
Radovanovi¢, 1996; Srejovi¢ and Letica, 1978). Excavations at the site
began during the early 1970s while more recent excavation campaigns
started in 2006 and are still ongoing (Bori¢ et al., 2008, 2014). Recent
radiocarbon dates indicate that the site was occupied continuously from
the Early Mesolithic, ~9500 cal BC, with more intense occupation ac-
tivities dating to the Late Mesolithic at the end of the eight millennium
cal BC and for the most part of the sixth millennium cal BC
(~7300-5900 cal BC), when the first contacts with incoming Neolithic
farmers are documented (Boric et al., 2014; Bori¢ and Griffiths, 2015).
The most recent occupation of the site, corresponding to the Early
Neolithic of the area, is dated between ~5900 and 5500 cal BC (Boric¢
et al., 2014).

The archaeobotanical record shows an environment characterized by
forest trees (oaks) and shrubby plants located mostly along the river-
banks (Boric et al., 2014; Filipovi¢ et al., 2010). Faunal remains indicate
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Fig. 1. a) map showing the location of Vlasac and other Mesolithic sites in the Danube Gorges area; b) view of the excavations at Vlasac in 2007 (photo credits: D.
Boric); ¢) spatial distribution of the ground stone tools utilized in plant processing tasks.
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that subsistence strategies included both hunting (e.g. red deer Cervus
elaphus, wild boar Sus scrofa, aurochs Bos primegenius, and roe deer
Capreolus capreolus, among the most represented game animals) and
fishing of diverse species of freshwater fish (mostly catfish Siluris glanis,
beluga Huso huso and other smaller species of sturgeon from the Aci-
penseridae family, and different species of the carp family Cyprinidae sp.,
among other species) (Bori¢ et al., 2014; Cristiani and Bori¢, 2012;
Zivaljevi¢ et al., 2021). The knapped stone industry is dominated by
flaked tools (e.g. flakes, scrapers and blades) made out of locally avail-
able raw materials (flint and quartz), as well as a conspicuous amount of
sandstone ground stone tools (for details see below) (Boric et al., 2014).
Artefacts made on hard animal materials, such as antler, bone, and teeth,
are abundant and include pointed (awls, curated points) and edged tools
(straight wedges) mostly produced using herbivorous long bones (pri-
marily red deer metapodials) and antler as well as wild boar tusks. Based
on the functional analysis, osseous tools were used in heavy duty and
hunting tasks (Boric et al., 2014; Cristiani and Bori¢, 2021). At Vlasac,
more than 100 burials have been found containing nearly 200 in-
dividuals comprising adults, children, and infants (Bori¢ et al., 2008,
2014; Srejovic and Letica, 1978). Of particular interest is a rich assem-
blage of ornaments found in association with some of the buried in-
dividuals. Beads made on modified and unmodified carp Rutilus sp. teeth
and marine gastropods (Tritia neritea and Columbella rustica) have been
found in numerous burials and are considered as evidence of a strong
corporeal symbolism and group identity, testifying also to the existence
of regional and long distance raw material acquisitions during the Late
Mesolithic and continuing into the period of the Mesolithic-Neolithic
transition (Cristiani et al., 2014; Cristiani and Boric, 2012).

Nearly 200 artefacts compose the assemblage of GSTs unearthed at
Vlasac during the 1970-1971 excavation campaigns as well as during
the course of the most recent fieldwork. Most of the tools are made from
sandstone cobbles, but also other lithologies, such as amphibolite,
aplite, mica schist, and chert, were used. Overall, the raw material is
macroscopically homogeneous and characterized by grains with a high
degree of angularity, densely distributed within the stone matrix and
with sizes ranging between 0.2 and 1 mm. The raw material sourcing
area for the sandstone boulders has been identified in the vicinity of the
site, specifically in the upper reaches of the Bojetinska River (Boric et al.,
2014). Based on a qualitative characterization of use-wear and residues,
ground stone tools from Vlasac were used in flint knapping, bone tool
manufacturing, and plant processing activities (Boric et al., 2014; Cris-
tiani et al., 2021).

3. Materials and methods
3.1. Sample selection

The entire ground stone tool assemblage from Vlasac has been
analyzed. It consists of both active and passive elements. Active tools
comprise upper elements such as handstones and hammerstones, while
passive tools include lower stationary elements such as grinding slabs
and implements used as bases for grinding or pounding activities
(Wright, 1991). All the tools have been at first observed by the naked eye
as well as at a macroscopic level using a stereomicroscope at the storing
facilities at the Faculty of Philosophy in Belgrade (Serbia). This first
stage of analysis was aimed at a selection of specimens suitable for
functional analysis that show surface modifications potentially related
to use (e.g., surface flattening, localized pitting etc.). Tools affected by
severe post depositional modifications (PDM), such as invasive surface
concretion, high degree of fragmentation, and surface exfoliation (i.e.,
spalling), were excluded from further analyses, leading to a total of 44
GSTs selected for use-wear and residue analysis.

3.2. Use-wear analysis

The functional study of the ground stone tools from Vlasac is based
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on the combination of qualitative and quantitative analyses. The qual-
itative assessment of use-related surface modification was carried out by
means of Optical Light Microscopy (OLM) at low and high magnifica-
tions (Keeley and Toth, 1981; Rots, 2010; Tringham et al., 1974; van
Gijn, 2010; Vaughan, 1985). The analysis at low magnifications (0.7x —
120x) was performed using a ZEISS Discovery V8 and aimed at identi-
fying use-related modifications of both the macro topography of the
stone surface and the crystal grains (Adams et al., 2009; Cristiani and
Zupancich, 2020; Delgado-Raack et al., 2022; Delgado-Raack and Risch,
2008; Dubreuil et al., 2023; Dubreuil and Savage, 2014; Hamon and
Plisson, 2009; Hayes et al., 2018). Following Adams and colleagues
(2009), surface leveling is described according to its distribution, den-
sity, incidence, morphology, and texture. Pits are described following
their distribution, density orientation, depth, and shape, whereas the
variables characterizing linear features include distribution, density,
incidence, disposition, orientation, width, length, longitudinal and
transverse morphologies. The analysis of use-related modifications on
single grains comprises the description of grain extractions, fractures,
leveling, edge rounding, and polishing. For the analysis of microwear (e.
g., micro polish, micro striations, micro pitting), high resolution poly-
vinylsiloxane casts (Hereus Provil Novo Light Fast) of the used area(s)
identified on the archaeological GSTs were molded (Banks and Kay,
2003) and observed at high magnification (100x to 500x) using a ZEISS
AxioScope metallographic microscope (Dubreuil et al., 2023; Delgado-
Raack et al., 2022; Cristiani and Zupancich, 2020; Hamon, 2022).
Micro polish is described according to its texture, topography, incidence,
density, distribution, while micro pits and micro striations are described
through the same variables used at lower magnifications (see above)
(Adams et al., 2009; Cristiani and Zupancich, 2020; Hamon, 2022). To
assure a reliable functional interpretation, the use traces identified on
the ground stone tools from Vlasac have been compared with an
experimental use-wear reference collection made from sandstone peb-
bles collected along the banks of the Bojetinska River in 2017 and
housed at the Diet and ANcient TEchnology (DANTE) Laboratory at
Sapienza University of Rome. These sandstone boulders share the same
characteristics of the archaeological specimens, being macroscopically
homogeneous and having grains densely distributed within the matrix.
The grains show a high degree of angularity and dimensions range from
0.2 to 1 mm across. The experimental reference collection includes 53
tools utilized to process vegetal and animal materials. Modern GST
replicas have been used from a minimum of 240 min to a maximum of
840 min in grinding and pounding activities. Processed plant vegetal
materials include wild grains, fruits, and berries, while animal sub-
stances include hide, skin, and bone.

Pictures of the identified macro wear were taken using a ZEISS
Axiocam 506 high-definition colour camera, while a ZEIS Axiocam 305
high-definition color camera was used to take picture of the identified
microwear.

3.3. Surface morphometrics

The quantitative assessment of use-wear focused on the analysis of
surface topography. Using a ZEISS AxioZOOM v.16 motorized stereo
zoom microscope equipped with a PlanNeoFluar Z 1x/0.25 (FWD
56mm) objective, 3D images of the used areas were taken at 50x. Sub-
sequently, the images were processed using the metrological software
MountainMap (v.7) by DigitalSurf. For each 3D image (2963x2377 pm),
three 500x500 pm areas were extracted and processed following pub-
lished protocols (Ibanez-Estévez et al., 2021; Macdonald et al., 2019;
Paixao et al., 2021b; Pedergnana et al., 2020; Pichon et al., 2023, 2021).
As a first step, the image was leveled by subtraction using a Least Square
Plane method and the form was removed using the Remove Form
Operator (polynomial degree of 10). The latter operator is used to
remove the general form intrinsic in the surface. Furthermore, a robust
Gaussian filter (3x3) was applied followed by the removal of outliers
(medium). Finally, 3D areal surface height parameters (ISO25178)
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Table 1
3D Areal surface parameters utilized in the Analysis (ISO25178).
Parameter Unit Description
Sq pm Root mean square height
Ssk - Skewness
Sku - Kurtosis
Sp pm Maximum peak height
Sy pm Maximum pit height
S, pm Maximum height
Sa pm Arithmetic mean height

(Table 1) were extracted and compared with our experimental quanti-
tative dataset computed on modern ground stone tool replicas.

3.4. Use wear spatial analysis

Use-wear spatial distribution was performed following the protocols

INV 141

INV 146

INV 162
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proposed by de la Torre et al. (2013) Zupancich et al. (2019) and
Zupancich and Cristiani (2020). Geographic Information System (QGis
v. 3.22) was used to analyze the distribution of the utilized areas across
tool surfaces and their morphological characteristics, which have
proven useful in the study of ground stone tools use (Arroyo et al., 2020;
Arroyo and de la Torre, 2020; Benito-Calvo et al., 2018; Caruana et al.,
2014; Cristiani and Zupancich, 2020; de la Torre et al., 2013; Zupancich
and Cristiani, 2020). To perform the spatial analysis of the identified
traces, zenital pictures of the used surface of the tools were first geore-
ferenced. Subsequently, the used areas identified across the tool’s sur-
face were digitized and morphometric features were computed,
including the area, the distance of the used area(s) from the surface
center (DfC) and the edges (DfE) of the tool as well as the amount of tool
surface affected by use (PA). Statistical tests and charts were performed
using R v4.1.2 (R Core Team, 2021) through RStudio 2021.09.1. The
raw data and R code utilized for the statistical analyses are available on
Zenodo (https://doi.org/10.5281/zenodo.13997855).

INV 134

INV 167

Fig. 2. The ground stone tools from Vlasac utilised in plant processing activities.
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4. Results

The analyzed assemblage includes active and passive elements, the
latter being the most represented category (Fig. 2). Tool shapes range
from round to ovate, sub-angular, and elongated. Among the analyzed
tools, 10 implements exhibit single or multiple pits, localized across one
or both of their surfaces (Table 2). In most cases, the tools are well
preserved with only few fractured specimens.

4.1. Plant working use-wear

At Vlasac, 38.6 % of the analyzed assemblage (i.e. 17 specimens)
have been used to work vegetal materials and two use-wear patterns
interpreted as the result of plant food processing have been identified
(Table 3). The first use-wear patterns are represented by medium to
large size leveled areas visible across the used surface of the tools. When
observed at low magnifications, these areas are characterized by crystal
grains with an amalgamate distribution, and leveled surfaces that in few
cases show striations (Fig. 3). Under higher magnifications, medium
sized polished areas are identified. Micro polish affects both the high
and low topographic height of the surface and exhibits a smooth texture
and a topography ranging from domed to flat. In particular, flatter to-
pographies are identified over the higher topographic heights. Micro
striations are also present within the micro polish and appear as long
and narrow with mixed orientations and a polished or matte bottom.

Table 2
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Experimentally, this combination of surface modifications and micro
wear are observed on ground stone tool replicas used to process grains of
wild grasses through grinding (Cristiani and Zupancich, 2020) (Fig. 4). A
second use/wear pattern consists of small to medium flat spot-like areas
distributed across the surface of the tool. At low magnifications, these
ares exhibit distinct crystal grains characterized by lightly leveled and
abraded surfaces as well as rounded edges (Fig. 3). Under high magni-
fications, small to medium spots of micro polish are visible. Micro polish
affects both the high and low topographic heights. The texture of the
micro polish is smooth while its topography is domed. Linear features
have not been observed. In our experimental trials, we observed similar
use-wear patterns on replicas used to process fleshy fruits. By combining
the analysis of macro and micro wear with the one of plant micro par-
ticles extracted from the surface of the tools, it was possible to narrow
the range of processed plants to specific grass grains (e.g. Aegilops ven-
tricosa, Bromus hordeaceus), nuts (e.g. Corylus avellana), and berries (e.g.
Cornus mas) (Cristiani et al., 2021) (Figs. 3, 4).

4.2. Pits

A further use pattern identified among the analyzed GSTs is repre-
sented by pits. On more than a half (58.8 %) of the tools bearing use-
wear associated with plant processing tasks, single or multiple pits
have been identified. The latter occur on one or on both surfaces of the
tool and their shapes vary from elongate to round or irregular. When

Vlasac ground stone tools used in plant working activities. Sq. = Square; Sh. = shape; Pi. = pits; N. Pi. = number of pits; Pi. Loc. = location of pit(s); Pi. Sh. = pit shape;
L. = length; W. = width; Th. = thickness; We. = weight; V. = volume; Rel. area = relative area; Rel. thickness = relative thickness; Pres. = state of preservation.

D Sq. Too type Sh. Pi. N. Pi. Loc. Pi. Sh. L. w. Th. We. V. Rel. Rel. Pres.
Pi. (cm) (cm) (cm) (gr) (cm3) area thickness
10 F KB Handstone Subangular Y 2 Both Round 12.7 10.5 7.88 1542 645 11.55 0.071 Preserved
0 1/11 — surfaces
Grinder
13 al-VIII Handstone Round N 0 Absent Absent 11 8.16 5.68 680 287 9.47  0.091 Preserved
Grinder
23 BV/C/ Indeterminable Subangular Y 3 Both Elongated  11.7 8.79 8.76 823 367 10.14  0.103 Preserved
X surfaces
28 BIII-C/V  Passive base Ovate N 0 Absent Absent 13.3 12 7.35 1283 499 12.63  0.076 Fractured
56 A/1I- Passive base Round N 0 Absent Absent 15.9 14.8 7.7 1038 368 15.34  0.086 Preserved
XIII
63 b/17- Handstone Round N 0 Absent Absent 8.4 6.6 4.47 403 141 7.45  0.105 Preserved
XV —
Grinder
65 C/I-VI Passive base Round Y 2 One Elongated  9.98 8.43 5.55 680 298 9.17  0.090 Fractured
surface
66 C/11/V Indeterminable Round Y 2 Both Round 9.5 8.5 7.6 1170 437 8.99  0.0806 Preserved
surfaces
67 C/1-C/ Passive base Subangular Y 1 One Round 10.8 8.4 5.91 633 253 9.52  0.097 Fractured
111 surface
71 C/I-V Handstone Round Y 1 One Elongated  7.33 5.79 4.59 309 119 6.51  0.122 Preserved
- surface
Grinder
75 b/18-V Handstone Subangular N 0 Absent Absent 5.53 5.29 3.45 137 57 541 0.159 Fractured
Grinder
80 C/1I-11/ Passive base Ovate N 1 One Irregular 9.85 8.35 3.72 547 225 9.07 0.082 Fractured
6 surface
134  b/V3- lindeterminable ~ Subangular Y 2 Both Round 12.2 9.57 8.13 1433 565 10.81 0.075 Preserved
X1 surfaces
141 B/I Handstone Round Y 2 Both Elongated 10.8 9.92 9.22 1149 476 10.35 0.090 Preserved
0-8.9 - surfaces
Grinder
146  B/I- Handstone Round Y 1 One Round 6.65 5.7 4.66 275 106 6.16  0.130 Preserved
ISPOD - surface
1.9 Grinder
162 A/16-X Handstone Round N 0 Absent Absent 10.6 9.3 7.52 1143 424 9.93  0.081 Preserved
Grinder
167 a/15- Indeterminable Round Y 1 One Elongated  8.94 8.82 5.65 611 241 8.88  0.096 Fractured
VII surface




Table 3
Description of the use-wear identified on the ground stone tools from Vlasac and interpret as a result of plant processing activities.
ID Tool State of PDM Micro polish Micro polish Micro polish Micro polish Micro striation Micro striation Cristal grain Gesture
preservation distribution and incidence texture topography description orientation modification
density
10 Handstone Preserved Light soil concretion  Loose closed High topographic Smooth Domed Short narrow with Unidirectional Y Longitudinal back
- heights polished bottom and forth
Grinder
13 Handstone Preserved None Loose closed High and low Smooth Domed and flat ~ Short deep with Mixed N Longitudinal
- topographic matt bottom mixed
Grinder heights
23 Indeterminable  Preserved Light soil concretion ~ Loose connected High and low Rough Domed and flat NA NA N Longitudinal
topographic tending to unidirectional
heights smooth
28 Passive base Fractured None Loose closed High and low Smooth Domed NA NA Y Longitudinal
topographic unidirectional
heights
56 Passive base Preserved Heavy surface Covered close High and low Smooth Domed and flat NA NA Y Mixed
concretion on one topographic
surface heights
63 Handstone Preserved Light surface Loose closed High topographic Smooth Domed and flat NA NA N Longitudinal
- abrasion heights
Grinder
65 Passsive base Broken Fractures Covered connected High and low Smooth Domed and flat ~ Short narrow with Mixed N Longitudinal
topographic a matt bottom mixed
heights
66 Indeterminable  Preserved None Loose closed High and low Smooth Domed and NA NA Y Mixed
topographic cratered
heights
67 Passive base Broken Light soil concretion  Covered close High and low Smooth Domed Short deep with Unidirectional N Longitudinal
and surface abrasion topographic matt bottom unidirectional
heights
71 Handstone Preserved None Covered close High and low Smooth Domed and flat  Long shallow with Mixed Y Longitudinal
- topographic polished bottom mixed
Grinder heights
75 Handstone Broken Fractures Loose closed High topographic Rough Domed Short narrow with Unidirectional N Longitudinal
- heights tending to a polished bottom unidirectional
Grinder smooth
80 Passive base Broken None Covered close High and low Smooth Domed and flat ~ Short narrow with Unidirectional Y Longitudinal
topographic matt bottom unidirectional
heights
134  Indeterminable  Preserved None Lose close High and low Smooth Domed Short deep with a Unidirectional Y Longitudinal
topographic matt bottom unidirectional
heights
141  Handstone Preserved Soil concretion Covered close High topographic Smooth Domed and flat NA NA Y Longitudinal
- heights
Grinder
146  Handstone Preserved Light soil concretion  Covered close High topographic Rough Domed Short narrow with Unidirectional N Longitudinal
- heights tending to a matt bottom unidirectional
Grinder smooth
162  Handstone Preserved None Covered close High and low Smooth Domed Short narrow with Unidirectional Y Longitudinal
- topographic a matt bottom unidirectional
Grinder heights
167  Indeterminable  Broken Light surface Concentrated close High and low Rough Granula and NA NA Y Perpendicular
abrasion topographic domed
heights
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Fig. 3. Surface modification and micro polishes identified on the ground stone tools of Vlasac and attributed to the use of the tools in processing wild grains and

fleshy fruits. Micro polish pictures are all taken at 500x of magnification.

analyzing the morphology of the tools bearing pits across their surfaces,
we notice that their number is positively correlated with the weight
(Spearman rank correlation R = 0.74, p-value = 0.014) and with the
tool’s relative area (Spearman rank correlation R = 0.66, p-value =
0.037), possibly indicating that larger and heavier specimens were
potentially involved in heavier duty tasks and most likely not associated
with the working of plants.

Unfortunately, the presence of concretions hindered the possibility
to analyze possible use-related modifications affecting the surface and
grains of the pits, which could provide further clues about their origin.
However, a comparison of the morphologies of the pits observed on the
ground stone tools of Vlasac with those developed experimentally and
observed archaeologically (Arroyo and de la Torre, 2018; Pardoe et al.,
2019; Roda Gilabert et al., 2015) leads us to assume that the identified
pits are most likely related to the use of these ground stones in bipolar
knapping. Furthermore, the hypothesis that the pits might not have been
linked to the use of the tools in working plants is also supported by the
analysis of the spatial distribution and morphometry of the used areas
across the ground stone tool surfaces. Indeed, the surface areas where
plant working traces are identified are only seldomly spatially related to
the pits.

4.3. Use-wear spatial distribution

Overall, surface modifications associated with plant working are
limited across the surface (x PA 6.61 %) and have a small extent (x
area 41.3 mm?) (Table 4). Moreover, significant differences are
observed neither in the occurrence (PA) (Kruskal-Wallis chi-squared =
4, df = 2, p-value = 0.7) nor in the dimension (area) (Kruskal-Wallis chi-
squared = 0.1, df = 2, p-value = 0.6) of the used areas within active,
passive, or indeterminate tools (Fig. 5).

The spatial distribution of the used areas shows that they are mostly
localized near the edges of the surface (Fig. 5 Fig. 6b, ¢; Table 2). When
compared by tool types, utilized areas are closer to the edges in active
(x DfE 23.4 mm) than in passive (x DfE 29.8 mm) tools (Kruskall —
Wallis test chi-squared = 14, df = 1, p-value = <0.001) (Fig. 6¢). Taking
into account dimensions of the tool, this evidence provides insightful
clues about the possible handling of active tools during their use and,

consequently, sheds light on the grinding technique that was adopted. In
particular, the location of the used area(s) near the edge of the surface
indicates that, while used, the object was positioned perpendicularly
and with a certain degree of inclination to the surface of the passive tool
(Fig. 6d). During our experimental trials, we found this handling method
highly suitable when processing small quantities of materials using short
back and forth grinding gestures.

4.4. 3D surface texture analysis

The analysis of the used areas at low and high magnification and the
comparison with the wear developed on experimental replicas used to
work plants allowed us to assume the use of ground stone tools from
Vlasac to work grains, fruits, and berries (Cristiani et al., 2021). This
interpretation, based on the qualitative characteristics of the identified
traces, is further supported by the 3D surface texture analysis of the used
areas. Experimentally, we observed that five out of the seven measured
3D aerial surface parameters show significant differences between plant
working and animal substance processing. Specifically, the used area of
the ground stone tool replicas utilized in plant processing tasks show
significantly lower values in the overall mean surface roughness (Sa),
the maximum height of surface peaks (Sp), the standard deviation of the
height distributions (Sq), the Skewness of the height distribution (Ssk),
and the maximum height of pits (Sv), indicating a more homogeneous
surface topography when compared to the one resulting from the
working of animal matter or to the unused sandstone surfaces.

Measuring the same set of 3D aerial surface parameters across the
used areas of ground stone tools from Vlasac no significant differences
have been observed with the values documented on the experimental
replicas utilized in plant working activities, suggesting a similar ho-
mogeneous surface topography (Fig. 7a-c, Table 5). Theses results are in
agreement with the observations made about the archaeological ground
stone tools’ surfaces using low magnifications, where the used areas
show an overall flattening of the stone surface, with contiguous grains
and with a moderate leveling of their surfaces and rounding of their
edges (Fig. 3). Conversely, significant differences are observed when a
comparison is made with the ones measured on the experimental rep-
licas used to work animal substances (soft and hard) and the unused
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Fig. 4. Experimental reference of use wear associated with the working of wild grass grains and fleshy fruits. Micro polish picture are all taken at 500x of
magnification.

Table 4
A summary statistics of the spatial distribution of used areas. DfC = distance from surface center; DfE = distance from surface edge, PA = surface affected by use.
Measurements of the used surface areas are normalized for the area of the active surface.

D Min.Area Max. Mean Area SD Area Min.DfC Max. Mean DfC SD DfC Min. DfE Max. DfE Mean DfE SD DfE PA
(mm?) Area (mm?) (mm?) (mm) DfC (mm) (mm) (mm) (mm) (mm) (mm) (%)
(mm?) (mm)

10 21.79 240.93 95.62 125.85 25.62 49.7 33.67 13.90 2.37 47.38 27.281 22.89 2.49
13 50.75 96.75 75.19 24.88 16.40 20.9 19.11 2.06 30.38 37.54 32.798 3.24 4.14
23 4.00 135.75 36.36 42.86 13.01 29.6 18.32 5.92 23.37 42.28 33.832 6.71 4.39
28 2.25 442.25 129.69 138.20 4.28 37.0 19.64 10.88 17.12 56.65 39.365 12.11 14.37
56 0.25 385.50 43.21 73.51 14.14 63.4 34.84 13.90 11.87 70.08 41.470 15.35 0.79
63 1.75 60.00 13.96 16.63 12.23 21.3 16.25 2.74 18.27 26.71 22.233 2.98 3.65
65 3.50 48.75 19.69 14.34 5.05 38.1 22.58 10.53 10.07 39.91 22.702 8.55 2.7
66 0.03 6.65 2.42 2.66 1.14 335 21.93 12.84 17.79 42.91 25.570 10.30 0.17
67 0.50 118.25 23.30 37.20 6.71 32.6 17.05 8.84 0.01 0.04 0.027 0.01 4.92
71 0.75 38.75 14.97 15.20 11.95 28.3 15.52 5.26 3.07 24.92 19.054 6.98 7.63
75 2.25 82.75 41.25 40.41 5.77 11.5 8.87 2.50 15.78 20.48 17.672 2.29 7.15
80 4.50 153.00 36.13 39.96 7.66 39.9 18.57 7.81 5.81 42.63 26.397 9.59 7.29
134 1.50 106.25 35.46 32.91 7.62 42.5 24.38 9.68 7.35 53.42 32.135 12.15 7.85
141 0.25 82.00 33.67 32.47 17.41 42.3 23.52 7.15 5.34 33.35 27.074 8.00 4.12
146 6.75 82.25 31.75 34.63 10.94 22.3 16.50 5.26 10.29 18.76 15.320 3.88 39.91
162 9.00 234.50 80.00 88.49 20.52 28.2 24.62 3.12 21.47 31.56 26.554 3.70 4.87
167 1.75 61.00 18.57 21.63 13.55 24.2 19.27 4.02 21.94 31.39 25.931 3.83 2.14
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Fig. 5. Spatial distribution of surface modifications identified on the analyzed tools.

natural sandstone surfaces (Table 5), which instead, when observed at
low magnification exhibit a more heterogenous surface topographic
(Cristiani and Zupancich 2020).

5. Discussion

Prehistoric foragers relied significantly on wild plants before the
advent of agriculture and plant domestication (Cristiani et al., 2021;
Hardy and Martens, 2016; Kabukcu et al., 2022; Zvelebil, 1994). The
role of plant foods has recently been assessed in the central Balkans,
where a rich repertoire of non-flaked stone technology for plant pro-
cessing suggests grass grains, seeds, and fruits were regularly consumed
already ~9500 years cal BC (Cristiani et al., 2021, 2016; Filipovic et al.,
2010; Ottoni et al., 2021). In this paper, we provide further evidence
through a novel combination of qualitative and quantitative techniques

in the study of ground stone tools. In particular, the analysis of 3D aerial
surface parameters and use-wear spatial distribution coupled with the
optical observation of traces at low and high magnifications allowed us
to evaluate systematically the surface modification observed on the
ground stone tools of Vlasac. Accordingly, the functional interpretation
is not solely based upon the resemblance of the descriptive feature of
macro and micro wear but is further strengthened by statistically test-
able and reproducible data.

On a methodological level, our results are relevant as they show how
surface morphometrics applied at low magnification represent a valu-
able means of studying use-wear, particularly in the case of ground stone
tools. To date, most published research demonstrates the reliability of
surface quantification at high magnifications (e.g. > 50x), focusing on
the measurements of surface parameters of use-related micro polish
(Chondrou et al., 2021; Ibanez-Estévez et al., 2021; Macdonald et al.,
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2019; Paixao et al., 2021b, 2021a; Pichon et al., 2023, 2021). Our study
successfully shows how the quantification of surface topography at low
magnifications (<=50x) throughout the analysis of areal 3D surface
parameters can help us in providing reliable and functional in-
terpretations of ground stone tools. In this sense, we offer the first
attempt to discriminate between worked materials, considering a
limited set of variables. A future implementation of other surface pa-
rameters already found reliable in the quantification of use-wear on
flaked stone tools (Ibanez and Mazzucco, 2021; Ibanez-Estévez et al.,
2021; Pichon et al., 2023) would allow us to enhance the interpretative
potential of quantitative surface data acquired at low magnifications.
Furthermore, the distribution of the used areas allowed us to speculate
about the handling of the tools during their use. Specifically, the local-
isation of the used areas near the edges of the surface suggests that the
tools were used most likely perpendicularly rather than flat on the
worked material, a handling mode that favours performing short and
punctual gestures. These results are confirmed experimentally as such a
gripping setup has proven efficient in the grinding of cereals performed
through short longitudinal and circular motions (Dietrich, 2021; Die-
trich et al., 2019). Given these evidence we suggest that at Vlasac, the
coarse flour obtained by grinding grass grains using ground stone tools
was probably consumed in the form of porridge-like product (Dietrich
et al., 2020; Dietrich and Haibt, 2020; Eitam et al., 2015; Gonzalez
Carretero et al., 2017; Haaland, 2007), an interpretation which finds
support also in the limited extension of the used areas most likely
resulting from a rough processing of plant materials. A further evidence
supporting this hypothesis comes from the frequent presence of grit

10

particles within the dental calculus matrix of the individuals buried at
the site (Cristiani et al., 2021).

Besides investigating the use of ground stone tools in plant working,
we have also been able to gather data on the assemblage composition
and life cycles of these tools at Vlasac. As suggested by a techno-
morphological analysis, in several cases we have been able to recog-
nize stages of re-use or recycling. Overall, among the artefacts utilized in
plant processing the number of “unambiguous” passive elements is
limited. This pattern can be explained by the fact that potentially large
stationary elements, like the ones recovered at Duvensee, Friesack, and
Rothenklempenow in Germany (Holst, 2021; Holst et al., 2024), were
used as passive bases and have not been recorded at the site during
excavations due to their limited archaeological visibility, i.e., the
absence of technological modifications (Roda Gilabert et al., 2016,
2012). Also, the low number of passive bases might be explained by the
fact that these may have been made of perishable material. In this sense,
of relevance is ethnographic evidence on the use of bases made of wood
bark during the processing of cereals in north Africa (Pena-Chocarro
et al., 2005). This assumption, however, will need further experimental
trials in order to identify specific macro and microwear associated with
the use of passive bases made of perishable materials such as wood or
bark. A further characteristic of the ground stone tools from Vlasac is the
frequent presence of pits over the surfaces of the tools, which indicate
their re-use and/or recycling over time along with hinting towards their
multipurpose nature. Single or multiple pits identified on the surfaces of
specimens used in plant working as active elements indicate that most
likely these were re-used, possibly also as passive bases, for heavy duty
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tasks. Pit morphologies are most likely linked to bipolar knapping
(Arroyo and de la Torre, 2020) rather than to nut cracking (Holst, 2021;
Pardoe et al., 2019). In support of this functional interpretation is the
flaked stone tool assemblage from Vlasac, where the production of
flaked tools through bipolar knapping is well attested (Boric et al., 2014;
Koztowski and Koztowski, 1982). A further instance of the use of ground
stone tools as bases for bipolar knapping comes from the Mesolithic site
of Font de la Ros in Spain (Roda Gilabert et al., 2015, 2012).

Other than bipolar knapping, the pits affecting the surfaces of the
ground stone tools from Vlasac indicate their probable involvement in
craft activities such as bone working. Indeed, the shape of the pits also
resembles the depressions formed on the experimental replicas used to
produce bone blanks from metapodials. In this case, a ground stone tool
is used as a hammerstone to strike a flint wedge, splitting the bone in
half to obtain suitable blanks that can be worked later through scraping
and/or polishing (Boric et al., 2021; Cristiani and Boric, 2021; d’Errico
etal., 2003; Vitezovi¢, 2013). Unfortunately, the presence of concretions
inside the pits prevents the identification of any macro or microwear to
be compared with our experimental references, which might further
support this assumption. Moreover, no elements indicating the sequence
of their use emerges from the analysis of wear distribution across the
surface of the ground stone tools at Vlasac. Specifically, we did not
observe any clear overlapping of traces (i.e., pits developing within flat
surfaces), which might allow us to infer that the ground stone tools were
involved in bipolar knapping or bone tool production activities as the
final stage of their use.

However, the involvement of ground stone tools in a wide range of
activities underlines complex and long life histories of these objects and
their use in both dietary and non-dietary practices (i.e., bone and flint
tool production). It demonstrates the role they played in the lifeways of
Mesolithic hunter-gatherers at the site. The reuse and recycling of the
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ground stone tools used in plant working confirms the definition of such
tools as part of an incipient plant food technology, which still did not
acquire its task-specific character. It will emerge later in the Neolithic.
Yet, ground stone tools were surely becoming an essential component of
Late Mesolithic forager toolkit during the Early Holocene.

6. Conclusions

In the Danube Gorges, ground stone tools became a key component
of the stone assemblage in the Late Mesolithic. They played an important
role in daily activities of hunter-gatherer communities of the region.
Ground stone tools are involved in various aspects of prehistoric life-
ways, including dietary and non-dietary practices (i.e. craft). In this
paper, we explored the use of ground stone tools in plant processing
tasks at Vlasac. Through the combination of qualitative and quantitative
methods of use-wear analysis, including optical microscopy, 3D surface
texture analysis, and spatial analysis, we provide evidence for the use of
ground stone tools to process wild grass grains as well as fruits available
in the site’s environs. The functional evidence gathered from the study
of ground stone tools at Vlasac is in agreement with the data obtained
from the analysis of dental calculus of individuals buried at the site. Our
work supports the claim about the primary role of plants in dietary
habits of Mesolithic hunter-gatherers and provides further evidence for
their extensive knowledge of and familiarity with a diverse range of
plant resources available in the region during the Early Holocene.
Furthermore, our insights about the use of ground stone tools in pro-
cessing plant foods point to the emergence of an incipient plant food
technology during the Late Mesolithic in the area as an essential
component of the Early Holocene forager toolkit.
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Table 5

Pairwise comparison (Wilcoxon rank sum test) of aerial surface parameters
recorded on the ground stone tools from Vlasac, the experimental replicas used
in plant and animal working, and the natural sandstone (p-value adjustment
Bonferroni).

Surface Archaeological Experimental p-value Significance

parameter sample sample

Sa Vlasac GSTs Experimental <0.0001 kil
animal matter
Unused sandstone  <0.0001
Experimental 0.372 ns
plant material

Sku Vlasac GSTs Experimental 0.053 ns
animal matter
Unused sandstone  0.246 ns
Experimental 0.226 ns
plant material

Sp Vlasac GSTs Experimental <0.0001 il
animal matter
Unused sandstone  <0.001 ok
Experimental 0.052 ns
plant material

Sq Vlasac GSTs Experimental <0.001 ok
animal matter
Unused sandstone ~ <0.001 ki
Experimental 0.25 ns
plant material

Ssk Vlasac GSTs Experimental 1 ns
animal matter
Unused sandstone ~ 0.268 ns
Experimental 1 ns
plant material

Sv Vlasac GSTs Experimental <0.001 ok
animal matter
Unused sandstone ~ <0.001 ki
Experimental 0.118 ns
plant material

Sz Vlasac GSTs Experimental <0.001 il
animal matter
Unused sandstone ~ <0.001
Experimental 0.028 *

plant material
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