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A B S T R A C T

Arbutus unedo L. is very abundant in pre- and protohistoric anthracological assemblages of Corsica (north-
western Mediterranean). In the present day, it is a dominant species, along with Erica arborea L., of the macchia,
a shrubland ecosystem that covers a major part of the island. The current state of the macchia is characterised by
a low and more or less dense shrubby stage, maintained by frequent disturbances. However, rare preserved plots
demonstrate the capacity of Arbutus unedo to evolve into a tree up to 10 m high, forming high, nearly forested
macchia.

A traditional anthracological approach documents the floristic composition of past woodland but it does not
allow us to specify the growth habit of the trees. Consequently, the physiognomy and structure of the Holocene
Ericaceae formations remain unknown, despite their abundance in the landscape and their potential for
exploitation in pre- and protohistoric human activities. To address this issue, we have developed a quantitative
eco-anatomical approach for the characterisation of size patterns of Arbutus unedo. This method is based on the
measurement and quantification of wood structural and vascular elements whose abundance and size are
influenced by natural or anthropogenic ecological parameters. Modern wood samples are used to build a pre-
dictive model that can be applied to archaeological specimens.

Results from statistical analyses indicate that tree height and branch size are recorded by eco-anatomical
features. Moreover, it has been shown that tree height is correlated with anatomical features such as ray size
and vessel density. Applied to archaeological samples of Arbutus, the eco-anatomical analysis highlights the
presence of tall Arbutus trees during the early Neolithic period, while low macchia appears to be the dominant
vegetation type during the Bronze and Iron Ages. These results confirm hypotheses previously formulated from
pollen and charcoal data and provide further insight into the impact of human activities on the landscapes.

1. Introduction

Arbutus unedo L. (strawberry tree) is an evergreen shrub or small tree
of the Ericaceae family, native to the Mediterranean basin (Quézel and
Médail, 2003; Almeida et al., 2022). It can be found from the coast to the
hinterland in the Circum-Mediterranean regions and in some Atlantic
areas, such as Portugal, south-western France and a few places in Brit-
tany and in western Ireland, where its indigenousness is a matter of

debate (Torres et al., 2002; Santiso et al., 2016; Skeffington and Scott,
2021; De Santis et al., 2023).

Together with another Ericaceae, Erica arborea (tree heather), Ar-
butus unedo is particularly common in Corsica, an island in the north-
western Mediterranean Sea (Fig. 1a, b). Corsica has a Mediterranean
climate with subtropical, temperate and alpine affinities (Mouillot et al.,
2008). These climatic conditions, the presence of high mountains, the
contrasting topography and the rocky, often crystalline, soils allow the
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development of a wide variety of landscapes. The vegetation at low and
medium altitudes up to 1000 m a.s.l. is dominated by evergreen and
sclerophyllous formations, such as Quercus ilex forests and Mediterra-
nean macchia (also known asmatorral ormaquis) (Gamisans, 1999). The
latter is more or less dense scrubland that grows preferentially on
crystalline soils, with drought-resistant species adapted to anthropo-
genic pressures such as logging, fire-setting, and grazing (Lacoste and
Salanon, 1999). Usually considered as a regressive phase within the
Quercus ilex series (Quercetea ilicis) (Lacoste and Salanon, 1999; Quézel
and Médail, 2003), it is characterised in Corsica by the co-dominance of
Arbutus unedo and Erica arborea, forming a specific plant association,
namely the Erica-Arbutetum (Allier and Lacoste, 1980; Gamisans, 1999).
It shows variations in its floristic composition and physiognomy,
depending on biotic and abiotic factors. Several types of macchia are
identified by ecologists and foresters depending on the height of the
upper layer: low macchia (≤ 3 m), high macchia (3 m < x ≤ 6 m) and
“forest” macchia (> 6 m) (Fig. 1c, 1d, 1e). Arbutus unedo and Erica
arborea usually grow as shrubs in the present vegetation, but the exis-
tence of exceptionally tall individuals shows that they have the biolog-
ical potential to form real trees (Fig. 1f) (Mesléard, 1987; Mesléard and
Lepart, 1989).

Pollen and charcoal data indicate that Erica arborea and Arbutus
unedo, together with sclerophyllous species, underwent a significant
expansion from sea level up to the mountains after the postglacial
warming, while mesophilous forests with deciduous Quercus and Taxus
baccata initially remained restricted to small areas with thick soils
(Reille, 1984, 1992). Quercus ilex, currently associated with the Erica-
ceae, seems to have been rare in the vegetation of Corsica before the 3rd
millennium BCE (Reille, 1992; Poher et al., 2017; Revelles et al., 2019;
Ghilardi, 2020). Anthracological data show that Erica arborea and Ar-
butus unedo provided firewood to the human populations since at least
the Neolithic in the lowlands (Gilabert et al., 2011; Vaschalde, 2019;
Vernet, 1988; Camagny et al., in press; Delhon, 2022; Figueiral, 2011).
Quercus ilex forests gradually replaced the original Ericaceae formations,
probably as a result of the intensification of human activities (Reille,
1992; Carcaillet et al., 1997; Revelles et al., 2019), leading several au-
thors to consider the evergreen oak forest, now widespread on the is-
land, as a paraclimax (Reille, 1992; Gamisans, 1999; Panaïotis, 2001).
The question of the past existence, in a context of lower anthropogenic
pressure, of tall forests with a floristic composition close to that of the
current macchia, but with a different physiognomy, has been raised
since the 1980′s in Corsica (Reille, 1992; Reille et al., 1999; Poher et al.,

Fig. 1. Location of the study area (grey) (a), archaeological sites included in the study (black stars) (b) and sampling sites of Arbutus wood samples (white rings). 1:
Filisorma forest, 2: Melza Pass, 3: San Petru pass, 4: Miluccia forest, 5: Penta road. Different type of macchia: low, i.e. trees ≤ 3 m (c), high, i.e. trees 3 m > trees ≥ 6
m (d) and “forest” macchia, i.e. trees > 6 m (e). Example of a large Arbutus unedo tree in a “forest” macchia (f) – photo. T. Camagny & I. Camagny.
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2017) and more recently in Sardinia (Beffa et al., 2016). These forests
would be impossible to distinguish from the macchia using standard
palaeoenvironmental approaches (palynology, charcoal analysis) based
on the reconstruction of the floristic composition of the vegetation. The
reconstruction of the height and the physiognomy of Ericaceae forma-
tions in the past would improve both our knowledge of palaeovegetation
types, including their position in the ecosystem dynamics (pristine,
secondary, post-pioneer?), and the reconstruction of the landscapes
inhabited by past Corsican communities (macchia or forest?), allowing
us to assess their role in the shaping of the current macchia.

Anthracology allows us to obtain floristic lists (Chabal, 1997, Per-
naud and Thiebault, 2002), but not to document precisely the physi-
ognomy of vegetation such as macchia, because of the floristic
similarities between the different forms it can take (low, high macchia or
forest). In recent years, palaeoenvironmental studies have advanced
through the development of semi-quantitative methods using wood
morphology and anatomical features, including tree-ring measurements,
which has been employed to estimate wood diameter and to assess past
forestry practices and their impact on the landscape (Dufraisse and
Garcia Martinez, 2011; Paradis-Grenouillet et al., 2013; Girardclos et al.,
2018; Dufraisse et al., 2018). Quantitative wood anatomy has been
developed in bioarchaeology to answer specific issues related to plant
structure and management histories. This approach involves measuring
and counting vascular and structural anatomical features of modern
wood to identify variations in relation to abiotic (soil, climate, alti-
tude…), biotic (human management) and intrinsic factors (individual
size, branch diameter…) and then using these results to assign archae-
ological charred wood fragments to tree categories (Terral et al., 2009;
Marguerie et al., 2010). The method has already been successfully used
on the olive tree (Olea europaea) (Terral and Arnold-Simard, 1996; Heinz
et al., 2004) and the grapevine (Terral, 2002; Limier et al., 2018) to
distinguish wild from cultivated forms, and more recently on the argan
tree (Argania spinosa) (Ros et al., 2021) to identify exploitation practices
during the Middle Ages. Based on these pre-existing studies, we have
developed a quantitative wood anatomy approach applied to Arbutus
unedo. The aim was to characterise anatomical variations based on the
tree’s morphological traits, such as tree height and growth habit (tree or
shrub), in order to improve our understanding of past Ericaceae for-
mations in Corsica.

This paper presents the methodological and analytical processes used
to build the eco-anatomical model based on Arbutus unedo wood
collected from Corsican trees whose characteristics are known (size,
habits, growth conditions, etc.). As a second step, we test the workability
and relevance of the analytical procedure for archaeological charcoal,
which is sometimes small in size and not optimally preserved. For this
purpose, we use previously studied charcoal from two archaeological
sites in south-western Corsica, Basì and I Casteddi.

2. Material

2.1. Modern reference material: Collection and preparation

Arbutus trees were sampled in spring 2022 in five different locations
in four natural regions of Corsica: the Fangu, Gravona and Taravu val-
leys, and the mountainous region of Castagniccia (Fig. 1b). During
fieldwork, carried out in collaboration with the Office National des Forêts
(ONF) and the Parc Naturel Regional (PNR), no trees were felled and their
health was carefully evaluated before sampling so as to minimise
disturbance to local vegetation and preserve remarkable trees.

Eighty samples were obtained from tree-like and shrubby Arbutus
growing in diverse vegetation types, including low and high macchia,
evergreen oak forest and chestnut grove (Table 1). This referential ma-
terial was intended to represent a variety of biotic and abiotic conditions
(land use, soil type, water resources, climate). In these regions, the
landscape bears witness to recent human activities through the remains
of old roads, abandoned hamlets, ancient cultivation terraces and
charcoal pits. Most of the regions surveyed are located in the crystalline
part of Corsica. Castagniccia stand apart as it is characterised by meta-
morphic soils (schist, ophiolite, serpentine) rather than granitic soils. It
also benefits from more abundant rainfall, which limits Arbutus to the
warmest areas where the forest is least developed (Gamisans et al., 1983;
Gamisans, 1999). In the Fangu valley (NW Corsica), 20 samples were
collected along riverbanks and forest edges (Filosorma forest), as well as
on the ridges to the south of the valley (Melza pass). In the Gravona
valley (SW Corsica), 18 samples were taken from more or less open
scrubland near a pass (San Petru pass). In the Taravu valley (SW Cor-
sica), 22 samples were collected from densely wooded areas with natural
or human-made clearings (Millucia forest), located above modern vil-
lages, where large Arbutus trees can be found. Finally, in Castagniccia
(NE Corsica), 20 branches were sampled from Arbutus trees growing on
land used for chestnut production near villages (Penta road). Morpho-
logical traits (tree height, growth habit, trunk diameter for trees char-
acterised by a single trunk, diameter of sampled branches) were
recorded in the field and are detailed in Appendix A.

Only branches were sampled so as not to cause any damage to the
trunks. This strategy targeted the parts of the tree most likely to be
dominant in archaeological domestic contexts, as collecting branches
requires less effort than felling trees. From each selected Arbutus tree,
four samples were sawn at heights ranging from 0.5 to 2.5 m above
ground level. The branches were carefully chosen to minimise the
presence of tension wood, which could impact on the measurements.
Two samples were collected from primary branches and two from sec-
ondary branches, with cuts made 5 to 10 cm from the stem base (junc-
tion with trunk or with larger branch) to avoid wood knots.

Wood samples were charred in a muffle furnace at 300◦ for 30 min in
order to obtain charcoals comparable to those found on archaeological
sites.

Table 1
Location, ecological context and number of Arbutus wood samples included in the quantitative wood anatomical model.

Region Station Plant community Location Elevation (m) Number of samples

Fangu Filosorma forest Low macchia N42◦23′45″, E8◦43′18″ 100 8
High macchia N42◦23′45″, E8◦43′18″ 100 4

Melza pass “Forest” macchia N42◦20′32″, E8◦43′29″ 800 8
Gravona San Petru pass Low macchia N41◦58′27″, E8◦53′44″ 540 12

High macchia N41◦58′30″, E8◦53′44″ 540 6
Taravu Miluccia forest Quercus ilex forest N41◦43′9″, E8◦54′26″ 650 16

Low macchia N41◦43′12″, E8◦54′20″ 700 6
Castagniccia Penta road Quercus ilex forest N42◦23′20″, E9◦17′53″ 830 12

Castenea sativa area N42◦23′22″, E9◦17′49″ 780 8
​ Total ​ ​ ​ 80
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2.2. Archaeological charcoals

I Casteddi and Basì are archaeological sites in south-western Corsica,
located respectively in the Gravona and the Taravu valleys. Ongoing
archaeobotanical studies are providing a wealth of Arbutus charcoal and
have raised questions about ancient landscapes and their evolution.
These sites cover periods of time during which the vegetation experi-
enced a sharp increase in anthropogenic pressure: Human impact is low
for the Early Neolithic period in Basì (6th millennium BCE), and then
rises with increasing agropastoral practices during the Bronze and Iron
Ages in I Casteddi (2nd/1st millennium BCE). Charcoal fragments from
these sites identified as Arbutus unedo could therefore come from trees
growing in vegetation as close as possible to the original early Holocene
Ericaceae formation (Basì), as well as in landscapes that were more
intensely anthropised (I Casteddi). Fifty archaeological Arbutus charcoal
samples, originating from diffuse deposits within seven domestic units,
were selected.

Basì is known for its Neolithic (Basien) and Bronze Age occupations
(Hasler et al., 2012), but the site was also previously inhabited by
Mesolithic hunter-gatherers (8th millennium BCE), and by the first agro-
pastoralist communities in the Early Neolithic period (6th millennium
BCE) (Perrin et al., 2022). Few Ericaceae charcoal fragments, none of
which are Arbutus, have been found so far in the Mesolithic layers
(ongoing excavations and analyses), but they are abundant, despite
being small, from the Early Neolithic onwards (Perrin, 2022). Ten
fragments from the 6th millennium BCE units were large enough to be
measured, including the oldest charcoal evidence to date of Arbutus
unedo in Corsica (Table 2). The fragments come from 4 different strati-
graphic units and were sampled at different depths in each unit, thus
minimising the chances of them being from the same tree.

I Casteddi, perched on a rocky spur, was occupied from the Middle
Bronze Age to the end of the Iron Age (2nd and 1st millennia BCE)
(Paolini-Saez et al., 2019). Previous charcoal analysis showed that the
large Ericaceae, Erica arborea and Arbutus unedo, provided most of the
firewood throughout the occupation of the site (Camagny et al., in
press). However, Arbutus unedo percentages decline over time while
Erica arborea seems to maintain itself, raising questions about the impact
of agro-sylvo-pastoral activities on the local plant cover. Forty charcoals
of sufficient size were randomly selected in 3 different stratigraphic
units for quantitative eco-anatomical analysis: 20 from the Middle
Bronze Age units and 20 from the Second Iron Age unit (Table 2).

3. Methods

The quantitative wood anatomy approach is based on the in-
terrelationships between anatomical features of the wood and the
taxonomic, ecological or morphological characteristics of the plant. This
study specifically examines the relationships between anatomical wood
features and morphological characteristics of Arbutus unedo, with a
particular focus on its height and tree habit. By measuring and quanti-
fying anatomical elements in wood samples, it is possible to assess their
functional and biological implications through statistical analysis and to

develop a predictive model. The model is then used to classify archae-
ological charcoal analysed using the same measurement protocol,
thereby allowing us to infer the morphological traits of ancient trees.

3.1. Arbutus unedo wood anatomy

As we intend to study the growth habits of the trees, we have focused
on anatomical elements related primarily to sap conduction (vessels),
nutrient storage (rays) and to mechanical properties of the trees (rays).
Arbutus unedo displays considerable anatomical variability, as described
in multiple atlases of wood anatomy (Queiroz and Van Der Burgh, 1989;
Schweingruber, 1990; Vernet et al., 2001). In transverse section, Arbutus
unedo wood is characterised by a diffuse- to semi-diffuse-porous struc-
ture, with many solitary or radially clustered vessels. The diameter of
the vessels decreases from the initial (35–50 μm) to the final wood (20
μm). Growth rings are distinct, sometimes marked by a row of pores, but
false rings are frequent. Both libriform fibres and tracheids occur. There
is a continuum between small vessels and tracheids that sometimes
makes it difficult to differentiate between them in transverse section.
Rays can be short and uniseriate, but primarily multiseriate. Multiseriate
rays are spindle-shaped and exhibit significant variability, ranging in
size from 2 to 6 parenchyma cells in width and up to 40 cells in height.
The perforation plates are usually simple, rarely scalariform with one to
four bars in some of the smallest vessels. Spiral thickenings are abun-
dant, thick, and tight, which is a very typical feature of the species.

3.2. Quantitative wood anatomy protocol

In order to refresh the sections of interest, charred reference samples
were manually broken, in accordance with the standard methodological
protocol for the study of archaeological charcoal (Chabal et al., 1999).
Samples were then examined at × 200 magnification under a reflected-
light microscope connected to a digital camera and image measurement
software (Leica Application Suite software). Measurements were taken
in the last rings formed in the years preceding sampling. In order to take
advantage of ray size variability, which we hypothesized could have an
eco-anatomical significance, and in contrast to usual quantitative wood
anatomy protocols that deal exclusively with the transverse section of
wood, we investigated both transverse and longitudinal-tangential sec-
tions. The processing of the transverse section necessitates taking
photos, whereas anatomical features in the longitudinal-tangential sec-
tion are quantified directly. The processing of a single sample takes an
hour to an hour and a half to complete. This timeframe includes taking
cross-section photos, measuring anatomical elements of the wood and
quantifying anatomical features in longitudinal-tangential section.

3.3. Anatomical features measured

Six anatomical features were considered (Fig. 2):

• the vessel density (VD, N/mm2) is estimated in transverse section by
counting the number of vessels in a 0.25 mm2 surface area. It is

Table 2
Archaeological charcoal analysed in this study. N1: Total number of Arbutus fragments identified at each archaeological sites. N2: Number of Arbutus fragments
selected for quantitative wood anatomy analysis.

Cultural Period Age (BCE) Site SU N1 N2 Excavation supervisor

Early Neolithic (Cardial) 6th millennium Basì 1624 24 3 T. Perrin
​ ​ ​ 1241 7 2 ​
​ ​ ​ 1242 3 2 ​
Early-Middle Neolithic 6-5th millennium ​ 1013 29 3 ​
Middle Bronze Age 2nd millenium I Casteddi 387 54 10 H. Paolini-Saez
​ ​ ​ 305 165 10 ​
Second Iron Age 1st millenium ​ 303 145 20 ​
Total ​ ​ ​ 427 50 ​
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recommended that the covered areas extend across the entire width
of a ring, using rays as edges, and that they do not overlap so as to
avoid counting the same vessels twice.

• the vessel lumen area (VLA, μm2) is automatically measured on the
transverse section after manually outlining the pores. The measure-
ment must be made on an area covering at least one full ring from
early to late wood, focusing on radially or obliquely clustered vessels

• the ray density (RD, N/mm) corresponds to the number of multi-
seriate rays crossing a tangential line of a known length drawn on the
transverse section, divided by the length of the line. The drawn line
must cross at least 3 rays for the data to be valid.

• in longitudinal-tangential section, ray width (RW, N) and ray height
(RH, N) are defined as the number of parenchyma cells in the hori-
zontal and vertical directions, respectively (on multiseriate rays
only).

• the ray surface index (RSI, N) is defined as the product of RW by RH
(RW*RH). This additional variable is proposed to better express the
total volume occupied by rays in the xylem. It is used together with
the two previous variables, RW and RH, which are needed to
consider the morphology of the rays (wide/short, wide/high, nar-
row/short, narrow/high).

3.4. Number of measurements required to characterise anatomical traits
and measurement reproducibility

The number of measurements required to obtain representative
values was tested on 4 samples by using cumulative average curves
(Appendix B). To carry out these measurements correctly, charcoal
fragments must be well-preserved and large enough. With the equip-
ment used in this study and at × 200 magnification, it involves taking at
least 15 photos of each fragment in transverse section. Ideally, a surface
area of approximately 2.5 mm2 is required in the transverse section and
a slightly smaller size may be sufficient in the longitudinal-tangential
section. Fragments close to a knot or areas with shrinkage cracks
should be avoided.

Taking measurements on charred wood from a highly variable
Mediterranean taxon such as Arbutus unedo requires a little time to
adapt, in order to be able, for example, to differentiate the smallest
vessels from the tracheids in transverse section. To assess the feasibility
of the measurements and the reproducibility and the representativeness

of the results, three samples of the reference material were initially
analysed. Measurements were made twice by the same operator (TC) on
different days, and once more by a second operator (CD). Homogeneity
of variances of the different groups was evaluated using ANOVA tests.
The p-values obtained (> 0.05) indicate that there are no significant
differences for one single operator or between two operators (Appendix
C). It can therefore be assumed that the eco-anatomical protocol can be
replicated on charred Arbutus wood.

3.5. Statistical analyses

The eco-anatomical model was built using the measurements data
obtained from 80 samples of the reference material. The link between
specific traits such as tree height and branch diameter and the
anatomical features was evaluated by means of linear correlation
coefficients.

Principal Component Analysis (PCA) was undertaken using 6
anatomical variables (active variables: VD, VLA, RD, RW, RH and RSI)
and 2 tree descriptive variables (passive variables: branch diameter and
tree height). The objectives were to examine the relationships between
wood anatomical features and supplementary qualitative variables,
which were collected during the field mission. These variables included
the location (station), branch type (main, secondary), growth habit
(tree/shrub) and tree height groups (using categories compatible with
those commonly used by ecologists and foresters to describe the Corsi-
can macchia: ≤ 3 m for low macchia, 3 m < x≤ 6 m for high macchia, >
6 m for “forest” macchia).

A Linear Discriminant Analysis (LDA) was carried out in order to test
the discrimination of tree-height groups based on eco-anatomical vari-
ables. This method requires the data to be distributed as closely as
possible to normal distributions. A Shapiro-Wilk test on the modern
material revealed that 4 variables (VD, RD, RW and RIS) did not verify
the normality hypothesis (p-value < 0.05). Consequently, all data was
log-transformed (base exponent), which makes it suitable for the con-
struction of a predictive model using the LDA method. LDA is a clus-
tering method that divides the data space linearly according to a target
variable. In the present study, tree height data from the modern refer-
ence material was used to build the model. The samples were grouped
according to the height of the originating trees (≤ 3 m, 3 m < x≤ 6 m,>
6 m). In order to predict the height of ancient Arbutus trees, the

Fig. 2. A. unedo wood transverse (a) and longitudinal-tangential sections (b), showing the considered anatomical features (in orange): vessel density (VD, N/mm2),
vessel lumen area (VLA, μm2), ray density (RD, N/mm), ray width (RW, N), ray height (RH, N) and ray surface index (RSI, N).
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archaeological charcoals were projected into the predictive LDA as
additional individuals.

In order to obtain the most robust prediction model possible, we used
2 statistical tools:

• The LDA model was constructed using the most significant variables,
employing the function greedy.wilks from the klaR R package. This
function enables the testing of multiple LDAs built from several
combinations of variables, to identify the most efficient model for the
prediction of additional individuals.

• Given the unbalanced size of the groups, data were standardised by
matching them to the smaller-sized group (> 6 m, N = 14) (Evin
et al., 2013; Bonhomme et al., 2021): 14 items were randomly
selected from the larger groups (≤ 3 m, N= 26 and< 3 m x ≤ 6 m, N
= 40). The performance of the model was systematically evaluated,
using leave-one-out cross-validation (LOOCV) (James et al., 2013, p.
193). This process was repeated until 1,000 LDA predictions had
been generated with a 70 % training success rate, in order to ensure
the robustness of the results.

The prediction rate for each archaeological charcoal in each tree-
height group is calculated by summing all the allocation rates and
then dividing by 1000.

When the allocation rate for a given group exceeded 0.66, we
attributed the charcoal to this group. In the event that allocation rates
for the 3 groups were equivalent or close, the charcoal was not allocated.
When 2 groups presented close rates and the third a significantly lower
one (<0.20), these 2 groups were almost always contiguous (≤ 3 m and
3 m x ≤ 6 m or 3 m x ≤ 6 m and> 6 m). Subsequently, the charcoal was
allocated to an extended group, spanning over 2 predefined categories:
≤ 6 m or > 6 m. In only two cases were the allocation rates close in the
two extreme categories and much lower in the median one. These
charcoals were considered as not allocated.

4. Results

4.1. Number of measurements required to characterize anatomical traits

The stabilization of the curves (plateau) for the 6 anatomical features
determined that the required number of measurements on each charcoal
was 15 for vessel density (VD), 45 for vessel lumen area (VLA) and 10 for
ray density (RD), ray width (RW) and ray height (RH) (Appendix B).

4.2. Anatomical variation of modern Arbutus unedo wood

4.2.1. Correlation between wood anatomical features and morphological
features

Ray height, ray width and ray surface index are positively correlated

to branch size (c.c. 0.50, 0.61 and 0.64, p-value < 0.05). All the ray
parameters (ray density, ray width, ray height and ray surface index),
and to lesser extent, vessel density, are also correlated to tree height (c.c.
− 0.44, 0.35, 0.41, 0.43 and 0.37, p-value < 0.05) (Fig. 3). Vessel lumen
area is slightly correlated to branch diameter. The p-values of correla-
tion coefficients are detailed for each of the above variables in a table in
the appendix (Appendix D).

4.2.2. Eco-anatomical variation in Arbutus unedo wood
The first axis of the PCA (DIM1, 45.5 % of variance) carried out on

the reference material explains variations of anatomical features such as
ray width (RW), ray height (RH) and ray surface index (RSI) (Fig. 4a).
Branch diameter, as a supplementary variable, is also linked to DIM1.
The variables correlated to the second axis (DIM2, 24.8 % of variance)
are vessel density (VD), ray density (RD) and, to a lesser extent, vessel
lumen area (VLA). Correlation between this axis and tree height appears
to be significant.

The PCA does not allow shrubby individuals to be distinguished from
arborescent ones on the basis of the anatomy of their wood (Fig. 4b). The
first PCA biplot show differentiation trends between low (< 3 m), high
(3 m < x ≤ 6 m) and very high (> 6 m) individuals (Fig. 4c), as well as
between main and secondary branches (Fig. 4d). Finally, environmental
parameters appear to influence Arbutus unedo wood anatomy, as can be
seen from the differences between the samples from the five stations
surveyed (Appendix E). However, there is a wide overlap and the factors
responsible for the variations are not yet understood.

4.2.3. Differentiation of height classes according to anatomical features
LDA analysis allows us to discriminate height classes of Arbutus trees

(≤ 3 m, 3 m < x ≤ 6 m, > 6 m) a successful discrimination rate of more
than 70 % (λ = 0.44, F= 7.5, p< 0.0001). The successful discrimination
rate per group is variable (≤ 3 m: 80.17 %, 3 m < x ≤ 6 m: 70.97 %, > 6
m: 73.31 %).

Variables that contribute the most to the LDA model are ray density
(RD) (λ = 0.716, F= 15.26, p< 0.0001), vessel density (VD) (λ = 0.616,
F = 10.42, p < 0.0001), ray surface index (RSI) (λ = 0.490, F = 10.71, p
< 0.0001) and vessel lumen area (λ = 0.449, F = 9.09, p < 0.0001).

4.3. Inferring the height of archaeological Arbutus unedo

Fifty archaeological Arbutus fragments were integrated into the LDA
model as additional individuals, allowing them to be allocated to one of
the three predefined height groups (Fig. 5). The model classified 30
archaeological charcoal fragments to a predefined tree height group
with a prediction rate more than 0.66: 25 to≤ 3m, two to 3m< x≤ 6m,
and three to > 6 m. A review of the prediction rate indicates that 12
additional fragments can be assigned to “extended” groups: 10 to ≤ 6 m
and two to > 3 m (Fig. 6, Appendix F).

Fig. 3. Correlation coefficient between the quantitative variables. Blue dots indicate negative correlation, red dots positive correlation. The size of the dot and the
colour intensity indicate the strength of the correlation.
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Fig. 4. Results from PCA carried out on 80 individuals (modern charcoal samples) and 8 variables (6 are active and 2 are passive, tree height and branch diameter):
correlation circle (a) and PCA biplot 1–2 (70.3% of variance) of the distribution of the individuals depending on their growth habit (b), tree height (c) and branch
type (d).

Fig. 5. LDA biplot showing the 3 height groups (yellow for ≤ 3 m, green for 3 m < x ≤ 6 m, red for > 6 m) based on the reference material (dots, a). Archaeological
samples are projected as additional individuals and coded according to their age: Early-Middle Neolithic (b), Bronze Age (c) and Iron Age (d).
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Three out of 10 archaeological charcoals from the Early Neolithic of
Basì have been assigned to individuals whose height is greater than 6 m
(#1, #2, #3). One charcoal is assigned to the 3 m < x ≤ 6 m group (#4)
and the other four charcoals are attributed to individuals less than 6m in
height (#5-#8). Two charcoals could not be allocated (#9, #10).

The majority of charcoals from I Casteddi are attributed to small
Arbutus trees, with a height of less than 3 m. No Arbutus fragments could
be clearly attributed to trees measuring more than 6 m in height. At the
most two charcoals, one from the Bronze Age level (#27) and one from
the Iron Age level (#47), are attributed to the > 3 m group (they could
be between 3 and 6 m or more than 6 m with equivalent probability).
Among the Bronze Age charcoals, 10 are allocated to the ≤ 3 m group
(#11-#20), five to the ≤ 6 m group (#21-#25) and one to the 3 m < x≤
6 m group (#26). Fifteen Arbutus fragments from the Iron Age are
allocated to the ≤ 3 m group (#31-#45) and one to the ≤ 6 m group
(#46). Three charcoals from the Bronze Age and three from the Iron Age
could not be allocated (#28-#30 and #48-#50).

Not only were more Arbutus charcoals from the Iron Age attributed to
the ≤ 3 m group, but they also show higher allocation rates than those
from the Bronze Age: 11 of them are assigned to the≤ 3 m group with an
allocation rate higher than 0.80. Within the Bronze Age corpus, only 7
charcoals are predicted as low trees with such confidence (Appendix F).

5. Discussion

5.1. Arbutus unedo anatomical developmental and environmental
plasticity in relation to tree size

The quantitative eco-anatomical study of Arbutus unedo wood high-
lights the correlation between morphological traits of the trees –branch
type (main, secondary) and tree height – and anatomical features, such
as ray parameters (ray density, ray width, ray height and ray surface
index) and vessel density. Correlation coefficients show that small-
diameter branches have smaller rays compared to large-diameter
branches, suggesting a relationship between ray size and stem age,
and therefore branch diameter. A less pronounced correlation exists
between the vessel lumen area and the branch diameter. This has
already been demonstrated in other quantitative wood anatomy studies
(Kassout et al., 2021; Ros et al., 2021), in line with results regarding the

correlation between hydraulic conduit diameter and the distance from
the base stem (Martínez-Vilalta et al., 2002; Anfodillo et al., 2013; Petit
and Crivellaro, 2014). Moreover, it is observed that small Arbutus trees
have more rays (higher ray density in transverse section) and that these
rays are small-sized, whereas large individuals tend to have less rays, but
of much larger dimensions. These large individuals also show more
vessels than the small ones. These variations within the xylem can be
linked to functional traits of the tree and growth conditions, which are
influenced by environmental factors that are not yet well understood.
We sampled trees in different vegetation types, at different elevations
and in different regions within Corsica. However, despite these differ-
ences, the trees were ultimately sampled from the same island and in the
same global biogeographical context. The two most distant stations,
Castagniccia and Taravu, are only 80 km apart. It was not possible from
this corpus to differentiate between shrub and tree-like Arbutus. The
sampling strategy focused on branches rather than tree trunks, which
might suggest a lack of information. However, this approach ensured the
homogeneity of the corpus and facilitated its comparison with pre- and
protohistoric charcoal from archaeological sites, which are most likely
to come from branches, especially in the domestic context.

The following section will examine the potential relationships be-
tween the observed variations in wood anatomical features and the
functions of sap conduction, nutrient storage and mechanical support of
the Arbutus tree.

Sap and nutrient conduction: The low density of vessels observed in
small Arbutus specimens is likely indicative of a moderate need for water
resources in the early development stages of the stem. In mature and
wider stems, sap conduction is actively promoted by increasing the
number of vessels, rather than expanding their surface area. This trend is
confirmed by the size of the rays, which are also involved in nutrient
conduction and storage functions, as well as providing mechanical
support (Carlquist, 1988; Burgert et al., 1999; Pfautsch et al., 2015a;
Słupianek et al., 2021). To a certain extent the modulation of cambial
functioning helps to ensure resilience against vessel conduction rupture
caused by drought and to optimize tree growth and development
(Pfautsch et al., 2015b).

Nutrient storage: parenchyma cells in rays stock carbohydrates and
nutrients (Sauter and Neumann, 1994). In Arbutus unedo, as is also the
case for other Ericaceae and other Mediterranean trees, rays are

Fig. 6. Prediction percentages of each archaeological charcoal in the predefined height groups (yellow: ≤ 3 m, green: 3 m < x ≤ 6 m, red: > 6 m) using the LDA
model (a). Number of charcoals attributed to each height class for each chrono-cultural period, with the highest probability of attribution considered (b). Charcoals
attributed to two adjacent groups with close allocation rates were assigned to an extended group spanning both height intervals (light blue: ≤ 6 m, dark blue: > 3 m)
and those with similar allocation rates in all three groups or in the two extreme groups were not allocated (grey).
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particularly abundant in the lignotubers, located at the stem base
(Mesléard and Lepart, 1989). This organ plays an important role in the
development of Arbutus trees and in their capacity to respond to dis-
turbances through varying degrees of intense resprouting (Montenegro
et al., 1983; Canadell and López-Soria, 1998; Paula et al., 2016).

Mechanical support: The development of the tree implies mechanical
constraints as a consequence of its growth. Rays are regarded as key
elements in maintaining the stem’s structure (Słupianek et al., 2021).
The presence of large rays in angiosperm species such as Fagus sylvatica
provides greater resistance to the mechanical stresses to which wood is
subjected, thereby increasing its rigidity (Burgert et al., 1999; Burgert
and Eckstein, 2001). Indeed, both radial and tangential tensile strengths
of wood appear to increase with the volume of rays (Beery et al., 1983;
Reiterer et al., 2002). These observations are particularly noteworthy
when compared with our results on Arbutus unedo. After 25 years
without disturbance, Arbutus unedo stems stop sprouting from the
lignotubers, and the development of the trunk is prioritized (Mesléard
and Lepart, 1989). The increase in ray size observed in the Arbutus
referential, correlated to branch diameter and tree height, may be
attributed to changes in the functional needs of the tree as it develops.

5.2. New perspectives on Ericaceae formation physiognomy and
anthropogenic impact during prehistoric times in Corsica

Anatomical features of the archaeological charcoals suggest differ-
ences in the height of Arbutus trees between the two sites and the three
different periods. In Basì, during the Early Neolithic, Arbutus trees were
probably over 3 m, and even quite often over 6 m high. This period is
characterized by a low anthropogenic impact on the environment,
related to a low population density when the first Neolithic farmers
settled on the island at the beginning of the 6th millennium BCE, in an
environment previously devoid of any human activity (Lugliè, 2018;
Perrin et al., 2022). Although limited by the small number of archaeo-
logical samples studied, our data suggest the presence of tall scle-
rophyllous formations near the site at that time, which tends to support
the archaeological observation.

At I Casteddi, during the Bronze Age and Iron Age, Arbutus trees used
for firewood primarily came from low formations where trees did not
exceed 3 m high. However, Arbutus trees over 3 m tall could have
developed in quite high macchia, or in Q. ilex forest nearby, as holm oak
has also been identified in the charcoal assemblage. During these pe-
riods, the density of the settlements increased, probably in response to
demographic growth in the Gravona valley (Paolini-Saez et al., 2019,
2022, 2023). As a consequence, pastoral and agricultural activities were
probably increasingly impacting the forests around the sites. Charcoal
data from I Casteddi already suggests that human activities may have
affected Ericaceae formations. Indeed, during the transition from the
Bronze Age to the Iron Age, Arbutus frequencies decreased while Erica
remained steady (Camagny et al., in press). Repeated degradation tends
to favour Erica and other shrubs rather than Arbutus (Allier and Lacoste,
1981; Mesléard, 1987; Mesléard and Lepart, 1991). The coexistence of
low macchia and high macchia, as evidenced by the anthracological
spectrum and the relatively small size of Arbutus trees indicated by our
quantitative wood anatomy data, suggests the presence of a mosaic
landscape reminiscent of the current situation in Corsica.

6. Conclusion and perspectives

A quantitative wood anatomy approach applied to Arbutus unedo has
demonstrated promising potential for classifying trees by height classes
through the analysis of various wood anatomical features. A specific
focus on ray size proved to be effective and may be useful for the esti-
mation of branch diameter, which could be relevant for investigating

resource management issues. However, further research is needed to
fully understand the relationships between wood anatomy and tree
morphological traits. Expanding the reference material framework by
sampling more trees of different heights and growth habits will be
essential to improve the performance and reliability of the prediction
model. Although this study focused on the Corsican macchia, the
approach could potentially be extended to other regions in the Medi-
terranean and beyond, where Ericaceae species such as Arbutus unedo
play a significant ecological role. Collecting additional wood samples
from a wider range of regions, including both Mediterranean and
Atlantic areas, might allow us to explore the potential abiotic influences
on Arbutus wood anatomy across a broader ecological spectrum. None-
theless, further studies would be required to verify these possibilities
and fully assess the method’s applicability in different contexts.

As part of the AI-WOOD ANR project (ANR-23-CE38-0013), Erica-
ceae will be sampled and analysed to evaluate the potential of artificial
intelligence for taxonomic identification in anthracology. The potential
for AI to reduce the time required for analysis, potentially through the
automation of tasks such as quantifying anatomical features, will un-
doubtedly be acknowledged. Furthermore, developing a similar protocol
for the Erica genus represents an intriguing prospect for future research.

The archaeological case study of Basì and I Casteddi has provided
valuable insights for reconstructing the physiognomy of past Ericaceae
formations. Quantitative eco-anatomy shows great potential for shed-
ding light on woody vegetation from the past, particularly when present-
day analogues are lacking. This approach could therefore provide a
better understanding of the expansion and physiognomy of Arbutus
unedo and the plant communities of which it forms part throughout the
Holocene, allowing us to rethink their role in the economy of human
societies, including firewood supply strategies, wood selection for con-
struction and craft work but also land uses in relation to agropastoral
activities.
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Appendix A

Modern Arbutus wood sample details.

Station Tree Tree habit Tree height (m) Size class Sample Branch type Diameter (cm)

Filosorma forest FANG01 Tree 3.9 3 < x ≤ 6 m FANG01-1 M 3.8
FANG01-2 M 8.85
FANG01-3 S 3.6
FANG01-4 S 2.4

FANG02 Tree 4.5 3 < x ≤ 6 m FANG02-5 M 5.7
FANG02-6 M 5.25
FANG02-7 S 3.1
FANG02-8 S 2.1

FANG03 Shrub 4 3 < x ≤ 6 m FANG03-9 M 3.5
FANG03-10 M 9.5
FANG03-11 S 2.4
FANG03-12 S 2

Melza pass FANG06 Shrub 6.5 > 6 m FANG06-13 M 15.75
FANG06-14 M 9.75
FANG06-15 S 2.05
FANG06-16 S 2.1

FANG07 Tree 7 > 6 m FANG07-17 M 6.45
FANG07-18 M 5.35
FANG07-19 S 2.85
FANG07-20 S 2.35

San Petru pass GRAV02 Shrub 2.5 ≤ 3 m GRAV02-21 M 3.15
GRAV02-22 M 3.75
GRAV02-23 S 2
GRAV02-24 S 1.75

GRAV09 Shrub 2 ≤ 3 m GRAV09-25 M 5
GRAV09-26 M 4.75
GRAV09-27 S 2.85
GRAV09-28 S 2.5

GRAV10 Shrub 1.5 ≤ 3 m GRAV10-29 M 3.35
GRAV10-30 M 2.55
GRAV10-31 S 1.9
GRAV10-32 S 1.95

GRAV11 Shrub 3.8 3 < x ≤ 6 m GRAV11-33 M 5.9
GRAV11-34 M 4.9
GRAV11-35 S 2.1
GRAV11-36 S 1.8

GRAV12 Shrub 5.5 3 < x ≤ 6 m GRAV12-37 M 4.25
GRAV12-38 M 7.75

Miluccia forest TAR01 Tree 9 > 6 m TAR01-39 S 2.6
TAR01-40 S 2.75
TAR01-41 M 10.75
TAR01-42 M 6.35

TAR02 Tree 7 > 6 m TAR02-43 S 2.3
TAR02-44 S 2.55

TAR03 Shrub 5 3 < x ≤ 6 m TAR03-45 M 5
TAR03-46 M 3.35
TAR03-47 S 2.2
TAR03-48 S 1.95

TAR04 Tree 6 3 < x ≤ 6 m TAR04-49 M 8.75
TAR04-50 S 2.6

TAR05 Tree 6 3 < x ≤ 6 m TAR05-51 M 8.1
TAR05-52 S 2.45

TAR08 Tree 2 ≤ 3 m TAR08-53 M 3.25
TAR08-54 S 1.65

TAR09 Tree 2.5 ≤ 3 m TAR09-55 M 3.95
TAR09-56 S 1.8

TAR10 Shrub 2.5 ≤ 3 m TAR10-57 M 2.7
TAR10-58 S 2

TAR17 Shrub 5 3 < x ≤ 6 m TAR17-59 M 2.65
TAR17-60 S 2.6

Penta road CAST01 Tree 2 ≤ 3 m CAST01-61 M 2.25
CAST01-62 M 1.9
CAST01-63 S 1.95
CAST01-64 S 1.35

(continued on next page)
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(continued )

Station Tree Tree habit Tree height (m) Size class Sample Branch type Diameter (cm)

CAST02 Shrub 3.5 3 < x ≤ 6 m CAST02-65 M 6.5
CAST02-66 M 5
CAST02-67 S 2.45
CAST02-68 S 1.55

CAST03 Tree 2.6 ≤ 3 m CAST03-69 M 4.35
CAST03-70 M 2.9
CAST03-71 S 1.95
CAST03-72 S 1.8

CAST04 Shrub 4 3 < x ≤ 6 m CAST04-73 M 3.05
CAST04-74 M 2.65
CAST04-75 S 2.15
CAST04-76 S 2.1

CAST05 Tree 4 3 < x ≤ 6 m CAST05-77 M 6.4
CAST05-78 M 4.65
CAST05-79 S 2.15
CAST05-80 S 1.9

Appendix B

Cumulative average curves to determine the minimum number of measurements required to obtain representative values for each anatomical
feature measured (red marks).
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Appendix C

Variance homogeneity results (Anova test) for 2 sessions carried out by the same operator (TC) on 3 modern samples, and by two different op-
erators (TC and CD) on one modern sample. If P-values > 0.05, then the homogeneity is verified.

Same operator (TC) Two different operators (TC and CD)

Modern individual measured Anatomical features P-values P-values

TARARB01-1/4 VLA 0.67 0.12
​ VD 0.848 0.17
​ RD 0.378 0.151
​ RW 0.667 0.644
​ RH 0.592 0.124
TARARB02-1/4 VLA 0.336 ​
​ VD 0.170 ​
​ RD 0.631 ​
​ RW 0.391 ​
​ RH 0.817 ​
TARARB02-4/4 VLA 0.089 ​
​ VD 0.564 ​
​ RD 0.052 ​
​ RW 0.097 ​
​ RH 0.402 ​

Appendix D

P-value of the correlation coefficients between anatomical feature variables andmorphological traits variables. Significant p-values are symbolized
with (*).

Vessel lumen area Vessel density Ray density Ray width Ray height Ray surface index

Tree height 0.334107989 0.0006378884* 0.00003661627 0.001247907 0.0001885330* 0.00008311085*
Branch diameter 0.063875173 0.1383853124 0.2150391 0.0000000001875404* 0.000002589277* 0.0000000002463609*

Appendix E

Results from PCA carried out on 80 individuals (modern charcoal samples) and 8 variables (6 are active and 2 are passive, tree height and branch
diameter): Correlation circle (a) and PCA biplot 1–2 (70.3 % of variance) of the distribution of the individuals depending on their region of origin
(station).
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Appendix F

Total sum of all predictions obtained for each archaeological sample belonging to each predefined group according to LDA models (divided by
1000).

Site Cultural period Archaeological samples Charcoal ID P(≤ 3 m) P(3 m < x ≤ 6 m) P(> 6 m) Allocation

Basì Early Neolithic BASI21 1624 02 1 0.15 0.09 0.76 > 6 m
BASI21 1624 03 2 0.02 0.20 0.78 > 6 m
BASI22 1241 08 3 0.02 0.23 0.75 > 6 m

Early-Middle Neolithic BASI17 1013 D3 06 4 0.11 0.75 0.14 3 m < x ≤ 6 m
BASI17 1013 D1 07 5 0.58 0.33 0.09 ≤ 6 m
BASI17 1013 D3 05 6 0.43 0.39 0.18 ≤ 6 m

Early Neolithic BASI22 1241 09 7 0.35 0.52 0.13 ≤ 6 m
BASI21 1242 D1 11 8 0.26 0.55 0.19 ≤ 6 m
Basi21 1242 D1 10 9 0.26 0.36 0.38 Not allocated
BASI21 1624 04 10 0.53 0.17 0.30 Not allocated

I Casteddi Bronze Age TAV19 387 241 11 0.99 0.01 0.00 ≤ 3 m
​ ​ TAV19 387 256 12 0.98 0.02 0.00 ≤ 3 m
​ ​ TAV17 305–2 233 13 0.95 0.05 0.00 ≤ 3 m
​ ​ TAV17 305 28 14 0.88 0.12 0.00 ≤ 3 m
​ ​ TAV17 305 241 15 0.87 0.12 0.01 ≤ 3 m
​ ​ TAV19 387 54 16 0.86 0.13 0.01 ≤ 3 m
​ ​ TAV17 305 323 17 0.82 0.13 0.05 ≤ 3 m
​ ​ TAV17 305 380 18 0.73 0.25 0.02 ≤ 3 m
​ ​ TAV19 387 334 19 0.72 0.25 0.03 ≤ 3 m
​ ​ TAV17 305 327 20 0.70 0.13 0.17 ≤ 3 m
​ ​ TAV19 387 221 21 0.58 0.37 0.05 ≤ 6 m
​ ​ TAV17 305 279 22 0.58 0.37 0.05 ≤ 6 m
​ ​ TAV19 387 291 23 0.55 0.40 0.05 ≤ 6 m
​ ​ TAV19 387 286 24 0.58 0.27 0.15 ≤ 6 m
​ ​ TAV19 387 17 25 0.34 0.48 0.18 ≤ 6 m
​ ​ TAV17 305 282 26 0.25 0.64 0.11 3 m < x ≤ 6 m
​ ​ TAV19 387 293 27 0.08 0.31 0.61 > 3 m
​ ​ TAV17 305 366 28 0.53 0.24 0.23 Not allocated
​ ​ TAV17 305 104 29 0.49 0.28 0.23 Not allocated
​ ​ TAV19 387 139 30 0.32 0.45 0.23 Not allocated
I Casteddi Iron Age TAV16 303 99 31 0.99 0.01 0 ≤ 3 m
​ ​ TAV17 303 333 32 0.97 0.03 0 ≤ 3 m
​ ​ TAV16 303 94 33 0.97 0.03 0 ≤ 3 m
​ ​ TAV16 303 105 34 0.97 0.03 0 ≤ 3 m
​ ​ TAV16 303 167 35 0.96 0.04 0 ≤ 3 m
​ ​ TAV16 303 91 36 0.91 0.07 0.02 ≤ 3 m
​ ​ TAV16 303 93 37 0.91 0.08 0.01 ≤ 3 m
​ ​ TAV16 303 169 38 0.90 0.09 0.01 ≤ 3 m
​ ​ TAV16 303 135 39 0.84 0.13 0.03 ≤ 3 m
​ ​ TAV16 303 108 40 0.84 0.15 0.01 ≤ 3 m
​ ​ TAV16 303 78 41 0.8 0.19 0.01 ≤ 3 m
​ ​ TAV16 303 142 42 0.76 0.24 0.00 ≤ 3 m
​ ​ TAV17 303 71 43 0.72 0.26 0.02 ≤ 3 m
​ ​ TAV16 303 159 44 0.72 0.11 0.17 ≤ 3 m
​ ​ TAV16 303 102 45 0.70 0.30 0.00 ≤ 3 m
​ ​ TAV16 303 98 46 0.29 0.56 0.15 ≤ 6 m
​ ​ TAV17 303 99 47 0.01 0.41 0.58 > 3 m
​ ​ TAV16 303 156 48 0.42 0.31 0.27 Not allocated
​ ​ TAV16 303 92 49 0.35 0.40 0.25 Not allocated
​ ​ TAV16 303 158 50 0.34 0.14 0.52 Not allocated

Data availability

Data will be made available on request.
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(Ed.), L’habitat Pré- et Protohistorique, Acte du premier colloque de l’Association de
Recherches Préhistoriques et Protohistoriques Corses (ARPPC), 28-30 avril 2017,
Calvi. Imprimerie Signature, Calvi, pp. 269–286.

Paolini-Saez, H., Camagny, T., Graziani, J., 2022. Les occupations sur éperon au second
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