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Abstract

Human activities have profoundly transformed mountain woodland landscapes, particularly in the Pyrenees where they have
intensified and diversified since the Bronze Age. Quantification of the role played by past practices with regard to woodland
cover is critical for accurate assessment of how ongoing global environmental change may affect its dynamics in the future.
A local study was made of charcoal remains from an ancient charcoal-making woodland (ca. 30 ha), the forét de Bernadouze,
located on a north-facing slope in the Vicdessos valley in the French central Pyrenees. This valley is well known as having
had a long history of human influence related to pastoralism, iron ore mining and smelting. A total of 1,695 charcoal pieces
from soils in three sampling pits were extracted, identified, quantified and dated in order to identify tree canopy openings
and patterns of change in the woodland driven by past human uses. The results provide new and original insights regarding
1, the past higher biodiversity and the ancient character of the forét de Bernadouze, 2, the dynamics and history of the main
trees and 3, successive phases of human activity. We show that the current woodland has resulted from several millennia of
human activities such as pasturing and use of the wood for making charcoal. From the Bronze Age, humans have progres-
sively transformed a natural fir-dominated woodland into a managed beech-dominated one, and caused the elimination of
Taxus baccata L. (yew).

Keywords Local scale study - Late Holocene - Central Pyrenees - Vegetation dynamics - Land use changes - Soil charcoal
analysis

Introduction

The history of the Pyrenean woodlands has been investi-
gated for several decades, especially through pollen analyses
(Kenla 1977; Jalut et al. 1982, 1998; Reille and Lowe 1993;
Galop and Jalut 1994; Galop 1998; Ejarque et al. 2010;
Communicated by J.-L. de Beaulieu. Pelachs et al. 2011; Galop et al. 2013; Garcés-Pastor et al.
2017; Gonzalez-Sampériz et al. 2017). These have dem-
onstrated the effects of both climatic change and human
activity on major vegetation changes from the end of the
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the significant reduction and/or transformation of the tree
cover (Galop et al. 2001). The spread of Fagus sylvatica L.
(beech) and the drastic reduction of Abies alba Mill. (fir) are
the most widely reported changes in the northern Pyrenees
(Kenla 1977; Jalut 1984; Galop and Jalut 1994; Galop et al.
2003). Since Gallo-Roman times (between the 1st century
BC and the 4th—5th century Ap), and especially from the end
of the medieval period (ca ap 1500), mining and metallurgi-
cal processes are known to have caused further changes in
woodland distribution, structure and composition (Camarero
et al. 1998; Davasse 2000; Dubois and Métailié 2001; Rius
et al. 2012; Py-Saragaglia et al. 2017). But from these data,
it remains difficult to accurately characterise these processes
with high spatial resolution, which are very variable from
one upper valley to another (Galop and Jalut 1994). Unlike
palynology, pedoanthracology (soil charcoal analysis) makes
it possible to identify the appearance or disappearance of
woody taxa and to characterise woodland cover dynamics at
a very local level (Touflan et al. 2010; Saulnier et al. 2015;
Feiss et al. 2017a). This discipline has been already used
in the Pyrenees to study tree line variation (Cunill et al.
2012, 2013) and the creation of cultivation terraces in high
mountain areas (Bal et al. 2008). However, few soil charcoal
studies have been done in the woodlands of the northern
Pyrenees (Cunill et al. 2015; Py-Saragaglia et al. 2017). The
aim of this work is to make a modest contribution towards
improving this deficiency in the Vicdessos valley, a region
otherwise well covered by previous palaeoecological studies.

This valley, located in the eastern part of the French cen-
tral Pyrenees (Ariege, Fig. 1), has been a site of long-term
and iron and steel making activities, as reported by earlier
archaeological and historical studies (Davasse 2000; Dubois
and Métailié 2001; Verna 2001). Several pollen analyses of
peat and lake sediment sequences (Jalut et al. 1982; Reille
1993; Reille and Lowe 1993; Galop and Jalut 1994), and soil
charcoal studies of former charcoal making sites (Davasse
2000), have provided essential information for understand-
ing vegetation changes related to human activities on the val-
ley scale. Furthermore, since 2009 a Human—Environment
Observatory (Labex—Laboratory of Excellence—DRITHM)
has been in operation in this valley and its surroundings. For
this, the peatland site of Bernadouze (Fig. 1) (incorrectly
called “Freychinede” in former studies) and its surrounding
woods were instrumented to monitor environmental condi-
tions and climate by the Haut-Vicdessos Observatory. This
area, located in the northwestern part of the Suc-et-Sentenac
upper valley, has also been a managed biological reserve
since 1983. It is composed of the woodland plot (n°106) of
the Bernadouze peat area (3.81 ha) and a 90 ha buffer zone
consisting of woodland (the western part of the forét domini-
ale de Suc-et-Sentenac) (Fig. 1). As part of the manage-
ment plan, an anthracological study (analysis of charcoal)
from ancient charcoal making sites is currently being done
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to characterise woodland uses and to measure the impact
of past charcoal making on the woodland ecosystem (Py-
Saragaglia et al. 2018).

However, this approach does not enable us to go back
before the end of the Carolingian era (ca ap 800—1000). On
the other hand, a mid Holocene vegetation reconstruction
with very fine time resolution from a new multi-proxy analy-
sis of the Bernadouze peat bog sequence is not possible,
because the peat was extracted in the 19th century (Jalut
et al. 1982). Consequently, to overcome this limitation, and
for the purpose of reconstructing the long-term changes of
the local vegetation both from natural events and human
activities, we have carried out this preliminary local scale
pedoanthracological study, based on soil charcoal from three
sampling pits. The main purpose of this paper is thus to
contribute to the understanding of the woodland dynamics
at forét de Bernadouze before charcoal burning, but also
independently of this, to test the application of soil char-
coal analysis here. This paper therefore provides evidence
for the relevance of a pedoanthracological study carried
out in woodland formerly used for charcoal making. Due
to the high risk of the transfer of materials from charcoal
kiln terraces to soils, this context remains unusual for this
discipline, but it has proved very interesting (Knapp et al.
2013; Py-Saragaglia et al. 2017). More specifically, by com-
bining our results with other available palacoecological and
archaeological data, this paper aims to discuss (1) changes
in the composition and structure of the tree cover since the
mid Holocene, (2) fire events from natural or human sources,
the type of burnt woodland and canopy openings, and (3)
the age of the tree cover and its degree of maturity reached
in the past.

Study area
The upper valley: current general characteristics

The Suc-et-Sentenac valley is the northernmost of the
Vicdessos sub-valleys in the Pyrenees, and it marks the junc-
tion between the iron deposits in the Devonian dolomites and
the granitic and metamorphic north Pyrenean massif of the
Trois Seigneurs (Fig. 1). The Suc-et-Sentenac upper valley
follows the course of one of the major faults which form part
of the north Pyrenean fault system. The study area is located
at the point where four main geological formations meet,
granites in the north, Jurassic dolomites in the south, mig-
matites (mixture of metamorphic and igneous rock) in the
west and limestone in the east. The overlapping of limestone
and lherzolites (ultramafic igneous rocks) gives the area a
special geomorphological character with specific patterns.
The valley was wholly covered by the Ariege glacier
during the last glacial maximum and during part of the
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deglaciation (Jalut et al. 1982), which has strongly contrib-
uted to shaping the relief. The moraine terraces from this
period are widespread in the downstream part, but their
remains can be found as far upstream as the Bernadouze peat
bog. The Lhers mountain pass was a watershed between the
Vicdessos and Aulus glaciers at the last glacial maximum.
Soils of the Bernadouze watershed have developed on
recrystallized limestone with numerous rocky outcrops. The
most common soils observed within the woodland are rendi-
sols (on calcareous rock), calcisols (with a substantial sec-
ondary accumulation of lime) and brunisols (brown earths).

They are characterised by a silty-clayey texture in various
proportions and by basic pH values. As is the case with
woods in temperate regions, the soil is of a brown colour,
darker or lighter depending on the amount of organic mat-
ter in it. The soil profiles in the sampling pits showed some
red pockets of varying sizes due to oxidized iron minerals.
The southern slopes are gentle, while the northern slopes
are often very steep. Since the highly crystalline rocks across
the Pyrenees form a natural barrier to air masses, the upper
valley has a specific microclimate in which oceanic, moun-
tain and Mediterranean influences interact (Jalut et al. 1992).
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The western part of the forét dominiale de
Suc-et-Sentenac

The forét dominiale de Suc-et-Sentenac (state forest) cov-
ers 630.34 ha between 800 and 1,885 m within the upper
Suc-et-Sentenac valley (Fig. 1). The northwestern part, often
referred to as ‘Freychinede’, owes its name to that of the
forest sector in the 1669 ‘triage de Fraissinede’ and became
‘Quartier de Freychined’ in 1807. Our specific study area is
included within this forét de Freychinede, but it comprises
the managed biological reserve of Bernadouze and the part
of its buffer zone surrounding the peat bog which is known
as forét de Bernadouze by forest managers (Figs. 1, 2). It
extends between 1,350 and 1,600 m and covers around
32 ha.

Current woody vegetation

The natural environment favours a rich flora with moun-
tain as well as Mediterranean and oceanic taxa. On south-
facing slopes opposite our study area, apart from the small
oak wood with Quercus pubescens Willd. and Q. petraea
(Matts.) Liebl. at Les Bordes around 1,500-1,600 m, the
landscape is dominated by ancient farmland now partially
colonised by secondary heath vegetation with Cytisus
scoparius L. (common broom), Juniperus communis L.
ssp. communis and nana (junipers) and Ericaceae such as

A o

R oo |

i

Fig.2 Photographs showing the difference between the two opposite
sides of the valley, in terms of topography and vegetation. a north
side with sampling pits; b south side
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Calluna vulgaris Hull. (heather) (Fig. 2), with summer pas-
ture above this. Fraxinus excelsior L. (ash), Salix (willow),
Betula pendula Roth. (silver birch) and Corylus avellana L.
(hazel) grow at the foot of the slopes and along rivers and
streams.

The woodland surrounding the peat bog is located on the
northern side of the Bernadouze watershed, between 1,350
and 1,650-1,700 m. It is mainly composed of Fagus syl-
vatica (beech) forming monospecific stands of mature wood-
land and tall growing coppiced trees around 100-150 years
old (Fig. 2). Gaps in the tree canopy are colonised by some
Sorbus aucuparia L. (rowan), S. aria L. (whitebeam) and
Abies alba (fir). The understory and shrub vegetation are
mainly composed of ferns, mostly Pteridium aquilinum
L., some Sambucus racemosa L. (elderberry), Ilex aquifo-
lium L. (holly) and Ericaceae such as Vaccinium myrtillus
L. and Rhododendron ferrugineum L. At the upper limit of
the woods around 1,650—1,700 m, there is a stand of coni-
fers composed of Pinus uncinata Mill. ex. Mirb. (mountain
pine), Abies alba and Picea abies L. (spruce), from planta-
tions (Fig. 2).

Past vegetation changes documented by historical texts
and maps

Between the second half of the 17th century and the begin-
ning of the 19th century, the patterns of change within forét
de Freychinede, roughly corresponding to the northern slope
of the Suc-et-Sentenac valley, are recorded by two reports,
illustrated by a map drawn by Louis De Froidour (1669) dur-
ing the reformation of the Water and Forests Office in 1669
for the Vicdessos area, and the minutes written in 1807 by
Dralet, the Conservator of Water and Forests (Dralet 1807).
These documents have been the subject of a first ecohistori-
cal study by Davasse (2000, pp. 87-118).

The reports of Louis de Froidour are inaccurate and
incomplete, especially with regard to the upstream part of
the Suc-et-Sentenac valley. According to the surveyors,
Fagus and Abies were the main trees there, but with rare
exceptions, they did not constitute real Fagus-Abies woods.

Fagus was present everywhere, but only in the form of
coppices in most cases described as “degraded” and beech
constituted the major part of the woods on the northern and
north-western slope. Fir trees were located on the inaccessi-
ble summits where they were ‘sparse’ or mixed with Fagus.
Pure Abies stands were mainly present in the downstream
portion of the Vicdessos basin, on northern slopes of acces-
sible valleys. This location, which is not consistent with the
bio-climatic model, was related to the location of the main
centres of consumption, where firs were planted and man-
aged for timber. Obtaining firewood and timber as well as
making charcoal are mentioned for almost all the woods vis-
ited by surveyors, but we do not have specific reports for our
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study area. Davasse (2000) assumed that the upstream part
of the Vicdessos basin was devoted to making charcoal for
supplying forges from at least the end of the 16th century
and in the mid 17th century there were six forges around
the main basin. The first results of archaeological investi-
gations have shown that charcoal burning started earlier in
our study area, at least by the 14th century and intensified
between the 15th and 17th centuries (Py-Saragaglia et al.
2018). The last charcoal maker worked in Bernadouze in
the 1930s. A total of 81 charcoal kiln terraces have been
discovered over an area of around 30 ha and sampled for the
ongoing anthracological analyses (Fig. 1). Overall, the first
results show almost exclusive use of Fagus in the 14th—15th
centuries, then a combined use of Fagus and Abies, with
Abies dominating in the northern sector and Fagus in the
other two, between the 15th and 17th century. The charcoal
kiln (4) clearly later than the 18th century shows almost
exclusive use of Fagus.

At the beginning of the 19th century, Dralet (1807)
described woodlands in poor condition with a mosaic of dif-
ferent trees (Davasse 2000). On southern slopes, he showed
(1) the spread of cultivated fields and meadows and (2) the
disappearance of beech copses which had changed into “pas-
tures and waste lands” or “cultivated fields and meadows”.
At the top of these areas grew a stand of Quercus, which
still partially exists today at Les Bordes. The proceedings
of the rural council of Vicdessos showed that this oak stand
was protected before 1762, after which it was subject to
land clearing. On northern and northwestern slopes, Dra-
let described (1) Fagus copses changed into mature beech-
woods and (2, Abies mixed with Fagus remaining in the
north-western extremity of the woods. But a comparison
between the two documents indicates the decline of the
Abies stands between 1669 and 1807. Moreover, the wooded
area located on the northern slopes of the Suc-et-Sentenac
valley, described as “degraded” in 1669, was considered as
“ruined” in 1807.

Patterns of change in the Holocene vegetation indicated
by previous palaeoecological studies

The pollen analysis of the Bernadouze peat bog, from which
all dates have been calibrated with OxCal v. 4.3, showed
that the Post-glacial period began in the valley around
12,542 + 182 cal Bp (Jalut et al. 1982). This was first char-
acterised by the spread of Quercus and Corylus, while
Pinus and Betula progressively declined due to a warmer
and wetter climate. The spread of Abies started around
7,856 + 128 cal Bp, and its maximum peak is dated around
5,905 + 143 cal Bp, that is, later than in the Mediterranean
Pyrenees but earlier than in the central and western parts of
the range (Jalut et al. 1988; Cunill et al. 2015). The pollen
study of the Etang de Lers lake sequence by Kenla and Jalut

(1979) provides the first evidence of the decline of Abies
caused by human activity. In the peat sequence of Berna-
douze, this began at 4,331 +347 cal Bp.

In addition to the effects of human activity, the climate
cooling recorded in western Europe from 5,000 cal Bp has
been interpreted as another major factor explaining the
arrival of Fagus and reduction of Abies (Jalut et al. 1996;
Magny et al. 2009). In the Bernadouze sequence, the arrival
and spread of beech are dated around 4,547 +219 cal Bp
and at Argentieres (Aulus-les-Bains), located in a nearby
valley, around 5,275+ 152 cal Bp (Fig. 1). But the time lag
recorded from nearby valleys also implies that its expansion
was strongly favoured by human practices. The development
of woodland management and pasturing activities from the
Bronze Age resulted in extensive clearance. Fagus, being
capable of sprouting from stumps after coppicing and tol-
erant of pruning, was therefore favoured and developed to
form mixed stands with Abies. From the medieval period,
and especially from the Renaissance (ca Ap 1470-1640), the
intensification of charcoal burning for iron working led, in
many parts of the eastern Pyrenees, to a gradual transforma-
tion from the Abies-Fagus mixed woods to Fagus-dominated
ones (Davasse 2000).

Materials and methods
Sampling strategy

A multiple sampling strategy was used in order to obtain,
first, an overall history of the woods surrounding the peat
bog and, secondly, to determine the very local diversity in
the main charcoal making sectors (south, north and west),
which are in currently wooded and pastoral areas (Fig. 1).
A pedoanthracological sampling pit was excavated in the
northern part (Berna 1, N 42°48'13,172" E 1°25'27,253"),
located in a soil sedimentary setting at 1,350 m on a sort
of terrace beside the Bernadouze peat bog. Another pit
was excavated near the western part of the peat bog in an
open area (Berna 2, N 42°48'5,224" E 1°25'36,526"), and
a third one in the southern part (Berna 3, N 42°48'13,536"
E 1°25'15,574").

In the woods and around the peat bog, archaeologists car-
ried out a systematic field walking survey in five seasons
of work, and used a soil auger to test all possible platforms
that could have been used for building a charcoal kiln. The
seven Kkiln terraces, the charcoal results from which have
just recently been published (Py-Saragaglia et al. 2018), are
located in the three main areas of the pedoanthracological
sampling pits (Fig. 1). Other charcoal kiln terraces have
also been found closer to the three pits (Table 1). They are
located between 70 and 155 m from Berna 1, 13-24 m from
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Table 1 Distances in metres between the pedoanthracological pits
Berna 1-3 and the nearest charcoal kilns

Charcoal kiln Berna 1 Berna 2 Berna 3

Chl
Ch2
Ch3
Ch4

94 - -
74 - -
70 - -
82 - -
Ch5 102 - -
Ch6 155 - -
Chll - 124 -
Chl6 - 48

Ch17 - 41 -
Ch19 - 33 -
Ch27 - - 107
Ch29 - - 91
Ch30 - - 81
Ch31 - - 52
Ch44 - - 72
Ch47 - - 52
Ch48 - - 61
Ch49 - - 56
Ché5 - 13 -
Ch66 - 28 -
Ch67 - 51 -
Ch68 - 28

Ch79 - - 264

Berna 2 and 52-264 m from Berna 3. The comparison of the
charcoal spectra obtained from the soil pits with those from
the charcoal kiln platforms allows us to discuss the degree
of contamination of soils in the surroundings by charcoal
from the kilns.

More precisely, Berna 2 was located at 1,390 m, in an
even aged stand of mature Fagus, at the top of a hillock
which overlooks the upper part of the charcoal making
area and below a rocky slope, a place where contamination

Fig. 3 Detailed soil profiles of
the pits Berna 1 to 3. In Berna
1, a brown iron pan is visible at
10-20 cm 2

T T T T T T T T T T T T T 1 T1

170 ecm

-Charcoal accumulation
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of soils by charcoal from kilns may seem improbable. A
1.2 m pit was dug here into a classic brown forest soil, and
as the deeper part was highly homogeneous, the bedrock
was not reached (Fig. 3b).

Berna 3 was located at 1,400 m, also in a tall Fagus wood-
land stage with abundant young growth in the understory.
It was on a relatively steep gradient on the opposite side of
the northernmost charcoal making area, beside an ancient
track through the valley which is bordered by charcoal kiln
terraces. At this site, soil contamination from the kilns is
unpredictable, but we assume that it is unlikely or very lim-
ited in degree. The nearest charcoal kiln is located further
down the slope below the pit at a distance of around 50 m
from it (Fig. 1; Table 1). A 1 m pit was dug without reaching
the bedrock. As at Berna 2, there was a brown forest soil in
which the organic horizons extended down to a very fine
mineral horizon also containing large rocks (Fig. 3c).

Berna 1 was located in a summer pasture at the foot of
a small alluvial fan. We assumed that this site has recorded
all fire events on the northern and north-western slopes.
A 1.2 m pit was dug, also without reaching the bedrock.
The soil was quite similar to a sedimentary deposit, with
an abrupt transition between the organic and mineral layer,
and an organic part extending downwards (Fig. 3a). A major
accumulation of charcoal was recorded at the transition from
layer VII to VIIL.

The soil profiles were subdivided into layers correspond-
ing to distinct horizons seen during excavation and approxi-
mately 5-7 kg of soil was sampled from each one.

Laboratory treatment and analysis

After air drying, the samples were sieved to remove the
coarse fraction of rock >4 mm and weighed for calculation
of the anthracomass (charcoal content) (Talon et al. 1998;
Touflan et al. 2010). The dried samples were wet sieved
using a column of sieves with 4, 2 and 0.8 mm mesh sizes.
Some clayey soil samples required immersion in a sodium
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hexametaphosphate (Na,O,4P,) solution before sieving.
Charcoal was sorted from the dried material collected from
the sieves under a binocular microscope. The amount of
charcoal (anthracomass) was calculated on the basis of the
weight of charcoal pieces larger than 0.8 mm. The results
are presented in terms of the total weight of charcoal per pit
expressed in mg per kg of dry sediment (AP, anthracomass
per pit), of charcoal per layer (AL, anthracomass per layer)
and of charcoal per layer and per taxon (ALT, anthracomass
per layer and taxon).

Fifty pieces of charcoal, if available, were randomly
selected (n=1,695) from each size fraction in the sieve
from each layer (Robin and Nelle 2010; Feiss et al. 2017b).
Robin et al. (personal communication, 2010) showed that
this threshold of 50 charcoal pieces per size fraction was suf-
ficient to determine the taxonomic diversity of the soil char-
coal from each layer. When the number of charcoal pieces
was lower, which was always the case for the >4 mm size
fraction, we did not complete it with more charcoal pieces
from other mesh sizes so as not to risk under- or over-repre-
sentation of the different taxa. In all sampled layers, charcoal
fragments were more abundant in the 0.8 mm mesh fraction.
Furthermore, we know that mechanical properties of char-
coals from different woody taxa could influence the amount
of fragmentation of the charred wood and its resistance to
taphonomic processes (Chrzazvez et al. 2014). Although
this still needs to be supported by experiments, Abies seems
more subject to breakage than Fagus (Py-Saragaglia et al.
2017). Consequently, Fagus could be under-represented
while Abies might be over-represented in the fraction from
the 0.8 mm mesh, and similarly Abies could then be under-
represented in the 2 mm fraction. Finally, in terms of the
weight of charcoal expressed in mg per kg of sediment, an
increase in the number of charcoal pieces per size fraction
would distort the statistical data because the weight of 50
pieces of charcoal would probably be less than that of 70.

s AL\
.. ,l
N A K
\
m\

egree 0
(Juniperus sp.; Berna 3, layer Il)

Infestation degree 1 “Infestation dree'2
(Abies alba; Berna 3, Layer Il)

Taxonomic identification of charcoal was done using a
Leica DM4 reflected light microscope with 100 %, 200 X,
500x and 1,000 X objectives, a charcoal reference collection
of Pyrenean trees, wood anatomy atlases (Schweingruber
1990; Vernet et al. 2001) and the charcoal reference collec-
tion of the GEODE laboratory (CNRS, University of Tou-
louse II Jean-Jaures, France).

Charred fungal hyphae in the cells are regularly reported
in pedoanthracological contexts, but they are not system-
atically quantified in published results. However, they may
potentially supply essential information regarding the state
of the wood (green, seasoned, healthy, dead, etc.) before
carbonisation (Théry-Parisot 2001; Badal 2004; Carrién
Marco 2005; Marguerie and Hunot 2007; Moskal-del Hoyo
et al. 2010; Py-Saragaglia et al. 2015). In accordance with
previous works, we defined presence of hyphae as follows;
0, no hyphae in cells, 1, presence with low occurrence in
cells and 2, presence throughout with high occurrence
(Fig. 4).

Radiocarbon dating

Ten charcoal pieces weighing more than 1 mg were selected
for dating, four from Berna 1, two from Berna 2 and four
from Berna 3. In general, we selected charcoal from the
main taxa represented in the pit and from layers with major
changes in the dominant taxa (see results). Radiocarbon dat-
ing was done by accelerator mass spectrometry (AMS) in
the Poznari Radiocarbon Laboratory (Poznan, Poland) and
BETA Analytic laboratory (Miami, Florida, USA). Conven-
tional '“C ages were calibrated using OxCal v. 4.2.4 (Bronk
Ramsey and Lee 2013), based on the IntCal13.14c database
(Reimer et al. 2013) and with a standard deviation of 2¢
(95% probability).

e

(Fagus sylvatica; Berna 2, Layer )

Fig.4 Photo showing of the three degrees of fungus hyphal infestation, 0 none; 1 slight presence shown by arrows; 2 frequent presence
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Table2 The main taxa identified and total amounts of charcoal per
layer (AL), per pit (AP) and per pit per taxon (APT), from each pit,
Berna 1-3, in mg/kg of dry soil. Charcoal values for the individual

taxa are given as E4+00 (mg/kg), E-01 (mg/kgx 1071, E-02 (mg/
kg x 1072) etc. to E-05, because some of these values are very small

Layer Depth Main taxa identified Unspecified Total per Total per
layer (AL) pit (AP)
Abies Juniperus Taxus Other Fagus Angiosp. of Other Bark Pith Undet.
Gymnosp. opened Angiosp.
landscapes
Bernl I 0-10 5.48E-02 - - 1.46E-02  6.75E-01 - 8.53E-03 6.09E-02 - 1.22E-03  0.81 10.59
Bernl II 10-20 1.26E-02 - - 3.28E-02 1.79E+00 2.14E-02 - 1.35E-01 - 1.26E-03  1.99
Bernl III 20-35 2.10E-01 - - 1.37E-01  4.50E+00 5.16E-02  5.96E-03 7.54E-02 - 1.99E-03  4.99
Bernl IV 35-50 5.28E-02 - 1.12E-03 1.12E-03  1.01E+00 2.25E-03 - 1.11E-01 - - 1.17
Bernl V 50-75 2.67E-02 - 5.61E-02 1.34E-02 1.42E-01 - 1.34E-02 8.01E-02 - 3.74E-02  0.37
Bernl VI 75-80 3.35E-02 - 4.97E-03 - 6.83E-02 - 1.24E-03 3.85E-02 - 9.93E-03  0.16
Bernl VII  80-90 1.78E-02 - 1.07E-02 1.18E-03 4.90E-01 - 1.67E-01 4.03E-02 - 7.81E-02  0.81
Bernl VIII  90-105 5.35E-02 - 1.72E-02 1.85E-03  3.69E-03 1.23E-03 1.23E-03 4.31E-03 6.15E-04 4.31E-03  0.09
Bernl IX 105-120  1.04E-01 - 2.72E-02 1.11E-02 2.47E-03 - 2.10E-02 1.86E-02 - 1.98E-02  0.20
APT Ber 1 0.57 - 0.12 0.21 8.68 0.08 0.22 0.56 0.00 0.15
Bern2 I 0-15 1.28E-02 7.71E-02 - 5.11E-03  1.21E+00 - - 8.34E-02 - 2.56E-03 1.39 1.56
Bern2 II 15-30 1.61E-02 1.27E-02 2.55E-04 - 1.08E-01 - - 2.32E-02 - 5.10E-04  0.16
Bern2 III 30-50 6.42E-04 - 2.14E-04 8.55E-04 4.17E-03 - - 4.28E-04 - - 0.01
Bern2 IV 50-70 4.60E-03 - - - - - - - - - 4.60E-03
Bern2 V 70-90 1.79E-04 - - - 5.36E-05 - - - - 6.61E-04  8.94E-04
Bern2 VI 90-110 4.37E-05 - - - 5.82E-05 - - 4.37E-05 - - 1.46E-04
Bern2 VII  110-130 - - - 1.88E-04 - - - - - - 1.88E-04
Bern2 VIII  130-150  5.49E-04 - - - - - 2.74E-04 - - 2.74E-04  1.10E-03
Bern2 IX 150-170 - - - - - - - - - - -
APT Bern2 0.03 0.09 0.00 0.01 1.32 - 0.00 0.11 - 0.00
Bern3 I 0-10 2.14E-01 4.98E-03 1.95E-01 4.86E-02 1.72E-01 - - 2.13E-01 - 4.61E-02  0.89 3.21
Bern3 II 10-30 4.58E-01 4.90E-02 4.26E-01 1.22E-01 3.65E-02 - - 4.22E-02 - 2.78E-02  1.16
Bern3 I1I 30-50 6.06E-02 4.04E-03 2.06E-01 2.02E-02 8.95E-02 - - 5.31E-02 - - 0.43
Bern3 IV 50-65 5.04E-02 7.74E-02 1.45E-01 1.40E-02 1.56E-02 - - 3.17E-02 - 1.35E-02  0.35
Bern3 V 65-100 3.15E-02 7.38E-03 1.43E-01 1.99E-02 5.59E-02 - - 1.17E-01 - 8.67E-03  0.38
APT Ber 3 0.81 0.14 1.12 0.22 0.37 - - 0.46 - 0.10
Results Juniperus, Taxus baccata, Pinus (sylvestris type), Fagus,
Betula/Alnus, Alnus/Corylus, Fraxinus, Prunus, Angiosperm
Pit contents (indet.) and Gymnosperm (indet).

Charcoal was found in all pits but not in all layers (Table 2;
Fig. 5). The charcoal was present in varying amounts, with
an AP per pit ranging from 1.56 mg/kg in Berna 2, 3.21 in
Berna 3 and 10.59 in Berna 1, and the charcoal content by
layer (AL) varied from less than 1 mg/kg in several layers
of Berna 2 to a maximum of 4.99 in Berna 1 (layer III). At
every sampling point, the lowest amounts (AL) are from the
deepest layers.

In Berna 1, the uppermost layers (II, III) have the highest
AL values of 1.99 to 4.99 mg/kg, and the deeper layers (VI,
VIII, IX) the lowest AL values, 0.09 to 0.2 mg/kg. In Berna
2, the charcoal is concentrated in the two upper layers, with
the highest AL in the first one, 1.39 mg/kg in layer I, but
charcoal is absent between 30 and 90 cm depth. In Berna 3,
charcoal is present in all layers, but the upper layers I and 11
have the highest AL values, 0.89 to 1.16 mg/kg.

The charcoal analysis of 1,695 fragments has enabled
us to identify a total of 12 taxa: Abies, Abies/Juniperus,
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Abies corresponds to A. alba, the only species from this
genus occurring in the French Pyrenees. Likewise, Fagus
corresponds to F. sylvatica. The other taxa identified at
genus level could correspond to several species. For exam-
ple, Juniperus could correspond to J. communis ssp. com-
munis and/or ssp. nana and/or J. sabina L. The taxon Pinus
sylvestris type reflects an anatomical uncertainty between
several species, and in this study, it could correspond to two,
P. uncinata Ramond ex DC. and/or P. sylvestris L. The very
small size of certain charcoal fragments combined with the
poor preservation of anatomical features ruled out the identi-
fication of some genera from the same family such as Betula
and Alnus, or from different families, Alnus and Corylus.
This is also the case for some small charcoal pieces from
Abies and Juniperus. If there are some robust anatomical
criteria used to distinguish between taxa such as ray height,
cell wall in ray or ray pits, these may not be visible when
observing small twigs mainly composed of juvenile wood.
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Fig.5 Bar chart of the soil charcoal content from the pits Berna 1 to
3. Each horizontal bar corresponds to one layer. Amounts of charcoal
are expressed in terms of anthracomass per layer (AL) and anthraco-
mass per pit per taxon (APT), corresponding to the ratio of the weight
of all charcoal from one taxon to the weight of all charcoal in one pit

Certain unidentifiable charcoal pieces are fragments of bark
and pith.

Fagus was the most abundant taxon per layer, with the
highest ALT in Berna 1 and the lowest in Berna 3. The high-
est Abies ALT was recorded in the shallowest layer of Berna
3, with 0.46 and 0.21 mg/kg in layers I and II, respectively.
Taxus was found in the three pits (Fig. 6). Its highest ALT
was in Berna 3, with 0.43 and 0.21 mg/kg in layers II and
III, respectively.

Berna 1 exhibits the highest number of taxa, while
Berna 2 has the lowest. Berna 1 and 2 have closely related
taxon composition patterns, with the deepest layer mainly
composed of Abies and the shallowest dominated by
Fagus. Berna 3 presents a different pattern, with all layers
dominated by Taxus.

(AP). AL and APT are expressed in mg/kg of dry soil and are dis-
played on different scales because of wide differences between soils
and layers. The numbers inside the black rectangles in the AL bar
charts refer to the number of charcoal samples examined from each
layer and from each pit

Hyphal infestation evidence in wood charcoal cells

Degree 1 of infestation, with a few hyphae present, is the
commonest in the charcoal from the three pits and domi-
nates all layers throughout the Berna 2 profile (Fig. 7).
In Berna 1, degree 0, with no infestation, decreases from
the deeper layer in which it dominates to the uppermost
layer. Conversely, the NA degree (not assessed due to poor
preservation) increases from the bottom to the top of the
pits. Degree 2, with many hyphae present everywhere, was
mainly found in Berna 1, with an equal proportion in all
profiles. In Berna 3, the proportions of degrees 0, 1 and
NA are almost identical from the bottom of the profile to
the top.

Radiocarbon dates

The ten radiocarbon dates ranged from the Middle to Late
Bronze Age (M-LBA) to the beginning of the modern

@ Springer



250

Vegetation History and Archaeobotany (2020) 29:241-258

4
)
y

RERANR T
———

i
%
’

—
- v

Fig.6 Illustration of the three anatomical observation planes of Taxus
baccata a cross section; b tangential section; ¢ radial section. In b, ¢
the spiral thickenings, typical anatomical criteria of this species, are
clearly visible

period (Table 3; Fig. 8). Five radiocarbon dates from Abies
and Taxus charcoal from the three sampling points cover
the end of the MBA and the LBA. Only one fragment of
Fagus from Berna 1 (VII) is dated to late antiquity (AD
137-347, Table 3). Two fragments of Fagus and Abies
from Berna 1 and 3, from the northern and north-western
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Fig. 7 Distribution of degrees of hyphal infestation throughout the
three pits. The NA (not assessed) category refers to cases where the
degree of infestation could not be assessed due to the poor state of
preservation of the charcoal

part of the peat bog periphery, are dated to the early medi-
eval Carolingian period (ap 610-690). One fragment of
Fagus from Berna 2 is dated to the high medieval period
(1150-1250). Finally, one fragment of Fagus from Berna
1 is dated to between the end of the 15th century and the
first half of the 17th century (ap 1470-1640).

Discussion
Methodological aspects

Relevance of applying pedoanthracology to an ancient
charcoal making area

The existence of another source of charcoal formation, such
as charcoal making, in addition to that from forest fires,
either natural or caused by humans, may have influenced
the soil charcoal assemblages obtained from macroscopic
charcoal particles, when they are counted, weighed and
identified (Knapp et al. 2013). Charcoal particles from the
kiln sites might have been transported over various distances
by flowing water or soil erosion, and they might also have
been incorporated into soils at different depths through pro-
cesses of bioturbation or erosion. Knapp et al. (2013) have
attempted to test the influence of nearby kiln sites on the
soil charcoal content in the Harz mountains mining area,
Germany. Results from this study showed 1, an increasing
concentration of charcoal in deep soil horizons located at
the bottoms of slopes resulting from the enrichment of these
soils with charcoal from nearby kiln sites by a process of
colluviation, and 2, the great value of combining the two
proxies, both natural and kiln charcoal, in order to obtain
reliable information about local woodland structure and
composition. The relevance of using charcoal from both
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Table 3 Radiocarbon dates of ten charcoal samples, four from Berna 1, four from Berna 3 and two from Berna 2

Lab.code Sample characteristics Age Chrono-cultural period
Charcoal ID Pits Layers Species Dating (8p)  Cal. age (20) Cal. age Bp (20)

Beta-462319 BERINSCI1 1 8 Abies alba 2,990+30  1301-1118 Bc  3,250-3,067 Middle-late BA

Po0z-94226 BERINSCIM2 1 8 Taxus baccata  2,915+30  1209-1016 Bc  3,158-2,965 LBA

Beta-462317 BER3NS5C3 3 5 Taxus baccata  2,850+30  1111-927 BC 3,060-2,876 LBA

Beta-462318 BER3N4C2 3 4 Taxus baccata  2,840+30  1090-917 BC 3,039-2,866 LBA

Beta-462320 BER2NA4C1 2 4 Abies alba 2,810+£30  1050-895 BC 2,999-2,844 LBA

Po0z-94225 BERIN7CIM2 1 7 Fagus sylvatica  1,770+£35  ap 137-347 1,813-1,603 Gallo-Roman period—

late antiquity

P0z-94229 BER3N5C5M5 3 5 Abies alba 1,370+ 30 AD 610-687 1,340-1,263 Carolingian period

P0z-94228 BER3NIC6M2 3 1 Fagus sylvatica  1,320+30 AD 653-722 1,297-1,228 Carolingian period

Poz-94227 BER2N2CIM5 2 2 Fagus sylvatica 860 +30 AD 1150-1256  800-694 High medieval period

Beta-481687 Ber1N4Cl1 1 4 Fagus sylvatica  340+30 AD 1470-1640  480-310 Renaissance period

sources has been also demonstrated by another study car-
ried out on an ancient mining area, Argentieres, Aulus-les-
bains, in the French Pyrenees, not far from our study area
(Fig. 1b; Py-Saragaglia et al. 2017). In this study, the small
input of charcoal from kiln sites to soil charcoal found in
pits is supported by their low charcoal content, close to that
observed at the tree-line, and the proportions of main taxa
that clearly differ between pedoanthracological pits and the
nearest charcoal kilns.

In our study area, anthracomass values from the three
pits, which vary from 1 to 10 mg/kg of sediment (Table 2),
are comparable to those obtained from other sites across the
Pyrenees at similar altitudes (Cunill et al. 2015; Danney-
rolles et al. 2017), but are higher than those recorded from
the nearby site of Argentieres (Py-Saragaglia et al. 2017). As
expected, the Berna 1 pit, located at the foot of a slope, has
the highest anthracomass values (Fig. 5), which could result

Year cal BP 3450 2950 2450 1950 1450 95
L) L] L] L] 1) L]
BERINSC1  Abies | —adibah
Prpe—
BERINSCIM2 Taxus | —dili
—
BER3N5C3  Taxus —
—_t
BER3N4C2  Taxus I N
Pa———
BER2N4C1  Abies —a
[
BERIN7C1M2 Fagus ——dh
[e—
BER3NSC5MS5 Abies —A
BER3N1C6M2 Fagus _ﬁﬁ_
BER2N2C1M5 Fagus
BER1TN4C1 Fagus
] L} L} I ] 1
Year cal BC/AD 1500 1000 500 1calBC/ 501 10

1calAD

Fig.8 Plot of the ten radiocarbon dates on charcoal in this study,
shown as both Bc/AD and cal Bp

from local sources, and also from soil charcoal redeposited
by colluviation from nearby slopes. Moreover, in contrast
to Knapp et al. (2013), AL increases from the deepest to
the uppermost layer (Fig. 5), as is commonly observed in
results from high mountain areas (Carcaillet 1998; Talon
2010; Cunill et al. 2013, 2015).

In comparison to the anthracological spectra from the near-
est kilns which are mainly dominated by Abies and Fagus,
there is a greater diversity of taxa in the charcoal assemblages
from the three pits (Figs. 1, 5; Table 2). Moreover, certain
taxa which are strongly represented in the pit charcoal assem-
blages, such as Taxus baccata, are almost unrepresented in kiln
remains (Fig. 1). A greater similarity between the soil charcoal
taxa was observed in the uppermost horizons (Figs. 1, 5), espe-
cially in Berna 1 (Fouédjeu 2016; Py-Saragaglia et al. 2018).
Thus we cannot totally exclude the possibility that part of the
charcoal content of the pits may have been transported from
nearby charcoal kiln sites by wind, water and also colluviation,
and incorporated into the soils there, especially in the case of
Berna 1. But for the two other pits 2 and 3, which lie above
the kiln sites (Fig. 1c), we can assume a very small input of
charcoal particles from the kilns into these soils. Large pieces
of charcoal cannot be moved far by the wind, and most of the
charcoal stays close to where it was formed, and is incorpo-
rated into the soil there (Gastaldo 1994).

The small input of charcoal from kilns into our soil
sampling pits is also supported by the radiocarbon dates
(Table 3), for which only those covering the medieval and
modern periods could have come from a charcoal kiln.
Finally, only one date from a Fagus charcoal fragment from
Berna 1 corresponds to the peak of charcoal making activity
in the 15th—17th centuries.

These results confirm the relevance of a soil charcoal
study carried out in a charcoal making area when the soil
sampling point sites are carefully chosen, and they show that
it is complementary to the charcoal analysis of kiln sites.
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Colluvial sediment input

The absence of stratification in temperate climate soils is
an important limitation to the interpretation of charcoal dis-
tribution (Carcaillet 2001). We also decided to study a soil
sedimentary context (pit Berna 1) because this kind of site
has shown its usefulness for reconstructing the chronology
of past fire events (Knapp et al. 2013; Ropke and Krause
2013). Colluviation, the displacement of soil, may occur
with erosive events. Soil materials may be removed from one
place and then accumulated in another, here at the bottom of
a slope. The layers deposited on top of each other in this way
can form an interesting record of soil sedimentation, similar
to a chrono-stratigraphy.

In a mountainous area, erosive events can be facili-
tated by human impact, especially the intensive use of fire
for clearing in woods (Neuwinger 1970). The removal of
trees favours the movement of soil down slopes by erosion
under the influence of water or wind (Knapp et al. 2013).
If clearing by fire causes or has contributed to erosion, a
large amount of charcoal is also likely to be removed with
the soil and when redeposited, it may form charcoal lay-
ers (Ropke and Krause 2013). Thus, a great increase in the
amount of charcoal at the bottom of a slope can represent a
well-adapted proxy to study the history of burning practices.
In Berna 1, the anthracomass peaks in layers VII, IV, Il and
II, compared to the layers directly above or below them,
suggest the occurrence of four erosive events (Fig. 5). The
radiocarbon dates make it possible to date two of these, the
first between the Gallo-Roman period and late antiquity and
the other during the Renaissance period (Table 3).

As expected, the distribution of the four radiocarbon
dates within the Berna 1 soil profile is consistent with the
distribution usually observed in a stratified context with a
chronological organisation pattern (Table 3). Additional
dates would be needed to support this conclusion, so we
will use this result with caution.

Patterns of change in the composition and structure
of the woodlands at forét de Bernadouze
from the LBA onwards

The results from the soil charcoal analysis have provided
new insights on the patterns of change in the composition
and structure of forét de Bernadouze from the Bronze Age,
and so well before the presumed start of charcoal making
there. Our results are consistent with the state of knowl-
edge at the regional level (Jalut et al. 1982; see “Patterns of
change in the Holocene vegetation highlighted by previous
palaecoecological studies”) by demonstrating at a very high
spatial resolution the changes in the vegetation of the forét
de Bernadouze.
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In the area discussed, soil charcoal analysis shows that
the woodland has always been mainly composed of Abies
associated with Taxus between the end of the MBA and the
LBA (Fig. 5; Table 2). During this period, Fagus was prob-
ably present, but it remained scarce until the first centuries
AD. The association of these three trees which are tolerant
of shade, at least during the juvenile stage, is quite similar
to the range of taxa currently observed in natural Abies-
(Fagus) woods growing in the Carpathian mountains and
on the northern slopes of the eastern Pyrenees, but in which
Taxus is scarce (Larrieu and Cabanettes 2012).

Taxus charcoal was present in all the pits, but mainly
in Berna 3, within the northwestern part of the wood and
above the peat bog (Figs. 1c, 5). Yew, an evergreen non-
resinous gymnosperm tree is a European native species, with
an ecological niche restricted to regions with mild winters
and high rainfall, but it is well adapted to a range of edaphic
conditions (Thomas and Polwart 2003; Casals et al. 2015).
Leuthold (1998) highlighted its particular role as a “triple
intermediate species”, as (1) in ecological succession, Taxus
tends to settle between pioneer and climax taxa; (2) in its
place in vegetational communities, Taxus occupies mostly a
co-dominant role in the lower tree canopy such as halfway
between the overstory and the understory, and (3) regarding
its morphology, Taxus is intermediate between broadleaved
trees and conifers. Moreover, the study of Piovesan et al.
(2009) from the Apennine area in Italy showed the correla-
tion between occurrence of Taxus and continuous areas of
woodlands. They also considered Taxus to be an indicator
of both a healthy woodland ecosystem (Piovesan et al. 2009)
and, regarding its role as a “triple intermediate species”, a
component of a complex woodland ecosystem that might
be ancient.

The high degree of hyphal infestation observed in the
charcoal from all pits could show the burning of dead wood,
either from standing trees or on the ground and/or ageing
mature trees several centuries old (Fig. 7). Several studies
have already demonstrated the strong link between wood-
land stand maturity and the occurrence of saproxylic fungi
(Christensen et al. 2005; Larrieu and Gonin 2008), which are
dependent for their growth on the continuity of availability
of dead and weakened wood, such as on old trees. The evi-
dence of these fungi, as hyphae preserved in soil charcoal,
therefore confirms the past presence of a mature tree stand
rich in dead wood. An ongoing project carried out in the
GEODE laboratory should clarify the relationship between
the levels of hyphal infestation in charcoal cells and the state
of the wood before carbonisation, by using experiments to
make modern examples for comparison. All of these indica-
tors show that the forét de Bernadouze has been composed
of a very diverse range of trees, probably in various wood-
land types and at different stages of maturity, from the LBA
up to the start of the Middle Ages.
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In Berna 1, the first occurrence of Fagus is in layer VII
and dated between the Gallo-Roman period and late antiq-
uity (Fig. 5; Table 3). From this period onwards, the results
from Berna 1 show an increase of Fagus and decrease of
both Abies and Taxus (Fig. 5). In Berna 2, the first record of
Fagus is dated to the high medieval period and in Berna 3
to the Carolingian period (Table 3). The first major change
in woodland composition, characterised by the appearance
of Fagus, is also recorded at least between the Gallo-Roman
period and late antiquity. It is difficult to make assumptions
about its appearance, but we assume the maintenance of a
wooded environment, more or less continuous, with open
glades. That is supported by the absence of a heathland or
scrub phase that would have been marked by high occur-
rences of Juniperus and other light-demanding taxa.

Layer IV of Berna 1 marks a major change, with the total
disappearance of Taxus (Fig. 5). This layer is also character-
ised by the likelihood of an erosive event, the most taxa that
are indicators of woodland opening and the strong decline
of Abies. All these elements suggest the phases of canopy
opening, which were very unfavourable to Taxus and Abies.
From this period, the main structure and composition of the
forét de Bernadouze were established, and they have been
maintained up to the present time by new phases of opening
up of the woodland environment, as indicated by several
erosive events shown by charcoal peaks (Berna 1 layers III
and I, Fig. 5). The woodland features are therefore the same
as those evidenced by the analysis of material from charcoal
kilns (Py-Saragaglia et al. 2018) and as reported by histori-
cal documents, a beech wood with some fir.

Late Holocene fire history and human activities
in the forét de Bernadouze

Charcoal fragments in soils result from the occurrence of at
least one fire event, which could correspond to one or more
fires within a short period that occurred in the surround-
ings of the study area (Higuera et al. 2008; Bal et al. 2011).
The origin of a fire (or fire event) could be either natural or
human. It is always difficult, if not impossible, to attribute
with certainty a natural or human cause to a fire event iden-
tified from charcoal of a particular date. When there are
very different and widely separated radiocarbon dates in a
soil record, such as Bronze Age and medieval period, we
can reasonably conclude that we have different fire events.
However, the obtained radiocarbon dates, from a fragment of
tree rings constituting the charcoal, may relate to the death
of the dated tree. If the dated part of it included its bark or
outer tree rings, and if the death of the tree was related to
the fire event, in this case only would the charcoal provide
the date of the fire event itself. In other cases, the date would
represent the age of that part of the tree from which the char-
coal came, which might be earlier than the date of the fire

in which its charcoal was formed, if the tree had lain dead
for some time. Moreover, given the uncertainty within the
ranges of radiocarbon dates, it is clearly impossible to date
precisely a fire event with charcoal from soils, unless we
can date twigs or ring fragments with bark. That is why it
can be useful to compare these data with other results from
the area, the wider region or even beyond it (Vanniere et al.
2001; Galop et al. 2003, 2013; Rius et al. 2009, 2012; Bal
et al. 2011; Fouédjeu 2016; Py-Saragaglia et al. 2018). In the
Pyrenees, studies have shown that Holocene fire history may
be divided into two main phases. The first ranged from the
early Holocene to 3,000 cal Bp during which the fire regime
was mainly controlled by the climate, and the second was
from 3,000 cal Bp to the current period, when fires were
mainly caused by human practices (Bal et al. 2011; Rius
et al. 2012; Cunill et al. 2013). Fire played an important
role in past Pyrenean land use and the formation of cultural
landscapes there (Galop et al. 2003), and it is still used for
highland pasture management there by prescribed burnings
now (Métailié 1981, 2006; Girona-Garcia et al. 2017).

The ten radiocarbon dates on charcoal fragments range
from 3,250-3,067 to 480-310 cal Bp (Fig. 8, Table 3). Nine
of these dates are within the phase of fires connected with
humans, described by several authors (Galop et al. 2003;
Riera et al. 2004; Guiter et al. 2005; Rius et al. 2009; Bal
et al. 2011; Pelachs et al. 2011). The only date from a dif-
ferent phase corresponds to the MBA and the period just
after the climatic deterioration, when the colder and wet-
ter conditions between 1900 and 1400 cal Bc would have
reduced the likelihood of fire (Tinner et al. 2003; Galop et al.
2007). Although we cannot totally rule out the possibility
that the charcoal reported here might also be of natural ori-
gin, we assume that it derives from human actions, because
it is similar in date to such fires recorded in this region and
throughout the Pyrenees by previous studies.

Abies and Taxus give the oldest dates, while Fagus is gen-
erally more recent, as already reported from another beech
wood in the eastern Pyrenees (Danneyrolles et al. 2017).
In our study, the five radiocarbon dates on Abies and Taxus
charcoal from the deepest layers of the three pits correspond
to the Bronze Age and more precisely to the end of the MBA
and the LBA (Fig. 5, Table 3). This period is also char-
acterised by an increase of pollen indicators indicative of
human activity and a decrease of tree pollen in the peat bog
sequence of Bernadouze (Jalut et al. 1982). The main expla-
nation, also seen in different places across the Pyrenees, is
a change from a system of woodland use when trees were
abundant to one of wood pasture and farming associated
with clearance of woodland by burning around 2000 cal Bc
(Carozza et al. 2005; Rius et al. 2009, 2012; Galop et al.
2013). This change may have led to the expansion of culti-
vated areas, thus causing an increase of pollen indicators of
arable and pastoral land (Galop et al. 2003; Rius et al. 2012).
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In the forét de Bernadouze, however, our results did not
show signs of significant agriculture other than pastoralism.
Regarding the data from Berna 1, the oldest charcoal dates
(M-LBA) are mainly from primary woodland with Abies and
Taxus, then from the Gallo-Roman period or late antiquity
our results show the presence of Fagus (Table 3). These
results allow us to suggest the introduction of a woodland
pasture management system following initial tree clearance
by slash and burn. In this context, we propose two possible
explanations for the use of fire, (1) to create pastures instead
of woodlands, and/or (2) to keep the tree stands open as
wood pasture to promote the development of shrubs and
herbaceous undergrowth favourable to livestock.

Dates of Carolingian age obtained on three pieces of
Fagus and Abies charcoal from Berna 3 and Berna 2 respec-
tively, located in the north-eastern and north-western parts
of the forét de Freychinede, might reflect the spread of inter-
mediate pastures and/or hay meadows into former woodland
areas (Table 3).

The second Fagus charcoal fragment, dated to the Renais-
sance period (14th—17th century), has been chosen because
it comes from the level that marks a transition between the
deeper levels dominated by Abies and those above which are
dominated by Fagus (Fig. 5; Table 3). This level is assumed
to mark the beginning of real woodland management with
local uses that favoured Fagus. As shown by another study
(Py-Saragaglia et al. 2018), our data suggest that human
practices have been the main driver of the development of
Fagus woodland in the forét de Bernadouze. The Renais-
sance period is well-known to have been a time of much
charcoal making in the Bernadouze catchment area, when
mouline technology, a sort of hydraulic forge combining
direct reduction processes, was developed in Vicdessos
(Verna 2001; Fouédjeu 2016).

Finally, we can note that in this particular area, no soil
charcoal had a date later than the Renaissance, which was
the time when charcoal making developed intensively. That
could support the idea that the forét de Bernadouze was
devoted exclusively to charcoal production from the late
medieval period to the 17th century, implying that no new
woodland areas were cleared by using fire. To satisfy the
great requirements for wood, the woodland became one
purely with beech, as reported by historical texts and maps.

Was the extinction of Taxus in the forét de
Bernadouze caused by humans?

The evidence of Taxus in the forét de Bernadouze during the
Bronze Age is one major result from this study, since it has
not been detected by other palacoecological or ethnobotani-
cal studies in this valley, except a few charcoal fragments
found in kilns 6 and 79 (Fig. 1c). In the eastern Pyrenees, as
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in other Mediterranean areas, yew usually grows in isolated
populations in shady mountain ravines and on cliffs, or as
a sub-canopy tree in a variety of woodland communities
(Piovesan et al. 2009). Currently, in the vicinity of our study
area, stunted and twisted yews occasionally occur on steep
slopes, at the base of rocky spurs or below glaciated valleys
at around 1,500-1,600 m, such as below the Bassiés ponds
(Fig. 1). Taxus occurs mostly as a shrub or as a tree with
several trunks and with a spreading, rounded or pyramidal
canopy (Thomas and Polwart 2003; Piovesan et al. 2009).
It is dioecious, with both male and female trees, which is
very rare in gymnosperms (Martin and Thiébault 2010).
This long-lived and shade tolerant tree is very vulnerable
to disturbances such as fire and to climatic extremes of tem-
peratures or drought (Thomas and Polwart 2003).

In Berna 3, Taxus is the main taxon in charcoal identi-
fied throughout the profile, and radiocarbon dates show its
presence during the Bronze Age (Fig. 5, Table 3). It has
been identified occasionally in Berna 1 and 2. In Berna 1,
Taxus was identified from layer IX to layer IV (Fig. 5). The
radiocarbon date on Taxus from layer VIII of Berna 1 is the
oldest record found. Layer III marks the end of Taxus records
in Berna 1. The radiocarbon dates are consistent with each
other and show clearly that Taxus occupied a prominent
place in the forét de Bernadouze between at least the Bronze
Age and the Carolingian period (Table 3).

Several reviews have covered the place of Taxus in past
and current vegetation and its uses by past societies in south-
western Europe (Pérez-Diaz et al. 2013; Uzquiano et al.
2015), the Alps (Martin and Thiébault 2010) and in Belgium
(Deforce and Bastiaens 2007). These studies mainly showed
the lack of knowledge about yew and the possible causes of
its scarcity, and they assume that its range of distribution
was more extensive in the past. Some pollen data from the
eastern Pyrenees show that Taxus spread there between the
Atlantic and Sub-boreal periods (Reille and Lowe 1993) and
it then spread and increased together with the development
of deciduous woods. Its decline started with the decline of
mesophilous trees and the spread of Abies, until it disap-
peared with the arrival and spread of Fagus (Reille and
Lowe 1993).

Climatic conditions as well as successive climate changes
throughout the Holocene are often the hypotheses put for-
ward to explain the disappearance of Taxus (Deforce and
Bastiaens 2007; Uzquiano et al. 2015). However, several eth-
nobotanical studies have indicated the complex relationship
between humans and Taxus, and have suggested a most prob-
able human cause to explain its disappearance (Uzquiano
et al. 2015). Despite the high quality of its timber, with good
mechanical resistance and flexibility, and used in the past
for making tools and weapons, it is feared by humans. The
high toxicity of different parts of the plant (leaves, seeds and
wood) from taxoids with cardiotoxic properties has always
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led yew to be regarded as the main cause of the poisoning
of cattle by plants (Isler et al. 2007; Uzquiano et al. 2015).
Ingested quantities of the order of 500 g may be sufficient to
cause rapid death in cattle. Moreover, the increased demand
for its timber may have led to habitat fragmentation that may
have affected its pollination and viability. The production
of viable seeds requires the presence of trees of both sexes
together. Finally, Taxus, given its slow growth rate, is unable
to compete with other trees with good colonizing ability
such as Fagus, which grows more quickly. Taxus ended up
by becoming part of the woodland understory (Abella 2009;
Uzquiano et al. 2015). Currently, the Mediterranean Taxus
habitat is recognized as a priority for biodiversity conser-
vation within the European Union (European Commission
1992).

Our results suggest that the progressive decline of Taxus
in the forét de Bernadouze from late antiquity in the 5th cen-
tury AD until its disappearance, probably in the 7th-9th cen-
tury, in the Carolingian period, is likely to have been caused
by human pressure. We therefore consider it important to
improve our knowledge of the geographical range of yew
and its role in woodland communities in the past. Owing
to climate change and changing human practices, there is
an urgent need to clarify the potential ecological niche for
such woodland taxa so that future vegetation changes can
be anticipated.

Conclusions

This study carried out in the forét de Bernadouze supports
the relevance of using soil charcoal results to study the
relationships between humans and woodland ecosystems
in an ancient charcoal making area, with very high spatial
and temporal resolution. The information provided by soil
charcoal analysis has been compared with the data provided
by regional palacoecological, archaeological and historical
studies. The use of a soil sedimentary record has helped to
interpret the chronological changes in vegetation and prac-
tices. Although our data do not include the first part of the
Holocene, the Neolithic or Early Bronze Age, they do allow
us to discuss the patterns of change in tree diversity and
maturity in the forét de Bernadouze from the Bronze Age,
as well as the main causes of change.

The main results show the ancient character of the forét
de Bernadouze, at least from the LBA, despite the develop-
ment of pressure from humans. From this period until the
Carolingian period, our results suggest that the woodland
was characterised by a high degree of maturity of the trees,
biodiversity and complexity. Nevertheless, our results also
indicate that fire was a key element of woodland manage-
ment from the MBA to the late medieval period. The pro-
gression towards a woodland pasture management system

led to a transformation in terms of composition and structure
of the woodland. From the Bronze Age, our results sug-
gest that the composition and functioning of the wood must
have been very close to those currently observed in semi-
natural fir and beech woods. Here, Abies and Taxus were
the main trees in woodland which contained some old trees
as well as dead wood, as shown by the degree of infestation
with fungal hyphae. The intensification of wood pasturing
is supported by the arrival and spread of Fagus from the
Gallo-Roman period to late antiquity. Then, the transition
from an Abies dominated woodland to one with mainly
Fagus is well recorded in Berna 1 and dated to the Renais-
sance period. This change involves the beginning of 1, the
decrease in Abies and the disappearance of Taxus, as well
as 2, the higher occurrence of taxa indicative of openings in
the woodland. The transition to a multifunctional managed
woodland, coinciding with the beginning of the iron indus-
try, probably developed and continued until the expansion of
charcoal production from the beginning of the Renaissance
period, around (Aap 1500).

Finally, one of the main results from this study is the iden-
tification of Taxus as a major woodland tree from the Bronze
Age probably until the Carolingian period. Its decline at least
from late antiquity has probably been the result of human
action. We could assume that the composition and func-
tioning of the current Fagus-dominated woodland reflects
several millennia of human uses and management. How-
ever, all the evidence supports the hypothesis of (1) a tree
cover, more or less sparse, that has been maintained from
the LBA, despite the development of pasturing, and (2) the
ancient character of the forét de Bernadouze, which seems
have been maintained as a managed woodland at least from
the late medieval period.
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