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Abstract: Wood and charcoal were key sources of energy during early industrialization in Europe
(18th century), preceding the large-scale exploitation of fossil coal. Past timber harvesting implied
land transformation and woodland resources management. Therefore, relict charcoal kilns and
historical documents of forest management are important sources of information about past woodland
composition and structure. However, ancient charcoal kilns are poorly documented in temperate
woodlands in the lowlands of western Europe, especially combined with historical written sources.
In this study, charcoal production was investigated in an area in NE France, by combining charcoal
and historical sources analysis, along with innovative dating methodologies. Thus, by using both
radiocarbon and optically-stimulated luminescence dating, we showed that the activity lasted until
recent times (19th—early 20th centuries) and Carpinus was the dominant taxon in charcoal assemblage.
Moreover, kiln attributes seemed to be independent of topographical variables. Woodlands in
this area were subject to a coppice-with-standards management, where small diameter wood was
preferred to produce charcoal and large diameter stems, mainly Quercus and Fagus, were traded
as timber. The dominance of Carpinus is rather uncommon in charcoal studies but supports the
importance of Carpinus as fuelwood since the Middle Ages, as confirmed by many written sources.

Keywords: charcoal kiln; charcoal production; Carpinus betulus; historical records; OSL dating;
radiocarbon dating; Northeastern France; timber harvesting

1. Introduction

Before the large-scale use of fossil fuels in the 19th and 20th centuries [1], wood was
the most important source of energy, both for domestic (cooking, heating) and (semi-)
industrial (glass and metal production) activities [2]. The production of charcoal, essential
for metal smelting, was widespread in woodlands all over Europe, beginning from the
Middle Ages [3-8], and peaked during early industrialization with growing volumes of
iron production [9]. The use of charcoal in Europe was gradually replaced by fossil coal
during the second half of the 18th and early 19th century. As a result, charcoal production
became residual on the verge of the 20th century in developed countries, but numerous
archaeological remains of this activity can still be found today, especially in historical
woodlands [3].

The technology of charcoal production has faced some changes over time [4], with
a shift from pit kilns [5,6] to mound kilns around 1300 CE. From the Late Middle Ages
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onwards, charcoal production was performed above ground, where stacks of wood were
positioned to build a mound kiln on a levelled and stable surface in order to sustain the
woodpile [4,7,8], particularly in areas with relief. In the process of charcoal production
in mound kilns, logs of variable diameter were stacked around a chimney and covered
by earth, mud and/or plant material to control the oxygen level to perform pyrolysis
(incomplete wood combustion) for several days [7,9]. After charcoal harvesting, charcoal
fragments and ash, the remnants of charcoal production, lay on-site, forming a dark (black
greyish) soil horizon of variable dimensions [10,11]. Charcoal production platforms could
be used several times by the charcoal maker in the same season of production and over
several years, even though these reuses are hard to identify and to quantify [10].

The quantification of charcoal production sites is key to assessing former impacts in
woodlands, and several studies [12-15] have attempted to achieve a more comprehensive
inventory of charcoal kilns. Some sources [7,16] indicate that woodland areas influenced
by wood harvesting for a single charcoal kiln covered circa 100 m around the kiln. Remote-
sensing data (e.g., Light Detection and Ranging, LiDAR) have been tested to estimate the
surface affected by this activity [17]. The content of the charcoal layer is considered to
be a product of locally harvested wood [18,19] and, thus, reflects past dynamics of forest
ecosystems. Indeed, forest woodland composition has changed through time, in part due to
its exploitation for timber and firewood. Evidence of different management regimes can be
assessed, for instance through tree-ring analysis [20,21] or archival data [22]. Coppicing was
a common practice for continuous wood supply in the pre- and early industrial period in
Europe [23]. Coppicing became less significant from the late 19th century onwards, shifting
to a high forest management regime [24] due to the decreasing demand for fuelwood [25].
Coppice management consists of the harvesting of shoots resprouting from stumps under
a short rotation period [26,27]. Coppicing could be implemented as the sole management
regime of a forest stand, or as coppice-with-standards, where coppice trees, which were
mainly used for the production of fuelwood, were combined with standards (single-stem
trees) to produce timber [28,29]. However, despite the extensive description of such his-
torical woodland management practices, mostly through written historical sources [22,30],
they remain poorly documented based on paleo-botanical data, especially for the temperate
lowland areas in NW Europe.

In this study, we investigated woodland exploitation for charcoal production in the
temperate lowlands of northeastern France (Meuse Department), by combining both char-
coal and archival data to better understand former woodland structure and composition.
We aimed to (1) characterize the charcoal kiln patterns according to socio-environmental
and morphometric variables and then evaluate (2) which taxa were used, (3) how dendro-
logical characteristics can inform us about the original state of the wood, and (4) when this
activity took place.

2. Materials and Methods
2.1. Study Area

Our study area is located in a temperate lowland area in northeast France (Grand-Est
region). The area investigated covers a total of 57 km?, with three woodlands on topograph-
ical plateaus and small stream valleys, separated by large agricultural valleys. The area
ranges from 260 m above sea level (a.s.l.) at the bottom of the wide valleys to 410 m a.s.L.
on the plateaus (Figure 1). The substrate of the eastern plateau is composed of sedimentary
bedrock with limestone, while it is ferruginous sandstone on the western plateau [31]. On
the plateaus, soils are mainly loamy-clay, with local patches of hydromorphic conditions
on the most clay-rich soils, and sand on the sandstone substrate (RRP-GrandEst 2020). In
small stream valleys, soils present the accumulation of calcareous colluvium, sometimes
locally rich in stones (RRP-GrandEst 2020). The mean annual temperature and precip-
itation is 9.8 °C and 694 mm, respectively, with a semi-continental climate (Bar-le-Duc
meteorological station, [32]). The area is covered by deciduous broad-leaved woodlands,
dominated by beech stands (Fagus sylvatica) and mixed forests with oak (Quercus spp.) and
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hornbeam (Carpinus betulus) among others [33]. The woodlands are owned either by the
State, municipalities, or are privately owned.
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Figure 1. Location of the study area in mainland France (square). The study area on a LiDAR-derived
hillshade image is outlined by a full black line (corresponding to woodlands), and the sampling
points for charcoal analysis and reference to historic industrial activities (forges, open pits for ore
extraction and stamp mills) are indicated.

2.2. Characterization of the Sampled Kilns

Sample collection covered an area of 115 ha in total (44 ha on the west and 71 ha on the
eastern side) with different slopes (ranging from flat to steep areas), exposure, altitude and
property regimes. In a previous study, an inventory of kilns in the study area was carried
out using high-resolution LiDAR images [12]. Using this inventory, randomly selected
charcoal kilns were sampled according to the local density. A total of 48 charcoal kilns were
sampled, 22 on the eastern plateau and 26 on the western plateau.

In the field, each time a charcoal kiln was found, the geographic position was recorded
using a GPS device. For each charcoal kiln sampled, minimum and maximum diameters
were recorded, corresponding to the surface limits of the kiln, assessed by the presence of
the charcoal layer (a mix of charcoal, ashes and soil). This is especially relevant in flat areas
where the boundaries can be highly diffused. The depth of the charcoal layer within the
kiln was also measured, using a soil auger at three different points with a minimal distance
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of one meter between each point, in order to calculate the average thickness of the layer
and avoid infra-local biases.

Variables were measured in loco (width, length and charcoal layer depth), calculated
(area) or acquired from the Digital Elevation Model with the Zonal Statistics tool in QGIS
3.10 (mean and standard deviation in elevation and slope) [34]. We first defined a topology
of charcoal kilns according to local socio-environmental and morphological features. Then,
the Euclidean distance between kilns was computed based on the mentioned variables, and
a hierarchical clustering was built based on the Ward method. Finally, we performed a prin-
cipal component analysis (PCA) on the same variables, to (i) identify the topographical and
morphological parameters that explain the identified clusters and (ii) determine whether
these parameters are related to other descriptive variables (ownership, forest dominant
species, geochemistry, aspect/exposure).

2.3. Anthracological Sampling

Charcoal sampling was designed following Ludemann and Nelle [35] and Knapp
et al. [36]. We dug pits in the platforms in five positions (separated by a minimum distance
of one meter), two pits in the center (with the codes “a” and “b”) and three pits on the
downbhill slope (with the codes “c”, “d” and “e”), of approximate dimensions 30 x 30 cm
and 15 cm depth. We counted 30 handpicked charcoal fragments in each sample (i.e., each
sampling pit), so each charcoal kiln produced 150 fragments to analyze. This strategy was
implemented in order to investigate possible variations in the charcoal diversity within the
platforms and assess the level of reproducibility of the sampling protocol.

The analysis focused on species composition and only the dominant species (frequency
>2%) were considered, based on the subsample datasets. First, a factorial correspondence
analysis (COA) was computed on the 238 subsamples to assess whether species composition
or structure differed according to the subsample. Several community structure indices
(Shannon-Wiener diversity, Pielou Evenness, Simpson” Dominance, Species Richness and
proportion of the dominant taxa) were calculated and differences between subsamples for
all kilns were assessed with an Anova (after checking for normality and homoscedasticity).
Second, the COA was performed on log(N+1) abundance per kiln to avoid overweighting by
abundant species. Finally, co-structure between species composition and abiotic parameters
was assessed by a co-inertia (Col) analysis followed by a permutation test [37]. All analyses
were performed with RStudio version 1.1.463, with R version 3.6.3 [38,39]. Multivariate
analyses (PCA, COA, Col) were performed with the ade4 package [40].

2.4. Anthracological Analyses

Taxonomic identification of charcoal fragments relied on the observation of three
diagnostic sections, cross, radial and tangential, under a stereomicroscope (Zeiss Stemi 508,
magnification 6.3-50x) and a reflected-light microscope (Olympus BX53M, magnification
40-500x). We compared the results with both wood anatomy atlases (e.g., [41]) and the
reference collection of charred woods of the LIEC (University of Lorraine, Metz, France).
Taxonomic determination was possible, at least to the genus level, except in some fragments
of Salix and Populus, where the identification was not conclusive and they were grouped as
Salix/Populus. When the identification could not be fully confirmed, the fragments were
labeled as “cf.”, and each time diagnostic characters could not be entirely observed due to
the poor preservation state of the charcoal fragment or anatomy alteration, the identification
was assigned as “Undetermined”.

Along with the taxonomic determination, a set of morphometric, dendrological and
taphonomical data was recorded [42]. Initial dimensions of the charcoal fragments, tree-
ring curvature, number of tree-rings, presence of pith and/or bark and other characteristics
(e.g., presence of narrow latewood in Quercus) were recorded. The diameter of charcoal
fragments was estimated each time the fragment was suitable for analysis, i.e., excluding
charcoal fragments where the rings were not visible, or their anatomy was altered due
to poor preservation. A semi-quantitative approach was used, with charcoal fragments
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diameters allocated to five size classes (<2, 2—3,3—5, 5—-10 and >10 cm, e.g., [19,43]). This
method of diameter estimation was preferred to other approaches [42,44] due to its efficient
implementation during charcoal taxonomic identification.

2.5. Chronology Assessment

A set of 18 charcoal fragments from different charcoal kilns were selected for radiocar-
bon dating. In the absence of suitable fragments from fast-growing taxa, the presence of
strong tree-ring curvature (twigs or small branches) and/or bark was preferred to avoid
dating the inner parts of the original stem which might cause an old-wood effect. The anal-
yses were performed by Accelerator Mass Spectrometry (AMS) in the Poznan Radiocarbon
Laboratory in Poland. The results were calibrated with OxCal 4.2 [45] using the IntCal20
atmospheric curve [46] and expressed as Cal CE (Common Era).

Additionally, a set of kilns were sampled to explore the potential of Optically Stim-
ulated Luminescence (OSL) [47] dating for the age determination of charcoal kilns. OSL
dates refer to the time that has elapsed between the zeroing event in the past (in this case,
heat exposure of the underlying sediment), and the time of sampling and analysis (2020 CE).
In each selected kiln, a hand-made pit was dug (c. 50 x 50 cm until reaching bedrock) in
the center of the platforms and the samples were recovered from the freshly opened profile
using sampling tubes (5 cm diameter, 15 cm long). OSL dates were obtained as outlined
by Karimi et al. [47] and involved equivalent dose determination using sand-sized quartz
and the single-aliquot regenerative dose protocol [48,49]. Dose rates were derived from the
specific radionuclide activities as obtained through gamma-ray spectrometry [50].

2.6. Study of Historical Written Sources

We analyzed documents deposited in departmental archives, and the data from written
sources was incorporated with other quantitative data collected in our study [51]. We
used two distinct historical forestry registers. One recorded all forestry operations in the
State woodlands in and around our study sites at the end of the 18th Century (Archives
Départementales de la Meuse, Bp 6004, Proces-verbaux de 'assiette des taillis, marques des arbres
et adjudication des glandées, 1781—1790). The other register recorded equivalent operations
in Communal forests (Archives Départementales de la Meuse, Bp 6067, Martelages dans les
bois communaux, 1784—1791). These documents provide us with the date and place of every
felling operation, along with other useful information. Many of the existing trees were
marked with a special hammer (trees marking the limits of the felling area, standard trees,
and timber trees that had to be sold). For each of them, foresters noted the species, age class,
and purpose of the felling. We chose to focus on the most local information (the woodlands
in the study area or its immediate surroundings) rather than more regional information
that could be referring to distinct environmental or management backgrounds. Our data
covers a period of eight years between 1783 and 1791 in the state forest of Montiers and in
the nearby communal forests of Montiers, Biencourt and Couvertpuis. The surface covered
by the investigated historical sources is 402.5 ha of felling areas, all of them managed as
coppice-with-standards. Additionally, an age pyramid for Quercus was established using
the four different age classes used in our registers (baliveaux—young standards with one
growth cycle; modernes—standards with two baliveaux growth cycles; anciens—standards
with three baliveaux growth cycles; vieilles écorces—old standards with four or more baliveaux
growth cycles).

3. Results
3.1. Chronology Assessment

All obtained ages fell in the post 1650 CE period (from mid-seventeenth century up
1950 CE (Table 1). OSL was performed on three samples obtained from two charcoal kilns.
We analyzed two samples in charcoal kiln 579/P13, which were collected from opposite
profiles. The dating results point towards more recent times, in the 19th to early 20th
centuries.
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Table 1. Results from *C (n = 18) and OSL (n = 3) dating. All ages are expressed as calendar ages
within 95.4% probability (last column). For kiln 579/P13, two OSL dates were obtained from opposite
profiles at the same depth.

Charcoal Kiln Dating Method Laboratory Code Taxon Age Conw. Calendar Age
. 1694 (26.8%) 1726
14 -
C1 C Poz-112600 Carpinus 60 £ 30 BP 1810 (68.6%) 1918
. 1690 (26.2%) 1728
14 .
c2 C Poz-146785 Carpinus 80 £ 30 BP 1808 (69.3%) 1921
1669 (39.7%) 1780
c3 lac Poz-112494 Fagus 145 £ 30 BP 1796 (37.1%) 1895
1902 (18.6%) ...
1674 (32.8%) 1766
579/P10 lac Poz-138842 Fagus 135 4 30 BP 1774 (0.6%) 1776
1798 (62.0%) 1942
1672 (37.2%) 1778
. Poz-146810 Quercus 140 £+ 30 BP 1798 (58.3%) 1944
C
1688 (26.1%) 1730
579/P13 Poz-125081 Corylus 85 + 30 BP 1806 (69.3%) 1924
GLL-205302 - 0.18 £ 0.02 ka 1803-1884
OSL
GLL-205303 - 0.11 £ 0.01 ka 1882-1934
579/P17 lac Poz-138843 Fagus 140 =+ 30 BP 1672 (37.2%) 1778

1798 (58.3%) 1944

1680 (25.8%) 1740
Poz-146792 Corylus 115 + 30 BP 1752 (1.8%) 1763
1800 (67.8%) 1940

1682 (25.7%) 1738
Poz-125140 Carpinus 110 + 30 BP 1754 (1.1%) 1762
1801 (68.6%) 1938

1666 (42.7%) 1783
Poz-146788 Carpinus 150 + 30 BP 1796 (33.9%) 1895
1902 (18.9%) ...

1682 (25.9%) 1736
1802 (69.5%) 1936

OSL GLL-205309 - 0.12 £ 0.01 ka 1880-1925
1687 (26.0%) 1730

580/P11 1c

14C

581/P22
Poz-125082 Carpinus 105 £+ 30 BP

14 _
581/P27 C Poz-146814 Rosaceae 90 + 30 BP 1806 (69.5%) 1926
1658 (18.3%) 1698
, 1722 (48.4%) 1814
14 _
592/P11 C Poz-146812 Carpinus 175 4 30 BP 1834 (9.6%) 1885
1910 (19.2%) ...
1682 (25.9%) 1736
Poz-125139 Corylus 105+ 30 BP 1802 (69.5%) 1936
593 /P4 4cC 1683 (26.1%) 1735
Poz-146789 Acer spp. 100 + 30 BP 1802 (69.3%) 1930
1666 (42.7%) 1783
593 /P20 14c Poz-138846 Quercus 150 + 30 BP 1796 (33.9%) 1895
1902 (18.9%) ...
594/P3 14c Poz-146809 Carpinus 75 4+ 30 BP 1691 (26.4%) 1728

1809 (69.0%) 1920
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Table 1. Cont.

Charcoal Kiln

Dating Method Laboratory Code Taxon Age Conw. Calendar Age

594 /P24

1666 (42.7%) 1783
Poz-146790 Carpinus 150 + 30 BP 1796 (33.9%) 1895

4c 1902 (18.9%) ...

1694 (28.1%) 1725

Poz-124890 Corylus 35+ 30BP 1810 (67.4%) 1917

595/P13

1669 (39.7%) 1780

l4c Poz-119388 Corylus 145 + 30 BP 1796 (37.1%) 1895

1902 (18.6%) ...

612/P26

lac Poz-119405 Carpinus 45 + 30 BP

1694 (27.6%) 1725
1810 (67.9%) 1917

612/P29

4c Poz-138844 Quercus 55 =+ 30 BP

1694 (27.2%) 1726
1810 (68.2%) 1917

614/P15

l4c Poz-119387 Acer spp. 75 4 30 BP

1691 (26.4%) 1728
1809 (69.0%) 1920

625/P3

1666 (42.7%) 1783

l4c Poz-146813 Carpinus 150 + 30 BP 1796 (33.9%) 1895

1902 (18.9%) ...

625/P5

e Poz-138845 Quercus 135 + 30 BP

1674 (32.8%) 1766
1774 (0.6%) 1776
1798 (62.0%) 1942

625/P7

1682 (25.7%) 1738
1754 (1.1%) 1762
1801 (68.6%) 1938

Poz-146737 Carpinus 110 + 30 BP

e 1660 (17.4%) 1700

1720 (46.4%) 1816
1833 (12.2%) 1889
1908 (19.5%) ...

Poz-119402 Carpinus 170 £+ 30 BP

625/P15

lac Poz-119403 Carpinus 80 + 30 BP

1690 (26.2%) 1728
1808 (69.3%) 1921

625/P21

14C

1672 (37.2%) 1778
1798 (58.3%) 1944

1685 (26.1%) 1734
1804 (69.4%) 1928

Poz-125079 Corylus 140 & 30 BP

Poz-146786 Carpinus 95 £ 30 BP

3.2. Characterization of the Sampled Charcoal Kilns

Charcoal kilns in the study area (Table S1) tended to have an elliptical outline, with
an average width (minor axis) of 8.45 &+ 1.35 m and length (major axis) of 9.34 + 1.71 m.
The calculated area of the ellipses was, on average, 85.9 + 22.4 m? (ranging from 27 m? to
108 m?). The average depth of the charcoal layer was 17.4 + 5.3 cm (ranging from 9.0 to
31.7 cm). Most sampled kilns were located in flat areas (66.7%) with an absence of north
and northeast-facing exposure. More than half of the sampled kilns were in present-day
Fagus woodlands (54.2%) in broad-leaved areas (43.8%). The majority of sampled platforms
were located in municipality-owned parcels and on carbonate soils.

In the hierarchical clustering and aggregation height bar plot (Figure 2a), a slope break
can be observed after the third aggregation height. Thus, the dataset of the sampled kilns
can be distributed in four groups (Figure 2b). These groups were used in subsequent
analysis to depict (i) the variables driving the similarity within the group and (ii) whether
the morphological similarity induces a taxonomic similarity between kilns.
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Figure 2. Hierarchical clustering of the 48 kilns according to eight topographical and morphological
variables; (a) bar plot of aggregation height; (b) dendrogram of kilns computed with Ward’s method.
The blue rectangle contains the four clusters identified.

On the PCA of the kilns compared to socio-ecological/morphometry features, the
first (axis 1-2) and second (axis 1-3) factorial planes represented, respectively, 59.05% and
48.01%, respectively, of the total variance. Graphical representations were thus carried out
for those three dimensions, because they allow us to describe at least 80% of the information
contained in each variable (except for the standard deviation of the slope).

Projections on the first two axes show the independence of kiln morphometric char-
acteristics (area, length, width) from topographical variables (mean elevation and mean
slope, Figure 3a). Geochemistry, ownership and dominant species did not vary according
to either topographical or morphological variables, and a trend towards higher elevation
in south and southwest kilns could be observed. Group 1, identified through hierarchical
clustering (Figure 2), is linked to the presence of larger kilns (connected and dependent on
the length and the width of the platforms). Group 3 represents charcoal kilns in flat areas
at high elevation (=plateau areas) and Group 4, on the other side, encompasses platforms
located in steep areas (i.e., higher slope inclination) and lower elevation. Finally, Group 2
encompasses the kilns with no discriminant parameters. Projections on axes 1 and 3 allow
a better representation of charcoal layer thickness, but the morphological groups identified
appear to be independent of charcoal layer thickness (Figure 3b).
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Figure 3. (a) Correlation circle (top) and individual factorial planes of the PCA on the kiln x socio-
environmental/morphometry table, for the axis 1 and 2 and the four groups obtained through
hierarchical clustering (bottom). (b) Correlation circle (top) and individual factorial planes of the
PCA on the kiln x socio-environmental /morphometry table, for the axis 1 and 3 and the groups
obtained through hierarchical clustering (bottom). Ellipses represent 95% confidence intervals.

3.3. Taxonomic Analysis

The analysis of whole sampled charcoal fragments resulted in the taxonomic identifi-
cation of 7026 fragments in a total of 12 taxa. The fragments identified as “cf.” (n = 156)
and “Undetermined” (n = 150) were excluded from the analysis, reducing the total number
of charcoal pieces used for the analysis to 6720 (Figure 4), as they were poorly informative.
The complete results of the charcoal identification are available as supplementary material
(Table S2).

The most frequent taxon, covering two-thirds of the overall charcoal collection, was
Carpinus (66.0%), followed by Fagus (11.5%), Corylus (8.3%), Acer (5.0%), Quercus (3.2%) and
Rosaceae (2.6%). The remaining taxa found were willow (Salix, 1.5%) and poplar (Populus,
0.3%) and when it was not possible to have a more precise taxonomical identification, we
assigned the fragments to Salix/Populus (0.8%), Prunus (0.4%), Betula (0.2%), Cornus (0.1%),
and Viburnum (0.1%).

Analysis of the charcoal taxonomic composition highlighted that Betula, being poorly
represented (only present in three kilns), structured the COA too much (Figure S2). In
the analysis run without this taxon, no structure could be visually identified. This was
confirmed by a permutation test on the co-structure that gave, respectively, p = 0.23 and
0.19 with and without Betula. Hence, the taxa of the wood used in kilns were independent
of kiln topography and morphometry.
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The COA did not reveal clear relationships between species and subsample location
in each sampled kiln. The structure index did not show significant differences between
subsamples “a” to “e” (p-value between 0.44 and 0.71 for the five indexes, Figure S1).

Minority taxa [l [3 - 20]
Rosaceae - 37
uercus [l 43
Acer - 47
Corylus avellana [ 45
Fagus syivatica | 45

Carmims e e e e 45

0 500 1000 1500 2000 2500 3000 3500 4000 4500

Figure 4. Distribution of abundance among the different taxa recorded for 6720 charcoal pieces
identified. Bars represent the absolute frequency (n) and the values next to each bar on the graph
express the ubiquity of the taxa in the charcoal kilns (i.e., number of charcoal kilns where the taxon is
present among the 48 sampled kilns).

3.4. Assessment of Past Woodland Management

A total of 3239 fragments were evaluated and measured (Table 2). For the dominant
species, the largest mean diameter was observed in Quercus and Fagus, circa 10 cm (9.86
and 9.80 cm, respectively). A second group with Acer (6.74 cm), Rosaceae (6.19 cm) and
Carpinus (5.69 cm) had intermediate diameter values. Finally, the smallest diameter of circa
4 cm was observed for Corylus (3.84 cm).

Table 2. Diameter estimation (cm) of the most frequent taxa, with absolute frequency and percentage
of class size in brackets, ordered by decreasing mean diameter (in bold) for each taxon (complete
dataset on Table S3).

Taxon Quercus Fagus Acer Rosaceae Carpinus Corylus S?;:aélt; };s
<2 16 (13.8) 61 (15.4) 46 (25.8) 16 (27.1) 768 (33.9) 112 (49.6) 1019 (31.5)
Size class [2-3] 6(5.2) 39 (9.8) 16 (9.0) 7 (11.9) 311 (13.7) 31 (13.7) 410 (12.7)
(em) [3-5] 12 (10.3) 34 (8.6) 27 (15.2) 8 (13.6) 293 (12.9) 29 (12.8) 403 (12.4)
[5-10[ 22 (19.0) 46 (11.6) 44 (24.7) 16 (27.1) 430 (19.0) 33 (14.6) 591 (18.2)
>10 60 (51.7) 216 (54.5) 45 (25.3) 12 (20.3) 462 (20.4) 21 (9.3) 816 (25.2)
Total identified 212 772 338 60 4432 559 6373
Total assessed 116 (54.7) 396 (51.3) 178 (52.7) 59 (98.3) 2264 (51.1) 226 (40.4) 3239
Mean diameter 9.86 9.80 6.74 6.19 5.69 3.84 -

Along with diameters, the tree-ring curvature was also assessed. Corylus, Carpinus and
Acer were the taxa with the highest percentage of strong tree ring curvature. Conversely,
taxa with the higher frequency of weak tree ring curvatures were Quercus and Fagus. Finally,
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25.5% (54 out of 212 fragments identified) of Quercus fragments exhibited, in the transverse
section, an abrupt interruption of the latewood growth.

An investigation of the written sources yielded a total of 51,121 trees recorded in both
registers, with all or part of the following information: date and place of the marking,
species, age class and purpose of the marking (Table 3). Quercus represented 7.3% of
the younger standards (20—25 years old), 47.2% of intermediate standards (modernes and
anciens), and 100% of older standards (vieilles écorces).

Table 3. Archive information for the period from 1783 to 1791 on tree harvesting in communal forests,
timber trading in a state forest and the trees limiting the harvesting areas. The values shown are
total number of trees and, in brackets, relative frequency. “Post-pioneer taxa” groups the classes
representing less than 5% and include Prunus avium, Populus tremula, Sorbus torminalis, Acer spp. and
Acer platanoides.

Standard Trees in the Communal Forests

Trees Sold in the State ~ Trees on the Edge of

before Harvesting _ after Horvesting "7 Of Montiers e Harvesting Areas
Quercus 11,959 (23.4) 9126 (24.5) 2833 (20.4) 11 (17.5)
Fagus 6078 (11.9) 3287 (8.8) 2791 (20.1) 4 (6.3)
Carpinus 8714 (17.1) 2435 (6.5) 6279 (45.3) 36 (57.1)
Fagus or Carpinus 22,374 (43.8) 22,374 (60) - -
Fruit trees (e.g., Prunus, Malus) 1954 (3.8) - 1954 (14.1) -
Salix - - - 4 (6.3)
Post-pioneer taxa - - - 8 (12.8)
Others 42 (0.1) 42 (0.1) - -
Total 51,121 (100) 37,264 (100) 13,857 (100) 63 (100)

4. Discussion
4.1. Chronology of Charcoal Production

According to the radiocarbon dataset (Table 1), charcoal production in the study area
is relatively recent because no dates older than modern times were retrieved. However,
there is a large probability range in the ages of charcoal pieces obtained from radiocarbon
dating (over c. 300 years), making it impossible to determine chronological patterns of
charcoal production (i.e., phasing). This is a common problem in chronological analysis of
charcoal production [19], since its main occurrence falls in a period of significant variations
in atmospheric 4C (De Vries and Suess-effects, [52]), inducing a plateau in the calibration
curve for the period under consideration (including modern times).

Trying to investigate more precisely the chronology of the charcoal production in
our study area, we applied the OSL-dating method to some charcoal kilns, aiming to
date the charcoal layer sediment. Results obtained by the OSL-dating method provided
a narrower age range for the studied platforms than radiocarbon dating, pointing to the
19th to early 20th century. This appears to be very recent and is, therefore, coherent with
our C dataset, improving it. Indeed, combining the two methods, it was possible to
obtain a better supported time resolution, essential to understanding the diachrony of
woodland resource exploitation. However, OSL dates only allow us to date the end of
the platform use (i.e., last event of heat exposure of the sediment), and not its starting
date, or phasing. Thus, even if this innovative dating combination allows us to obtain
more precise chronological information, it is difficult to assess charcoal production phasing.
The phasing of charcoal production is a key element, since that would provide insights
about the intensity of wood harvesting through time. The density of the kilns and their
morphology are not usable for this purpose either. Indeed, based on micromorphology
studies, Gebhardt [17] established that platforms can be used several times for charcoal
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production, blurring the morphological evidence and also, probably, the chronological
indicators (charcoal pieces and sediment).

Local historical written sources recorded that coppice-with-standards woodland man-
agement in the area had already started during the second half of the 18th century [11,53].
Thus, it is highly likely that charcoal production was already active in the area at this
time, which is coherent with the chronological data from the kilns. Thus, combining the
two dating methodologies and evidence from written historic documents, it is clear that
charcoal production was in place for a long period and was still active in the region until
around 100 years ago, even with the gradual introduction and increasing use of fossil fuels,
especially coal.

4.2. Charcoal Kiln Morphometry

The average area of the charcoal production platforms (85.9 4 22.4 m?) in our study
area (Table 2 and Table S3) reached similar values than in regions associated with metallur-
gical activities [54-56]. Indeed, charcoal production for ore smelting was performed over
larger surfaces due to the demand in fuel for this activity [57]. Our surface areas are higher
than, for example, the ones observed in a Mediterranean context in central Italy by Carrari
et al. [58]. In the latter case, the main purposes of the charcoal produced were linked to
domestic activities, requiring smaller volumes than for industrial sites.

The average thickness of the charcoal layer (17.4 + 5.3 cm) was lower than in neigh-
boring regions [19,54,55,58]. In a study in Chailluz Forest (France) [55], the thickness of
the charcoal layer varied between 20 cm and 30 cm. This was associated with the reuse
of the charcoal kiln platforms. In our study area, there was no evidence of a stratigraphic
differentiation in the charcoal layer that might point to the reuse of the same platform,
even when considering the rather significant thickness of the charcoal layers (up to 32 cm).
Finally, the analysis of the morphological and topographical characteristics of the kilns
revealed that the thickness of the charcoal layer was not a structuring variable, since it did
not allow us to differentiate the four groups identified (Figure 2). All morphological vari-
ables (length, width, area, charcoal layer depth, Figure 3 and Figure S2) were independent
of their topographical position (elevation, exposure/aspect or slope). Hence, the process of
charcoal kiln building does not seem to be related to either local constraints (topographic)
or a strict industrial protocol (e.g., fixed size of platforms).

4.3. Taxonomic Spectrum

To assess the representativeness of the on-site sampling, a factorial correspondence
analysis was conducted for the 48 sampled kilns (Figure 3). It revealed that there was no
significant difference in the composition of the subsamples (n = 238) according to their
location in their respective kilns. This shows that sampling in distinct positions within the
charcoal kiln does not provide any additional information about the taxonomic diversity
of charcoal. However, further studies are still needed to define the optimal sample size
within a kiln in relation to kiln area, by, for instance, building saturation curves for species
abundance and community structure index.

The taxonomic composition encompassed 12 taxa with Carpinus, comprising almost
two thirds of the overall fragments identified (Figure 4). This taxon is well-known as an
important resource for the production of good quality charcoal [59], having the highest
wood density of all NW-European native trees (i.e., highest calorific value per kilogram).
This makes charcoal produced with Carpinus one of the best suited for iron smelting.
Carpinus resprouts vigorously after being cut at ground level and it was possibly favored
by the coppice management regime of the woodland along with intentional selection [60].

Although Carpinus was dominant in this study, in other studies, Carpinus, when
present, represented a minority or residual fraction of the composition of the charcoal
samples collected [19,56,61-63].

Other kiln studies in lowland areas, such as in northern and central Belgium, also at-
tested to the presence of Carpinus in the charcoal content, though with far lower percentages
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and never as a dominant taxon. Charcoal samples in these kilns were either dominated by
Fagus [6] or Alnus [26] with a Carpinus content of 1—7% and 0.3—5.7%, respectively. Most
of these kilns were much older, dating to the medieval and early post-medieval period.

In a lowland region marked by strong relief (Dordogne valley, France), the presence of
Carpinus in deep valleys was significant [64], with on average 22% abundance of Carpinus,
on a Quercus-dominated charcoal spectrum, and even rising to up to 70% in some charcoal
collections. Another study revealed that Carpinus was actively used in charcoal production
in modern times (17th-19th centuries) in the Franche-Comté region (eastern France, 55). The
analysis of 11 kilns showed a co-dominance of Carpinus, Quercus and Fagus. Additionally,
a recent study in a very much similar area (some tens of kilometers north of our study
area) showed the presence of Carpinus as an important taxon within the charcoal content
of six kilns. There, around 20% of the charcoal studied [65] was made of Carpinus. While
Carpinus was more frequent than in other regions, charcoal was still dominated by Fagus
and Quercus. So, it is probable that the lower presence of Carpinus in charcoal records can
be related to the lack of studies at lower altitudes, where the presence of this species was,
surely, common. Our study is among the first to reveal a large dominance in Carpinus use
for charcoal production in lowland temperate woodlands and it was thus an important
element in the composition of these forests, even accounting for selection phenomena.

4.4. Past Woodland Management

Quercus represented 23.4% of all identified trees in our historical registers, while it
represented only 2% of identified charcoal pieces. This comparison cannot be extended
to other species, because our historical texts do not always differentiate between Fagus
and Carpinus (Table 3). Nevertheless, this allows us to state that charcoal remnants are not
completely representative of the historical forest composition, in the context of coppice-
with-standards management.

The presence of Carpinus in the landscape at the time of charcoal production is well
documented in the written sources investigated (Table 3). The presence of Carpinus is
expected for our study location and its environmental setting [59]. Dendrological infor-
mation gathered from charcoal fragments (Table 1) points to a coppice-with-standards
management regime, reinforcing the relevance of the historical registers we used to help
our interpretation, because they also relate to coppice-with-standards forestry. Quercus
and Fagus had the largest mean diameter (c. 10 cm), most likely related to the use of larger
logs from aged trees. On the other hand, the mean diameters of Carpinus and Corylus
were considerably smaller (c. 6 cm and 4 cm, respectively). The presence of Quercus and
Fagus, albeit at low frequency, allows us to postulate that these species were also part of the
woodland at that time, along with Carpinus coppices. Carpinus is well described in historical
written sources as a key component of the management regime of coppice-with-standards.
This management practice was related to the differential use of the species: specimens
with higher value on the timber market (e.g., Quercus) were selected and sold, and the
less suitable ones were used as a source of raw material for charcoal production or as
firewood [53]. Thus, the long cycle of standards is connected to trees that grow slowly to
large dimensions (i.e., Quercus and Fagus), and short rotation periods were used to produce
a regular supply of fuelwood (i.e., Carpinus, Corylus, Alnus, etc.). The management of these
areas was also performed in order to (i) regenerate wooded areas, (ii) provide a seed bank
for the establishment and maintenance of woodlands, and (iii) comply with the minimum
density of trees regulated by law [66].

Based on the anthracological information, it was not possible to relate the species
frequencies observed from the analysis of kilns to past woodland structure and composition.
To achieve a better understanding and a more reliable reconstruction of the past landscape,
both natural archives and documental sources were combined. Comparing the fraction
of trees before and after harvesting (Table 3), there was a marked decrease in the number
of Quercus standards, Fagus and Carpinus, compared to the undifferentiated group of
“Fagus and Carpinus”, comprising a heterogeneous assemblage of younger individuals
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not managed for timber production. Similarly, the predominant diameters and tree-ring
curvature observed in the charcoal sample hints to an exploitation of small-diameter wood,
likely coming, especially, from the coppiced management of Carpinus.

One important record that must be considered concerns the inventory of trees on
the limits or borders of the tree felling areas. Because the selection of these trees was not
dependent on the choice of the forest manager and they were not intended to be felled, this
data represents a random sample of trees independent of their species or age. The records
obtained showed a high percentage of Carpinus, which was not evident from the analysis
of the other records.

Charcoal produced from Quercus and Fagus wood is also of good quality, but this
was not the primary source of raw material in this area. Indeed, tree-ring curvature and
the mean initial diameter of charcoal fragments showed that the wood used must have
come from older trees in comparison with Carpinus or Corylus, for instance. Moreover, an
analysis of the age pyramid of Quercus reveals that the young standards represented only a
small portion (c. 8%) of the overall individuals. The opposite was verified for the standards
where Quercus was the only taxon present, and the middle-aged trees represented half of
the individuals. The much higher proportion of Quercus in the middle-aged standards
than in the young standards shows that Quercus trees were left to grow for a long time
(more than one cycle of regeneration) to provide timber. However, a remarkable amount of
Quercus fragments in the studied charcoal sample presented some anatomy traits connected
to low quality wood, such as sudden growth suspension in latewood. Such low-quality
specimens were used for charcoal production. This particularity in tree rings can be an
indication of coppice woodland management [67] or stress. Concerning Fagus and Carpinus,
historical archives do not mention the occurrence of Fagus as a standard which is surprising
and rare since both species must have been managed to accumulate wood, or as a way to
help forest regeneration.

5. Conclusions

The study of 48 charcoal kilns from the Meuse lowlands in Northeastern France
revealed the large dominance of Carpinus betulus, which is rather uncommon in charcoal
kiln studies. Several chronological analyses were performed using different approaches.
The results point to the post-medieval period; kilns from earlier periods were not found.
This approach placed charcoal production in this area up to modern times in the 19th
and early 20th century, in an era where fossil fuels were broadly used. Concerning the
taxonomic diversity, along with the dominance of Carpinus, several accompanying taxa such
as Fagus, Corylus or Quercus were also identified. Combining taxonomic data from both
charcoal fragments and historical written sources, and the estimation of wood diameter
of the charcoal remains, showed that former woodlands were most likely subject to a
coppice-with-standards management regime, where small diameter wood (Carpinus or
Corylus) was used for charcoal production, while large diameter wood was preferred for
timber (Quercus or Fagus). Data from the charcoal archives is supported by historical written
records that point to this differential use of resources. The use of Carpinus is congruent with
the ecological requirements and characteristics of the tree. Carpinus is a very well-known
resprouter, and is therefore a good, regular and fast wood supplier for charcoal production,
unlike Quercus and Fagus that were harvested for timber. However, the role of Carpinus in
long term forest dynamics in NW-European temperate lowland woodlands is still unclear,
since it appears to be strongly influenced by human practices.

In the case of documental sources, the information gathered can be biased by the pur-
pose of the information gathered. On the other hand, charcoal kiln content can be affected
by bottleneck events (e.g., selection of wood for charcoal production or sampling). This
study shows that the integration of different proxies in palaeo-environmental approaches
is key to achieving a better understanding of resource exploitation and landscapes from the
past.
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absolute frequency), in decreasing order. Figure S1: Boxplot for the five community structure index
according to the subsample location. Figure S2: Factorial planes of the COA on the kiln x vegetation
table.
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