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ABSTRACT

Pedoanthracological methods have never been used for studying natural and anthropogenic factors of ecosystem
dynamics in the area of the Middle Russian Upland. The article presents results of the first study of soil charcoal
stratigraphy, taxonomy, and radiocarbon dating combined with morphological analysis of soil profiles per-
formed for sandy soil (Podzols and Arenosols) in the Meshchera Lowlands. Charcoal samples from different soil
patterns and horizons were taken from 19 soil pits in four forest sites. The taxonomic identification of charcoals
was performed for 24 soil samples; 12 charcoal samples were radiocarbon-dated. The following three patterns of
ancient pedoturbations were studied in the soil profiles: arable layers, root channels, and pits formed after
treefalls with uprooting. Results of soil charcoal analysis were compared with pollen and microscopic charcoal
analysis of the cores taken in the surrounding peats. Pinus charcoals of various age prevailed in all charcoal
samples. Charcoal of Betula and Sorbus also occurred. The oldest charcoal fragments were 2610 cal. BP. The
remaining charcoal samples were mainly grouped into three clusters: about 2200, about 900-1000, and later
500 cal. BP. We assume that most charcoal samples were associated with burning and subsequent plowing which
provided the upper layer of the soil (arable layers and sometimes root channels) with charcoal fragments.
Charcoals were most abundant in the deepest pits formed after ancient treefalls. Periods of accumulation of
charcoals in the peatlands and in the soil did not coincide for the last several millennia in the study region:
intensive mixing of charcoals into the soil began after a decrease in the flow of charcoals into the peats. We
associate this with the changing dynamics of landscapes under the influence of anthropogenic factors.

1. Introduction

reconstruction of changes in vegetation, soils and other components of
ecosystems as well as for revealing of factors of these changes and for

The convergence between the “classical” ecology and Quaternary
paleoecology becomes an important feature of modern studies in pa-
leoecology and historical ecology (Reitalu et al., 2014), together with
use of complex methods to reconstruct the history of ecosystems and
landscapes. Main methods of these studies usually include analysis of
pollen data and dendrochronological analysis (Leopold and Volkel,
2007; Touflan et al., 2010; Adamek et al., 2015; Hultberg et al., 2015;
Novék et al., 2018).

A number of studies have shown high importance of human activity
for the dynamics of ecosystems and landscapes in the Holocene (Kirby
and Watkins, 1998; Agnoletti and Anderson, 2000; Vera, 2000; Foster
et al., 2003; Dearing et al., 2006; Reitalu et al., 2013; Smirnova et al.,
2017).

At present, there are also novel methods which allow for
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identification of the factors of ecosystem dynamics in the past.
Pedoanthracology which studies wood charcoals from soils and sedi-
ments (Carcaillet and Thinon, 1996; Talon et al., 2005; de Lafontaine
and Asselin, 2011; Nelle et al., 2013) can provide such modern methods
of ecosystem reconstruction. Generally, pedoanthracology studies dy-
namics of wood species in space and time, and also history of fires, both
of which can be applied to reconstruct history of human impacts as-
sociated with burning. An important feature of the pedoanthracological
methods is the possibility to reconstruct discrete events in the history of
local sites (Clark, 1988; Clark et al., 1998; Talon, 2010; Cunill et al.,
2012; Robin et al., 2013; Robin and Nelle, 2014). However, except for
studies of colluvial and aeolian deposits (Jansen et al., 2013; Larsen
et al., 2016; Henkner et al., 2017), sampling of soil charcoals is not
usually associated with functional analysis of charcoal location in the
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soil profile, while many authors note an uneven distribution of char-
coals along profiles (Carcaillet, 2001; Sass and Kloss, 2015; Kasin et al.,
2016; Moser et al., 2017).

Charcoal movement in the soil is commonly associated with dif-
ferent types of soil regrouping determined by pedoturbation (Hole,
1961; Wood and Johnson, 1978). Tree uprootings appear to be a
powerful natural factor of pedoturbation in forests (Schaetzl et al.,
1989a; b; Samonil et al., 2010). Soil charcoals associated with windfalls
have already been studied, for example by Gavin (2003), Embleton-
Hamann (2004), Talon et al. (2005), Samonil et al. (2013), etc. Among
anthropogenic factors of pedoturbation and charcoal translocation in
the soil, various types of soil cultivation performed by different agri-
cultural tools can be marked (Bobrovsky, 2010). Pedoturbations form
various patterns in soil which can be revealed by soil morphological
analysis. Therefore we assumed that morphological analysis of soil
patterns could be applied to explain the origin of charcoals in the soil
and causes of their concrete locations. The main hypothesis of our re-
search was that uneven distribution of charcoals in the soil is associated
with pedoturbations: charcoal position within the soil ares controlled
by a type of pedoturbation responsible for the charcoal movement.

The aim of our research was to perform a functional analysis of
charcoal location in the soil: to study soil charcoal stratigraphy and
taxonomy, to perform radiocarbon dating of soil charcoals, and to as-
sociate their results with morphological analysis of soil pits. It is simpler
to study traces of pedoturbations in sandy soils: due to the large size of
the particles, leaching is difficult there and pedoturbations become the
main factor of soil mixing and of particles regrouping. Therefore, we
selected Pinus sylvestris forests on sandy soils in the Meshchera
Lowlands as the object of our investigation. The general purpose of our
research was to study the history of ecosystems in the Meshchera
Lowlands and to assess natural and anthropogenic factors of ecosystem
dynamics in the Holocene, that would be compliment earlier paleoe-
cological reconstructions executed on samples from surrounding peats
(Dyakonov and Abramova, 1998; Abramova, 1999; Novenko et al.,
2016). Therefore we also compared results of soil charcoal analysis with
pollen and microscopic charcoal analysis of the cores taken in sur-
rounding peats (Novenko et al., 2016).

2. Study area

Study area was located in the southeastern part of the Meshchera
Lowlands: in the Klepikovsky district of the Ryazan region; about
160 km south-east from Moscow and about 70 km north-east from
Ryazan (Fig. 1). The area is a part of Polesie landscape represented by
sandy lowlands and located on a border of the nemoral and hemiboreal
forest region (Smirnova et al., 2017). Pinus sylvestris (Scots pine) forests,
which dominate on sandy soils in Polesie, are refugees of boreal vege-
tation, a geographically separated analogue of boreal coniferous forests
of northern Europe in more southerly areas (Novak et al., 2012). The
role of fires in the dynamics of vegetation and soils is comparable to
that observed in boreal forests (Smirnova et al., 2017).

The study area is located in the Pra River basin. Undulating, mor-
aine-fluvio-glacial plains formed by the Middle Pleistocene (MIS 6)
deposits of varying thickness and drainage condition prevail in the area
(Novenko et al., 2016). The highest elevations in the relief are occupied
by eolian-fluvio-glacial hilly plains and small ridges. Numerous bogs
are located in small depressions formed by thermokarst processes
during the Last Glacial Maximum (Ivanov, 1995). The thickness of the
Quaternary deposits is about 20 m (Annenskaya et al., 1983; Velichko
et al., 2001). There are numerous lakes in the area, called Lakes Kle-
pikovskie, including Lake Velikoye and Lake Beloye. The water's edge is
located at elevation from 111 to 112 m above sea level.

The climate in the area is temperate continental. In 1995-2015,
average annual temperature was 3.8 °C; average temperature of July
and January was 18.6 °C and minus 11.2 °C, respectively; average an-
nual precipitation was 550 mm (www.ecad.eu; Tuma weather station).
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The high coefficient of humidity (1.2-1.4) and the flat topography of
the area lead to fast paludification.

Sandy soils Podzols and Arenosols prevail in the region; Stagnic
Podzols and Histosols are common in depressions on the border with
peats. Soils taxons are given in accordance with World reference base
for soil resources (IUSS Working Group, 2015).

3. Materials and methods
3.1. Location and vegetation of the sites

Soil and soil charcoal samples were collected in four sites in June
2017 (Fig. 1). Site 1 was located close to Pridorozhnoe peatland
(55.21055 N, 40.24376 E); Site 2 was located close to Chernoe-1 peat-
land (55.29844 N, 40.23931 E); Site 3 was located close to Studench-
eskoe peatland (55.26686 N, 40.20630 E), and Site 4 was located close
to a peatland without name situated near Lake Beloe (55.27364 N,
40.23502 E).

All sites contained small ridges and depressions with shallow
swamps. There was neither deadwood, nor pits or mounds formed after
treefalls with uprooting in the sites. Pinus sylvestris forest with green
mosses in the ground layer occupied gentle ridges. According to the tree
cores, Scots pines were from 50 to 70 years old; pines had probably
been planted, as we could assume from their regular spatial structure.
Betula pendula also often occurred in the overstorey. Quercus robur and
Picea abies were found in the sparse undergrowth. Except for Quercus
robur, other broad-leaved trees, such as lime (Tilia cordata), maple (Acer
platanoides), ash (Fraxinus excelsior), and elm (Ulmus glabra) rarely
occur in Polesie, and they were absent in the study sites though general
areas of distribution of these species cover the Polesie region (Smirnova
et al., 2017). In the understorey, Sorbus aucuparia and Frangula alnus
were found. Luzula pilosa, sometimes Vaccinium vitis-idaea, Pteridium
aquilinum and Festuca sp. dominated in the poor field layer, which
covered 5-15%; green mosses covered 25-95% of the bottom layer (the
values were visually estimated). Shallow swamps in depressions were
covered by separately growing Pinus sylvestris and Betula spp. in-
dividuals; cotton-grass (Eriophorum vaginatum) and Ericaceae (Ledum
palustre, Chamaedaphne calyculata, and Oxycoccus macrocarpus) occur in
the field layer; there was a dense cover of sphagnum in the bottom
layer.

3.2. Morphological description of soil profiles

We reconstructed ecosystem history based on morphological ana-
lysis of patterns in soil profiles. It was possible, because various past
events in the ecosystem affected the soil and led to changes in soil
morphological structure: they changed the soil material or caused the
soil translocation. Specific patterns thus appear in the soil and they can
be distinguished in the profile. In the study region, main impacts
leading to pedoturbations are as follows: growth and death of trees that
create root channels in the soil; pits after treefalls with uprooting; and
soil cultivation with agricultural tools, primarily arable tools. The most
complete technique for diagnostics of various impacts on ecosystem by
soil morphological analysis was proposed by Ponomarenko (1999); it
was also specified by Bobrovsky (2010) and it is briefly described
below.

Windthrows, creation of pit-and-mound topography and movement
of soil material due to treefalls with uprooting are described fairly well
(Armson and Fessenden, 1973; Allen, 1992; Beatty and Stone, 1986;
Schaetzl et al., 1990; Samonil et al., 2010, 2016; Pawlik et al., 2017;
Phillips et al., 2017; Valtera and Schaetzl, 2017). Soil charcoals asso-
ciated with windfalls have also been studied, for example by Gavin
(2003), Embleton-Hamann (2004), Talon et al. (2005), Samonil et al.
(2013). With time, when pits and mounds disappear from the soil
surface, some traces of soil translocation remain in the soil in a form of
specific morphological patterns (Ponomarenko, 1999; Samonil et al.,
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Fig. 1. Location of the study area and sites from 1 to 4.

2013; Bobrovsky and Loyko, 2016). These patterns include: (1) treefall
pits (cauldrons), (2) spotted or streaky structures from the material of
different contrast, including single lumps/spots, (3) blocks of “buried
material”, (4) bleached soil material, (5) signs of hydrogenous changes
of soil material (gleization), and (6) soil inclusions (litter and charcoal).
Among treefall-related pedoturbations, the first two patterns occur
most often (Bobrovsky and Loyko, 2016).

Another pattern, root channels which have been formed by roots of
live trees, also often occurred in soil profiles (Bobrovsky, 2010; Pawlik
et al., 2016). If trees die and do not fall with uprooting, or if trees were
cut, their roots remain in the soil and gradually decompose there. Root
channels can be filled by decomposing root matter or by the soil. Sharp
root channels in soil profiles are formed after such trees as birch, aspen,
and pine, which have a denser bark of the roots than their inner part
(Ponomarenko, 1999). The root bark of these trees decomposes more
slowly than the root inner part and forms “a container” which is filled
with soil material from the upper soil layers as the wood decomposes.
Root channels have a circular section in the horizontal plane, which is
different from frost wedges, which have an extended structure in the
horizontal plane. It is also possible to distinguish in the soil profile
between the cases when roots decomposed inside the soil and when
they were pulled out artificially from the soil. To get out a tree stump
after felling, a man had to cut roots at the soil surface and then to rock
and pull the stump with the root system. If this was the case, the filling
of the root channels occurred quickly, almost simultaneously, with
large clumps. Due to the rocking and pulling of the stump, the upper
part of the root channel becomes enhanced with indistinct edge. Thus a
partial destruction of the upper edge of a root channel and the filling of
the channel with large clumps of mineral soil are signs of artificial
uprooting of tree stumps after felling.

The main sign of agricultural cultivation of soil is an arable horizon

(a specific upper layer of the soil) which often occurs with a distinct
bottom line (“plow sole”) in the profile (see, for example, Moser et al.,
2017). Peculiarities of the arable horizon structure depend on a type of
the applied soil cultivation tool (harrow, ard, plow, or wooden plow).
However it is difficult to distinguish patterns which were formed by
different tools after repeated impacts within approximately the same
soil thickness. Features of the arable horizon structure are mostly de-
termined by the system of agriculture (slash-and-burn, or shifting, or
three-field system) including presence and frequency of fertilization,
depth of soil cultivation, etc. Some of these features can be identified by
morphological analysis of the soil profile.

For the each site, one soil profile with a depth of about 150 cm and
several shallow pits with a depth of about 50 cm were dug and de-
scribed. All soil pits were located randomly within the sites, but mainly
on tops of slopes. The latter was done in order to more accurately de-
termine the original location of charcoal pieces, as they have a good
ability to move over long distances, primarily with water (Carcaillet
et al., 2007). As a result of the top location of dug pits, the distances of
the possible transfer of charcoals would be no more than the first 10 m.
Only two pits (9 and 12) were dug in the lower part of the slopes and
charcoals had been able to transport from the adjoin slopes from a
greater distance, but no more than 100 m.

Charcoal was taken from localities in the pits where charcoal frag-
ments were visually distinct. Totally 19 soil pits were sampled for
pedoanthracological analysis and all pits were described: sketches and
photographs were made, location of charcoals and location of patterns
associated with ancient plowing, treefall with uprooting and channels
of tree roots were registered. Live roots and traces of small roots were
not registered.
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3.3. Charcoal sampling and analysis

Anthracological samples of 1000 cm® were randomly taken from
each soil pattern and horizon. Samples were dried on air and gently
sieved wet through 2mm mesh size (Carcaillet and Talon, 1996).
Charcoal fragments were extracted by hand from the sieved samples
and then weighed to calculate charcoal concentration (or anthraco-
mass, g of charcoal per kg of dry soil).

Taxonomic identification of charcoals was performed using a re-
flected light microscope (40-400x) using wood anatomy atlas (Benkova
and Schweingruber, 2004). The transverse, radial and tangential ana-
tomic planes of each charcoal were observed to identify charcoals at the
genus taxonomic level.

Twelve largest charcoal specimens from 10 soil pits were radio-
carbon-dated in the Institute of geochemistry and geophysics of the
National Academy of Sciences of Belarus (IGSB). Radiocarbon age of the
charcoal was determined by the liquid scintillation counting (LSC).
Standard techniques including acid-base-acid (ABA) treatment were
performed. The samples were placed in 1M HCI and heated to 80 °C for
1h, centrifuged and decanted. Then the samples were washed with
0.1 M NaOH and treated with dilute HCI, then washed with deionized
water and dried at 105 °C. The activity of '*C was determined in ben-
zene using a Quantulus 1220 liquid scintillation counter.

The '*C dates were calibrated using the program Calib 13.0 and the
calibration dataset Intcall3 (Reimer et al., 2013). Calculations were
done at 20 level.

4. Results
4.1. Soil types and soil horizons

Podzols and Arenosols prevailed in the study areas (Table 1). Var-
ious patterns of ancient pedoturbations (Fig. 2, Table 2) were described
in the profiles including arable layers (al), pits of ancient treefalls (t-
pit), and root channels (rc). Besides traces of concrete ancient pedo-
turbations, a layer with their traces, usually in the form of spotted or
streaky structures, and sometimes in the form of root channels, was also
distinguishable in the profiles. A bottom line of this turbated layer was
indicated as tl (Fig. 2).

Profile 1 was located in Site 1. Soil was Umbric Brunic Arenosol
(Nechic) with horizons O — A — Bw — C. There was an ancient arable
layer (all), a lower part of which included traces of various turbations;
we distinguished this lower part as a separate arable layer (al2).
Deeper, there were no clear patterns of pedoturbations, but the horizon

Table 1
Soil types and locations of soil pits in the Meshchera Lowlands.
Site Pit Relief Soil
1 1 flat top of the ridge Umbric Brunic Arenosol (Nechic)
1 2 slope Umbric Brunic Arenosol (Nechic)
1 3 slope Umbric Brunic Arenosol (Nechic)
1 4 slope Umbric Brunic Arenosol (Nechic)
1 5 slope Umbric Brunic Arenosol (Nechic)
1 6 slope Umbric Brunic Arenosol (Nechic)
1 7 slope Umbric Brunic Arenosol (Nechic)
2 8 flat top of the ridge Entic Podzol (Lamellic)
2 9 bottom of the slope Stagnic Albic Podzol
3 10 flat top of the ridge Entic Podzol (Lamellic)
3 11 flat top of the ridge Entic Podzol (Lamellic)
3 12 bottom of the slope Stagnic Folic Albic Podzol
4 13 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 14 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 15 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 16 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 17 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 18 flat top of the ridge Someriumbric Stagnic Albic Podzol
4 19 flat top of the ridge Someriumbric Stagnic Albic Podzol
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Bw included a non-contrast spotted material with a border in form of
large cauldrons.

Profile 8 was located in Site 2. Soil was Entic Podzol (Lamellic) with
horizons O — A — Bhs and Bs (E) — BC. Two arable layers (all and al2),
many root channels (from rcl to rc9) and several patterns of ancient
pits were distinguished there. A patchy mixed layer with lamellaes (tl)
and a coarse-wavy bottom line were located deeper.

Profile 10 was located in Site 3. Soils were Entic Podzol (Lamellic)
and Albic Brunic Arenosol (Lamellic) with horizons O — A (E) — Bhs, Bs,
E — Bs and Bts — BC. There were an ancient arable layer (al) and a
deeper located pattern of a tree-uprooting ancient pit (t-pit). There
were also two root channels (rc1 and rc2) superimposed on a hetero-
geneous mixed layer (tl).

Profile 13 was located in Site 4. Soil was Someriumbric Stagnic
Albic Podzol with horizons O — A — Bhs — Bs and Bts — BC. There were an
ancient arable layer (al) and a spotted layer from mixed E and Bhs (t11)
under the arable layer. Many ancient root channels (from rcl to rc13)
adjoined tl1. A mixed layer of diverse material (t12) was located deeper.
It was possible to assume a boundary of an ancient tree-uprooting pit (t-
pit) in this mixed layer.

4.2. Soil charcoals stratigraphy

Twenty four charcoal samples were taken from 19 soil pits
(Table 3). Charcoals were found at a depth of 4-45 cm. In most cases
(11 samples) the charcoals were found in old arable horizons, where
they occurred unevenly by light clusters; in Profile 1, the charcoals
were also located as narrow layers in the lower part of the arable
horizon (samples 1-1 and 1-2, Fig. 3a). Three charcoal samples were
taken from sediments in the bottom part of the slopes (pits 9 and 12).
Two samples were located in ancient root channels (Fig. 3f). Five
samples were found in the pits of ancient treefalls (Fig. 3i). For three
samples in Site 4, it was not possible to link the charcoal positions to
patterns of ancient pedoturbations in the profiles.

4.3. Soil charcoal taxonomy and concentration

From 4 to 100 fragments of the charcoal occurred in the samples.
Totally 237 charcoal fragments (4.59 g) were taxonomically identified.
Trees of three genera were identified: Pinus, Betula and Sorbus (Table 3).
The Pinus charcoals were absolutely predominant: they occurred in all
samples from all sites, whereas Sorbus charcoals occurred once in Site 3
and Betula charcoals were twice attested in Site 1 and 3. Charcoal
concentration varied from 1.54 to 133.36 g/kg of dry soil (Table 3).
There was no clear correlation between the depth of charcoal location
and their anthracomass (Fig. 4), but four samples with the largest
charcoal concentration were taken from a depth of 15cm and more,
two of them were taken from the pits of the ancient treefalls (samples
3-5 and 4-2).

The mean charcoal concentration in Sites 1, 2, 3 and 4 was
8.1 + 58,10.8 + 1.8, 24.1 + 6.5and 25.8 + 30.7 g/kg of dry soil,
respectively. For sites 3 and 4, a great proportion of the charcoal con-
centration was provided by samples 3-5 and 4-2 which were taken
from ancient pits of treefalls.

4.4. Radiocarbon dating of soil charcoal samples

The radiocarbon dating of 12 charcoal samples showed that the
charcoal age varied from 55 + 80 to 2670 *+ 125cal. BP (Table 4).
The ranges (28) of radiocarbon dates formed three clusters (Fig. 5):
about 2200 cal. BP (the Early Iron Age), about 900-1000 cal. BP (the
Early Middle Ages) and the latest 500 cal. BP (the Modern Period). Only
for three samples (IGSB-1781, 1776 and 1779) probability peaks were
located between these clusters. There was a large gap in time between
three samples dated to the Early Iron Age and the remaining twelve
samples dated to the Middle Ages and the Modern Period.
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Fig. 2. Patterns of ancient pedoturbations in soils of the Meshchera Lowlands: al —arable layer, rc — root channel, t-pit — pit of treefall, tl — bottom line of the layer
with visually distinguishable signs of soil mixing. Large accumulations of charcoals are blackened. See description in Table 2.

In general, there was a positive correlation between the age of
charcoals and the depth of their location in the pits (Fig. 6). A notable
exception was shown in sample 4-1 from horizon A (old arable layer) in
Site 4. A weak positive correlation was visible between the anthraco-
mass of the samples and their age (Fig. 7). Two samples (3-5 and 4-2)
mentioned above and taken from pits formed after treefalls had the
largest anthracomass and the maximum age.

4.5. Soil charcoals and soil patterns

4.5.1. Site 1, profile 1

The arable horizon comprised two layers. The upper layer (all) was
relatively homogeneous with a very even bottom line, and haven to-
gether, this indicated that the soil had been repeatedly plowed up. The

depth of the ancient tilth (14 cm) was common for arable tools, such as
an ard or a wooden plow (“sokha” in Russian) (Fig. 2, Table 2). Char-
coal pieces were disseminated through the layer. Two dates were
identified from soil pits 4 and 6 located near the soil profile on a slope
at the same soil layer as all. These dates were 140 + 105 and
280 = 125cal. BP; it suggests the existence of shifting cultivation or
slash-and-burn at that time in the site. These agriculture systems in-
cluded consecutive stages of forest burning, plowing, free forest de-
velopment and forest burning again. Charcoal pieces were partially
plowed into the arable horizon; most likely they originated from the
burning for agriculture. However, we cannot exclude a version that
these charcoal pieces had been formed by accidental fires, and then
they were plowed into the soil. There were no clear traces of root
systems of trees that grew between periods of plowing.
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Table 2
Patterns in the study soil profiles in the Meshchera Lowlands.
Label Pattern/horizon Description Depth, cm
Site 1, Profile 1
0o litter moderately decomposed litter of Pinus sylvestris prevails 0-4
all arable layer, depth 14 cm, an even bottom line relatively homogeneous horizon A, reddish gray (5Y 5/2), spots of Bw, brown (7.5YR  4-18 (16)
5/4), albic, pinkish gray (7.5 YR 7/2); sparse charcoals < 0.5 cm
al2 lower part of arable layer; uneven bottom line; patches as spots of An umbric (rarely albic) in Bw, strong brown (7.5 YR 5/6); sparse 18-24 (30)
traces of impacts of an arable tool (an ard) are visible charcoals < 0.5 cm, 0.5-2 cm (sample IGSB-1773), small layers of charcoals in some
places
tl bioturbated horizon, bottom line in a form of large pits Bw, reddish yellow (7.5 YR 6/6), spotted 24-50
(> 120)
C pinkish gray (7.5YR 7/2) > 50 (120)
Site 2, Profile 8
(0] litter moderately decomposed litter of Pinus sylvestris prevails 0-3
all arable layer, depth 11 cm, even bottom line relatively homogeneous, well-mixed A, brown (7.5 YR 5/2) 3-14
al2 arable layer, depth 17 cm, even bottom line heterogeneous, slightly mixed A, Bs and Bhs, yellowish brown (10 YR 5/4) prevails 14-20
rcl filled root channel, partial destruction of edges, diameter filled by large spots: in the upper part spots of Bhs reddish gray (5 YR 5/2), in the lower ~ 14-50
7 cm part Bs, brown (7.5 YR 4/4)
rc2 filled root channel, destruction of edges, diameter about filled by large spots: in the upper part spots of Bhs reddish gray (5 YR 5/2), in the lower = 20-65
13cm part Bs, brown (7.5 YR 4/4), charcoals 0.5-2 cm (sample IGSB-1774) at depth 25-30
cM
rc3 filled root channel, partial destruction of edges, diameter filled by spots, relatively homogeneous (well mixed) material, mainly Bs brown 20-85
about 8 cm (7.5YR 5/4)
rc4 filled root channel, diameter 7 cm ferruginous root pseudomorph, dense, black (5 YR 2.5/1) 20-55
re5 filled root channel, partial destruction of edges, diameter filled by relatively homogeneous material: in the upper part Bhs, reddish gray (5YR5/  20-50
5cm 2), in the lower part E, pinkish gray (7.5 YR 7/2)
rch filled root channel, partial destruction of edges, diameter filled by spotted material in the upper part, mainly Bs strong brawn (7.5 YR 4/6), in the =~ 20-55
5cm lower part E pinkish gray (7.5 YR 7/2)
rc7 filled root channel, diameter about 12 cm filled by Bhs, light yellowish brown (10 YR 6/4) and E, very pale brown (10 YR 8/2)  80- > 125
rc8 filled root channel, diameter about 14 cm filled by E, very pale brown (10 YR 8/2) 95- > 125
rc9 filled root channel, destruction of edges, diameter about pinkish white (7.5 YR 8/2) 80-120
12cm
t-pitl two patterns of a treefall pit of rotational treefall on three filled by large parts of various material: in front part Bhs prevails, dark reddish gray =~ 20-82
walls, depth > 82 cm (5YR 4/2), in rest parts Bs, brown (7.5 YR 5/4)
t-pit2 treefall pit pattern, depth > 80 cm filled by no contrast Bs, pinkish gray (7.5 YR 7/2) 20-80
tl lower part of bioturbated (mixed) layer, bottom line is large- ~ Bs, spotted with lamellaes, main colour is pinkish white (7.5 YR 8/2) <115
wavy, sometimes as tongues
BC pinkish white (5 YR 8/2) > 115
Site 3, Profile 10
0o litter moderately and highly decomposed litter of Pinus sylvestris prevails 0-5 (7)
al arable layer, depth 10 cm, even bottom line locally relatively homogeneous (well mixed) material, whereas it differs in different 5-15
sections of the profile; A prevails, pinkish gray (7.5 YR 6/2), spots of E in the upper
part, pinkish white (7.5 YR 8/2); Bhs prevails on the wall 3a, pinkish gray (5 YR 6/2);
sparse clusters of charcoals < 0.5 cm, 0.5-2 cm (sample IGSB-1777).
t-pit treefall pit pattern, depth > 70 cm large parts of various material including E white (5 YR 8/1), Bs, light brawn (7Z.5YR 6/  15-70
4) and very pale brown (10 YR 8/4), Bhs yellowish red (5 YR 4/6); fine-grained
structure, charcoals > 2 cm (sample IGSB-1778) on the wall 3b in the form of two large
clusters
rcl filled root channel, partial destruction of edges, diameter filled by spotted material, mainly E white (5 YR 8/1) with Bs, pinkish gray (5YR 7/2), 15-85
about 18 cm depper Bs greyish brown (7.5 YR 6/2) which are colored by charcoal in the upper part,
charcoals 0.5-2, > 2 cm (sample IGSB-1776)
rc2 filled root channel, diameter 9 cm filled by spotted material, mainly Bts, pinkish gray (7.5 YR 7/2) 65-140
tl bioturbated (mixed) layer in the lower part, bottom line is various material of horizons Bs and Bts, mainly very pale brown (10 YR 8/4, 8/2); <100
large-wavy; several root channels going deep, diameter about  many spots inside probable pits with unclear lateral boundaries up to a depth of
12cm 90-100 cm; material in the relatively large root channels (mainly Bts) is deeper 100 cm
BC pink (7.5 YR 7/4), pinkish gray (7.5YR 7/2) > 100 (140)
Site 4, Profile 13
(0] litter moderately decomposed litter of Pinus sylvestris prevails 0-10
al arable layer, depth 6 cm, uneven bottom line relatively homogeneous (well mixed) material, A, dark reddish brown (5 YR 3/2), 10-16
sparse charcoals < 0.5 cm, 0.5-2 cm (sample IGSB-1780)
tl1 turbated, strongly mixed layer with a wavy bottom line spotted, albic E prevails, pinkish gray (5 YR 7/2), spots of AE, reddish gray (5YR 5/2), 16-26 (35)
Bhs weak red (2.5 5/2), locally Bs, brown (7.5 YR 4/4)
rcl-rcl3  root channel, destruction of edges in the upper part filled by tl1 in the upper part, ferruginous root pseudomorph, in the lower part, dense,  26-50
dark reddish brown (7.5 YR 2/2), with boundaries of varying degrees of clarity (43-57)
t-pit treefall pit pattern, depth > 95 cm filled by relatively un-contrast material, Bs in the upper part, strong brown (7.5YR 4/  26-95
6) and brown (7.5YR 5/4)
tl2 lower part is bioturbated (mixed) layer, wavy border various material of horizons Bs and Bts, spots inside probable pits with unclear lateral <125
borders
BC pinkish gray (7.5YR 7/2) > 125

The lower layer of the arable horizon (al2) was the result of an
earlier and slightly deeper plowing. This layer was quite heterogeneous:
probably the material of the upper horizon was buried in the horizon
Bw by an arable tool. This layer was noticeably darker than the upper
layer; charcoal pieces were abundant.

In some places the charcoals had been so plowed in the soil that we
could see small layers parallel to the soil surface without any other
material in the horizon Bw (Fig. 3a). This suggests that forest at this site
was burned and the soil was plowed soon, probably by an ard, with the
charcoal being scattered into the furrows and then buried. Charcoals
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Table 3
Results of charcoal analysis from the Meshchera Lowlands.; patterns: al — arable layer, rc — root channel, t-pit — pit of treefall, sed — slope sediment. Analysis: D.
Kupriyanov.

Site Pit Sample Horizon Pattern Depth, cm No. taxa charcoal No. taxa/ No. defined No. charcoals Charcoal
samples charcoals per 1000 cm® concentration, g* kg ™!

Pinus Betula Sorbus

1 1 1-1 A, Bs al 20 12 1 12 30+ 25.98
1 2 1-2 A, Bs al 20 6 1 6 10+ 1.54
1 3 1-3 A al 4-10 5 1 4 4+ 2.39
1 4 1-4 A al 4-10 5 1 5 10+ 9.29
1 5 1-5 A al 4-8 7 1 7 10+ 3.00
1 6 1-6 A al 4-8 7 1 7 10+ 9.29
1 7 1-7 A al 4-10 9 2 2 12 30+ 4.95
2 8 2-1 Bhs rc 25-30 5 1 5 10+ 8.96
2 9 2-2 A sed 10-15 11 1 11 30+ 12.60
3 10 3-1 A al 4-24 14 1 14 100+ 30.92
3 10 3-2 Bs + E rc 20-35 13 1 13 50+ 15.91
3 10 3-3 Bhs, E t-pit 35-45 13 1 13 50+ 19.51
3 10 3-4 Bhs, Bs t-pit 35-45 13 1 13 100+ 22.39
3 10 3-5 Bs t-pit 35-45 11 1 11 50+ 83.35
3 11 3-6 A al 4-15 13 1 13 100+ 7.45
3 12 3-7 Egh sed 7-9 4 1 2 5 10+ 0.43
3 12 3-8 Egh sed 14-17 8 4 2 12 15+ 12.71
4 13 4-1 A al 4-15 7 1 7 10+ 12.23
4 14 4-2 Bs t-pit 20-25 14 1 14 50+ 133.36
4 15 4-3 A al 4-8 10 1 10 50+ 9.93
4 16 4-4 Bhs 15-20 7 1 7 10+ 3.0

4 17 4-5 Bs 10-15 9 1 9 20+ 2.51
4 18 4-6 Bs 20-25 15 1 15 44 2.82
4 19 4-7 Bs t-pit 30-40 12 1 12 40+ 16.85

Fig. 3. Details of selected profiles with different patterns: an arable layer with a charcoal layer in the bottom (Profile 1); b, ¢ traces of arable tools (Profile 1); d-g
filled root channels: d rc2 and e rc5 in Profile 8, f rcl in Profile 10, g rc2 and rc3 in Profile 13; h pit of ancient tree-uprooting (t-pitl, Profile 8), i pit of ancient tree-
uprooting with charcoal layers (t-pit, Profile 10).
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Fig. 4. Charcoal concentration and depth of charcoal sampling.

from this layer were 1075 + 75 cal. BP. In two places of this arable
layer, there were specific structures (Fig. 2, Profile 1 and Fig. 3b and c),
which could be traces of the use of an ard which entered the soil deeper
than necessary, or stuck, and then was pulled backward. As a result, a
cavity in the form of an ard was formed in the soil; this cavity was then
filled with a material of the upper level. The uneven boundary of the
layer and the “stuck-up” of the ard in sandy soil could be caused by
small weight of the arable tool and a weak tractive force and/or by the
presence of obstacles in the soil such as tree roots.

The middle horizon Bw was the least contrast in this profile among
all the other profiles. There were no clear patterns formed by treefalls
with uprooting and root channels, although some spots were present up
to a depth of 50-120 cm, the spots probably originated from the ancient
treefalls with uprooting. One possible reason for the lack of more
contrast material in the profile was the truncation of the upper part of
the profile as a result of erosion, because the profile was located at the
top of a small hill.

4.5.2. Site 2, profile 8

The profile 8 had the most mosaic structure among the all four full-
sized soil profiles. Two arable horizons were well distinguishable. The
upper layer was homogeneous with a rather even bottom line. As it was
already commented for Site 1, this indicated repeated plowing in the
past. In the second arable horizon, the material was poorly mixed;
contrasting spots occurred; that indicated a single or few plowing in the
past. The soil was treated to a relatively great depth (17 cm); an even
bottom line was also formed. This result could be obtained if a rela-
tively large arable tool was used to plow the soil where large roots were
absent as a result of grubbing (by which we name artificial uprooting of
stumps of trees left after cutting). Charcoal was not attested in either of
the two arable horizons. However, charcoals dating to 905 + 80 cal.
BP (IGSB-1775) were found in a pit No 9, which was dug in the lower
part of the slope (30 m from the edge of the swamp). We suggest that
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Radiocarbon date
Laboratory code

IGSB-1773 —
IGSB-1784 —
IGSB-1783 —
IGSB-1774 —
IGSB-1775 —
IGSB-1776 —
IGSB-1777 —
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Fig. 5. Probability curves of calibrated radiocarbon dates for charcoals from the
Meshchera Lowlands.

these charcoal fragments were transferred down by water after a
burning (or a fire) in the upper part of the slope, where the profile 8 was
located. It is hard to judge whether the fire was related to a clearing.

The possible history of this place could be the following: trees had
been cut and grubbed, small amount of woods had been burnt and soil
had been plowed whereas charcoal had been partly transported by
water down the slope. Assumptions that the plowing had taken place
after felling and grubbing of trees, was confirmed by the analysis of
ancient root channels.

The root channel rcl (Fig. 2, Table 2) began from the upper arable
layer and penetrated the lower one; this meant that the tree had grown
between periods of plowing. Upper parts of the root channels rc 2 to rc
6 adjoined the lower arable layer. Roots that formed the rc2, 3, 5 and 6
had been most likely pulled from the soil as a result of grubbing: partial
destruction of the channel edge was visible in the upper part of the
layer; the channels were filled with relatively large lumps of soil ma-
terial, which looked like spots (Fig. 3d and e). In the channels rc2
(Figs. 3d), 5 (Fig. 3e) and 6, there was also a whitish material albic
which had once been probably located in the upper layer of the soil, but
it was absent from the upper layers at the time of the study. The root
channel rc4 was composed of ferruginous root pseudomorph which was
formed by organic material of the root. Most likely, the tree had been
felled and the root had remained in the soil.

Charcoals dating from 995 + 65 cal years BP (the charcoal sample
2-1) were found inside the rc 2 (Fig. 3d). Most likely, the charcoal had
been on surface of the soil after burning for clearing and then had
spilled into the root channel immediately after pulling the root during

Table 4

Radiocarbon dates for charcoals from the Meshchera Lowlands calibrated according to Reimer et al. (2013) using IntCall3.
Site Pit Sample Depth, cm Matter Lab. code Lab. radiocarbon age (BP) Cal. radiocarbon age (BP) Cal. BC/AD
1 1 1-1 20 Charcoal I1GSB-1773 1145 = 60 1075 = 75 875 = 75 AD
1 4 1-4 4-10 Charcoal 1GSB-1784 245 = 60 280 = 125 1670 + 125 AD
1 6 1-6 4-8 Charcoal 1GSB-1783 130 = 50 140 + 105 1810 + 105 AD
2 8 2-1 25-30 Charcoal IGSB-1774 1065 = 70 995 + 65 955 += 65 AD
2 9 2-2 10-15 Charcoal 1GSB-1775 1000 = 70 905 + 80 1050 + 80 AD
3 10 3-1 4-24 Charcoal 1GSB-1777 1015 = 70 920 * 85 1030 + 85 AD
3 10 3-2 20-35 Charcoal IGSB-1776 1395 = 70 1315 = 55 635 = 55 AD
3 10 3-5 35-45 Charcoal IGSB-1778 2205 * 75 2210 * 90 260 = 90 BCE
3 12 3-8 14-17 Charcoal 1GSB-1779 485 = 70 530 = 70 1420 + 70 AD
4 13 4-1 4-15 Charcoal 1GSB-1780 2150 = 70 2165 *= 110 215 = 110 BCE
4 14 4-2 20-25 Charcoal IGSB-1781 2610 = 80 2670 + 125 720 = 125 BCE
4 15 4-3 4-8 Charcoal 1GSB-1782 50 = 30 55 + 80 1895 + 80 AD
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the grubbing. The age interval of the charcoal intersected with the age
of the charcoal sample IGSB-1775. Possibly both these samples had
been formed in one moment of burning wood for plowing. The differ-
ence in the age of charcoal fragments was small and could be caused by
the different ages of the burned trees.

A pattern of one tree uprooting was clearly distinguishable in the
profile: the pattern of an ancient pit about 80 cm deep was most clearly
seen on the wall of the soil profile (Fig. 2, Profile 8, t-pitl and Fig. 3h).
The front of the pit was filled with a relatively dark material Bhs. The
material of the upper soil layer usually moves to the front part of the pit
when a tree falls with uprooting (Bobrovsky and Loyko, 2016). Later
this upper soil material had been changed probably because of the
agricultural use; in the time of the study there was no such material in
the upper (and any other) parts of the soil. Three more root channels
rc7, 8 and 9 were also clearly distinguishable in the profile. All these
root channels were relatively large in their diameters and they were
filled with light material Bhs & E. In the remaining part (above tl), the
profile was represented by a patchy pattern, in which it was difficult to
distinguish the boundaries of possible pits. It could be assumed that
there was also a pit (t-pit 2). Spotting in the soil was observed to a depth
of more than 115 cm where the lower boundary of tl was located.

4.5.3. Site 3, profile 10

In the upper part of the profile, there was an arable horizon al of
very small thickness with an even bottom line (Fig. 2, Table 2). The
horizon was sufficiently homogenized, but not evenly humusified; signs
of the original mineral material were preserved (different variants of
Bhs, Bs and E in some places). Such patterns usually occur after the
cultivation of soil by loosening tools (an ard or wooden plow) in the
absence of fertilizer (manuring) (Bobrovsky, 2010). Charcoals were
found in some spots where they were mixed with the material of the A
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horizon. The age of the charcoals was 920 * 85 cal. BP (sample 3-1).
There were two most noticeable patterns which were deeper than the
humus horizon: a large root channel (rcl) and a pit of the ancient
treefall (t-pit). We assume that the root channel (Fig. 2, Profile 10, rcl
and Fig. 3f) was formed as a result of the grubbing of a relatively large
tree, most likely Pinus sylvestris. A partial destruction of the upper edge
of the root channel was clearly visible; the channel was filled with large
clumps of mineral soil. A significant part of the material was albic; the
majority of charcoal fragments were located in the upper part of the
rcl. The age of these charcoals (sample 3-2) was greater than that of
charcoals taken from the horizon A: they dated 1315 =+ 55cal. BP.
Therefore, we could assume that forest had been burnt, cut and grubbed
before an agricultural use of the site.

A pattern of the pit of the ancient tree-uprooting was visible on
several walls of the soil profile (Figs. 2 and 3f). The pit was filled with
bright mineral materials, such as Bhs, Bs and E. A very large quantity of
charcoals was found in the pit. In Fig. 2 (Profile 10), we can see that two
layers of charcoals were separated by a layer of mineral soil; these
charcoal layers were beginning to join when digging the profile wall
sideways. Albic and yellowish red, very pale brown Bhs/Bs material
adjoined the accumulations of charcoal fragments. The age of the
charcoals was 2210 = 90 cal. BP that was almost a thousand years
more than the age of charcoals in the root channel rcl. Overturned
material was attested up to 1m and deeper in the profile. The root
channel rc2 was clearly discernible.

In the pit 12 located downslope relative to the Profile 10, next to an
oligotrophic bog, a layer of charcoals and peated material was de-
scribed, above which there was a layer of mineral soil. The profile
structure was typical for the colluvial deposits. We assume that char-
coals and mineral material had been transported by a sheet-wash from
the slope and the top of the hill. The age of the charcoals was
530 + 70 cal. BP that was less than the age of charcoals in the Profile
10, including in the old-arable horizon. These charcoals fragments
could have been formed as a result of a fire or as a result of a forest
burning for agriculture.

4.5.4. Site 4, profile 13

In the upper part of the profile, ancient arable horizon A (Fig. 2,
Profile 13, al; Table 2) was located. The horizon was very small in
thickness and had the even bottom line that was visible on the “greater”
length of the layer. The horizon was well homogenized. Charcoals were
met by light clusters inside the horizon A. The age of the charcoals was
2165 *+ 110 cal. BP. Such ancient charcoals are most likely not related
to agriculture. Probably charcoals after an ancient fire had been
transferred into a pit of a small treefall, and then this material had been
involved in plowing. However, there was no evidence for such an as-
sumption. The structure of the horizon A indicated that it had been
formed rather recently: colour of the horizon was significantly different
from the underlying horizon E; the horizons were nowhere to be im-
plicated; and material of the A horizon did not occur in the root
channels. In the Pit 15 located near the Profile 13, the age of charcoals
from the same horizon on the contrary was relatively small: it was
55 #+ 80 cal. BP.

In the horizon E there were traces of many pedoturbations, almost
all of this horizon was represented by spots (lumps). Such pedoturba-
tions could appear as a result of either treefalls with very small pit
depths, or mixing the soil during the grabbing of small trees. The
bottom line of the horizon E consisted of many semicircular patterns,
which are formed after small treefalls, as well as from small tongues,
most of which continued root channels in the form of ferruginous root
pseudomorphs (Fig. 2, Profile 13 and Fig. 3g). We assume that the most
likely impact on this site had been felling and grabbing of small trees in
order to use the site for agriculture.

In the middle and lower part of the profile, up to 125 cm and deeper
in some places, there were material Bs and Bts with spots which usually
result from soil mixing by tree-uprooting. We could distinguish a
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contour of one of the old pits (t-pit in Fig. 2).

In Site 4, a well-discernible pit of an old tree-uprooting with a large
amount of charcoals (similar to the t-pit in Profile 10 of Site 3) was
described in the pit 14. The age of charcoal samples was
2670 + 125cal. BP (sample 4-2). These charcoals were the oldest
among all other soil charcoals studied in the area.

Thus, in Site 1, all charcoal fragments were associated with the
arable layers; in Sites 2 and 3 they were also associated with arable
layers and additionally with root channels and pits formed after tree-
falls with uprooting; in Site 4 charcoal fragments were associated with
plowing and tree-uprooting. In profile 10 in Site 3, attested charcoals
were associated with all three factors of pedoturbation.

5. Discussion
5.1. Pedoturbations and stratigraphy of charcoals in the soil

The presence of charcoals inside mineral soil is always an evidence
for pedoturbation, if it is not deluvial, alluvial, or eolian deposits. In
about half of the studied cases, charcoals were found in arable layer at a
depth of up to 20 cm (Fig. 4, Table 3). Charcoals could appear in arable
layer when a soil which contained charcoal was plowed. However, in
our opinion, this was generally a rare phenomenon (possibly observed
in the pit 4-2). A more likely situation was that charcoals appeared in
the arable layer when a forest had been burnt before soil cultivation,
which could be either a single clearing of the plot to make it a per-
manent arable land, or periodical clearing under shifting and slash-and-
burn agricultural systems. In such cases, moving of charcoals into the
soil was a result of soil scuffing and mixing by arable tools: usually, by
an ard or a wooden plow. Normally, a plow or an ard could treat the soil
to the depth of 8-12 cm (Bobrovsky, 2010). In the investigated profiles,
the depth of treatment was 6, 10, 11, 14 and 17 cm (Table 2). Culti-
vation of soil by an ard or a wooden plow had a scuffing character, so
quite a long time was necessary to form a homogeneous arable horizon.
During plowing, charcoal was crushed and destroyed, so presence of a
significant number of relatively large charcoal fragments inside an
arable layer indicates a relatively small number of plowing events in the
studied plots. Another sign of a short plowing time is an incomplete
homogenization of the arable layer material. For example, in site 3, the
colour of patterns of the arable layer was the same as the colour of the
lower horizon. Charcoals could be preserved during the plowing, if a
depth of the plowing had decreased (after the initial penetration of
charcoals into the soil), and this can be seen in Site 1.

Besides the arable layers, charcoals were found in root channels.
With the gradual decomposition of dead roots, the released volume of
“the container” was filled with mineral particles, since they were much
smaller than charcoals. Therefore charcoals could not move to root
channels over time, but they could get to these channels with a sharp
pulling out of the roots during an artificial or natural uprooting
(grubbing or windfall, respectively). In all observed cases, the form and
filling of root channels, inside which the charcoals occurred, corre-
sponded to the pattern of grubbing. All this suggests that charcoals
within the root channels originated from a burning before plowing.

After arable layers and root channels, the third type of patterns,
where charcoals were attested in our study, were ancient pits after
treefalls with uprooting. Previous studies (Gavin, 2003; Gavin et al.,
2003a; Talon et al., 2005; Sanborn et al., 2006) reported on the leading
role of treefalls for burial of charcoals in soils. Charcoals can move deep
enough into a pit when a tree falls with uprooting and rotation: the clod
of earth with the roots turns and the roots are torn off; as a result, the
tree trunk slides back into the pit. This type of treefall is called rota-
tional treefall (Beatty and Stone, 1986), complex uprooting (Schaetzl
et al., 1989b), ball-and-socket windthrow (Allen, 1992), or « complete
treefall, with the tree stump tilted vertically but completely situated
within the original micro-depression» (Langohr, 1993). Pinus sylvestris,
which was common in the study area, usually falls with such rotation,

10
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moving charcoals from the surface of the soil and from the upper soil
horizons into the pit formed by uprooting. Charcoals are often located
at the bottom of a pit; however, charcoal translocation into the pit can
be preceded by a deposition of a considerable volume of soil from the
hillock formed by roots. As a result, charcoals or their accumulations
can be separated by layers of mineral soil, as we saw in the profile 10
(Figs. 2 and 3i, Table 2). Totally in our study, about 20% of charcoal
samples were taken from pits of ancient treefalls from a depth
25-45 cm.

One of the problems associated with a diagnosis of ancient events is
a possibility that charcoals that are located in one pattern can arise
from several fire events which occurred at different times. However,
when charcoal fragments are spatially located in clusters, i.e. are not
scattered, it is most likely that the charcoals in one cluster took their
origin from the same fire event, as their transport into one cluster after
several fire events is very unlikely. This assumption was also expressed
by Lertzman et al. (2002) and further confirmed by results of Gavin
et al. (2003b) which showed that radiocarbon dates were very similar
for charcoal fragments from the same stratigraphic layer. For our study,
we also assumed that in one sample there were charcoals of the close
age from the same fire event.

Many authors report the uneven distribution of charcoals along the
depth of a profile: a part of charcoals is usually located in the upper
layer and the other part deeper than 30-40cm (Carcaillet, 2001;
Francis and Knowles, 2001). We suggest such differences in the depth
are caused by different paths of charcoal immersion into the soil. For
example, after soil plowing, the depth of charcoal locations is usually
rather small; however after treefalls, the depth of charcoal location can
reach 30 and even 80 cm (the last we observed on sandy soils in the
west of Central Russian Upland in the Kaluga region). In our study, in
ancient pits charcoals most often occurred at a depth of 40 cm and
maximum charcoal concentration up to 133 g/kg was there observed.

There is an opinion that charcoal in soil becomes more fragmented
over time (Feiss et al., 2017). However, according to our observations,
the degree of fragmentation of charcoals was strongly associated with
factors conditioning charcoal translocation into the soil. In arable
layers, charcoals had been subjects of repeated impacts of plowing and
thus they were maximally fragmented. In the lower parts of arable
layers, charcoals were less fragmented probably due to a decrease in the
depth of tillage during subsequent plowing. In root channels and in pits
formed after treefalls, charcoals of various sizes occurred. And only in
ancient pits after treefalls we could find accumulations of large charcoal
fragments (sometimes up to several cm in size as we saw in the profile
10). We assume that the grinding of charcoals attested in root channels
and in ancient pits had mainly happened before or during treefalls,
because factors affecting size of charcoals seems to be weak inside well-
drainage sandy soils.

5.2. Taxonomic composition and age of charcoals in comparison with the
results of peat sediments analysis; frequency of fire events

Taxonomic composition of charcoals in the studied soil pits was
extremely poor: Pinus charcoals of different age prevailed, that means
dominating of Pinus sylvestris in vegetation for a long time. According to
the polen data in the study region, from about 8000 years BP, broad-
leaved and Pinus sylvestris forests were widely distributed (Novenko
et al., 2016). Among trees Betula, Pinus, Quercus, Tilia, Ulmus, and Alnus
were common; Fraxinus and Salix also occurred. Approximately from
2600 years BP Picea became more frequent (Novenko et al., 2016). Most
of these taxa are common in the region till now; Pinus always is
abundant, while Tilia is greatly reduced, and Ulmus and Fraxinus nearly
disappeared.

The discrepancy between the richness of species composition ac-
cording to palynological data and extreme poverty according to pedo-
anthracology data can be explained only partially. The studied sites
represent combinations of depressions and well drained patches on
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elevations where Pinus could dominate for millennia. Due to a relatively
large biomass of pines, the probability of finding their charcoals is
much higher than that of other species. High proportion of Pinus in the
vegetation had to be supported by frequent fires in the region that is
confirmed by analysis of charcoal layers from five peatlands (Novenko
et al., 2016; Dyakonov et al., 2017): charcoal layers were mainly
formed during the periods 8500-4500 and 3500-2000 cal. BP; periods
between fire events varied from 30 to 80 years in that time. We regis-
tered the oldest fire events in Sites 3 and 4 (Fig. 4, Table 4; samples 3-5,
4-1 and 4-2). Most likely these events were closed in time or even it
was the same fire event, because the discrepancy in time between
samples may be due to the relatively long lifespan of Pinus that leads to
an “inbuilt age” effect (Gavin et al., 2003a).

According to charcoal record in peatlands, the last 2000 years in the
region were characterized by a decline in fire frequency, which was
likely caused by a decrease in forested areas in favour for agriculture
land. However, fire events recorded in soil became more abundant at
this point. A fire event around 1400 cal. BP was registered in Site 3 and
several fire events around 1000 cal. BP (or the same event) were re-
gistered in Sites 1, 2 and 3. Another four charcoal samples from Sites 1,
3 and 4 were 500 cal. BP or less. Thus, there is a discrepancy between
the ages of charcoals in the studied soils and the ages of the charcoal
layers in the surrounding peatlands.

We can offer several explanations for the fact that charcoal almost
simultaneously sharply decreased in the peatlands and began to occur
in the soil. Between 2000 and 1400 cal. BP a decrease in forest cover
and an increase in the proportion of grass communities are found in the
region. Since 1400 cal. BP, numerous indicators of anthropogenic ac-
tivity have appeared, such as cereal pollen (mainly Secale cereale),
pioneer species which are typical for agricultural lands, human settle-
ments and disturbed habitats, such as Centaurea cyanus, Plantago major-
type, Plantago lanceolata, Rumex spp., Convolvulus spp., Polygonum avi-
culare, Ranunculus acris) (Novenko et al., 2016). According to archae-
ological data, the start of widespread farming in the region is attributed
to the early Iron Age (Archeological map ..., 1999), which would be a
starting point of active burning for agriculture in the area.

Before agriculture became abundant, predoturbation, the main
factor controlling charcoal accumulation in soil, had been much less
efficient; they had only been controlled by natural events (first of all,
tree falls with uprooting). Charcoals remaining on the surface of mi-
neral soil could escape accumulation. Combustion in repeated fires is
probably the main cause of charcoal loss (Czimczik et al., 2005;
Schmidt and Preston, 2006). Another important factor of charcoals loss
on raised relief positions is their transport into lower positions by water
and wind (Tinner et al., 2006): the hydrophobicity of charcoals ensures
the easiness of their transfer. Soil erosion after fires can also be ac-
companied by solifluction leading to almost complete destruction of the
upper soil layer on slopes (Gobet et al., 2003; Lespez, 2003). As a result,
between 8000 and 2000 years BP, if fires were more frequent than
pedoturbation events, accumulation of charcoal in soil was primarily
controlled by pedoturbation rates. Additionally, Pinus sylvestris with a
deep and powerful root system dominated the forest in the area. Pines
usually survive a ground fire and do not fall after the fire, increasing the
chance of a time gap between fire events and pedoturbations. According
to peatland charcoal record, fires were quite abundant between 8000
and 2000 years BP that rather decreased litter accumulation rates, re-
ducing potential material for charcoal formation. When agriculture had
begun in the area, predoturbation events became much more regular,
grubbing and plowing followed the burning immediately and ensured
deep penetration of charcoals into the soil, providing opportunities for
charcoal accumulation observed in the area starting from 2000 cal. BP.

6. Conclusion

Sandy soils of the Meshchera Lowlands contain important amounts
of charcoals which can be used as a paleo-archive of ecological data. In
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the study area, charcoals were unevenly distributed both horizontally
and vertically in the soil profiles. Important factors determining the
charcoal presence and spatial structure of their distribution within the
soil (including the depth) were natural and anthropogenic pedoturba-
tions. Soil morphological analysis allowed to reveal patterns in the soil
profile and to assume types of pedoturbation which had conditioned
formation of these patterns. In this study, we discussed the following
soil patterns: arable horizons, root channels, and pits formed by ancient
treefalls with uprooting.

We suggest to associate forming and translocation of charcoals in
soil with a certain stage of the ecosystem history, if charcoals are lo-
calized in some patterns which were caused by plowing, natural or
artificial uprooting and other events leading to pedoturbations. In our
study, for most charcoal samples, we observed a reliable correlation of
charcoal occurrence with burning for clearing and subsequent plowing.
These activities had provided the upper layer of the soil (arable layers
and sometimes root channels) with charcoal fragments. The largest and
most abundant charcoals were located at the greatest depths of ancient
pits formed after treefalls with uprooting. In arable horizons, fine pieces
of charcoal often occurred, because each subsequent plowing more and
more had crushed charcoals, whereas charcoal pieces located in pits of
ancient tree-uprooting did not change with time in their size in con-
dition of well-drainage sandy soils. Older charcoals mostly occurred in
ancient pits originating by tree uprooting, and younger charcoals were
more associated with arable horizons. We explain this by a change from
natural to artificial pedoturbations within the landscape, i.e. by a
transition from free forest development (before active anthropogenic
impacts) to forest clearing by man (felling and grubbing of relatively
small trees) for agriculture.

Periods of charcoal accumulation in peatlands and in soil did not
coincide during the last several millennia in the study region: since
2000 cal. BP the supply of charcoal in the peatlands had decreased and
approximately from this time translocation of charcoal into mineral soil
had begun. We associate this with the changing dynamics of landscapes
under the influence of anthropogenic factors.

Our study shows that combination of methods of pedoanthracology
and soil morphology provides valuable information complementing
palynological studies of ecosystem history.
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