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Abstract 
Charcoal deposits in forest soils have been considered mainly in the context of wildfires. However, slash-and-burn 

cultivation was widespread in Northern Europe until the beginning of the 20th century and extensive areas of former swiddens 
are now covered by forests. The study sites were in Karula National Park in Southern Estonia. Cadastral maps of the 19th century 
were used to identify the historical land use. Macroscopic (visible) charcoal was studied in 57 soil pits, located in historical 
slash-and-burn sites, forests, former arable fields, recent forest fire sites, and experimental slash-and-burn fields. The locations 
of charcoal in the soil profile were recorded. In four sites, the charcoal samples were dated. In regions where the swiddens were 
common in the 19th century, forest soil charcoal is widespread. The charcoal depth in the soil was related to agricultural land 
use duration and methods at different intensities. The depth of the charcoal-rich layer best reflected the historical cultivation, 
though patchy spatial distribution and the evident translocation of charcoal of different fire events complicate the interpretation 
of the charcoal pattern. At present time further studies should address soil charcoal origin and amount in the Baltic region.
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Introduction
From the perspective of climate change, it becomes 

more important to understand past fire regimes to predict 
ecosystem responses to these disturbances. Numerous au-
thors have analysed microscopic charcoal in sediments of 
lakes and wetlands to detect fire frequencies; however, in 
this case, the exact locations of fires could not be deter-
mined. Visible charcoal fragments with a diameter of at 
least 1–2 mm have been described as macroscopic (Wal-
lenius 2002, Scott 2010). Soil macroscopic charcoal is 
considered a sign of local burns (Carcaillet 1998, Ohlson 
and Tryterud 2000, Lynch et al. 2004) because it does not 
translocate through the air and, therefore, has been used 
to study the frequency of forest fires and historical spe-
cies composition (Ludemann 2003, Ponomarenko et al. 
2013, Robin and Nelle 2014, Robin et al. 2014, Kasin et 
al. 2017). Less attention has been paid to forest soil char-
coal formed by slash-and-burn cultivation and land cle-
aring. The effect of slash-and-burn cultivation on forest 
soils has recently received attention in the Baltic region  
(Tomson et al. 2018, Kukuļs et al. 2019).

Soil bioturbation, erosion, and freeze-thaw processes 
contribute to the burial of charcoal (Carcaillet 2001). For-
est fires might consume the complete soil organic horizon 
and leave charcoal above the mineral horizon (Weimarck 
1968, Ohlson and Tryterud 2000, Czimczik et al. 2005, 
Ohlson et al. 2009). If the fire is less intense, only part 
of the organic material might be destroyed, and charcoal 

might remain in the organic layer (Czimczik et al. 2005). 
Soil fauna and plant roots contribute to soil bioturbation 
and, therefore, to charcoal translocation (Gabet et al. 
2003). In forests, the main factor burying charcoal is tree 
uprooting by windthrow (Gavin 2003, Talon et al. 2005,  
Bobrovsky 2010).

Slash-and-burn cultivation (swidden agricul-
ture) has been widespread in Europe and continued 
into the 20th century at least in Austria, Germany, Swe-
den, Norway, Finland, Latvia, Estonia, and Russia 
(Sigaut 1979, Hamilton 1997, Bobrovsky 2010, Jääts 
et al. 2010). However, the effects and traces of slash-
and-burn cultivation on soil have been little studied  
in Europe.

Presumably, slash-and-burn cultivation produced a lot 
of charcoal and mixed it into the soil. Traditionally, wood-
en harrows and primitive ards were used to cultivate the 
swiddens. The depth of ploughing with forked ards was 
5–10 cm (Pärdi 1998). The ploughing depth increased at 
the same time as slash-and-burn cultivation declined and 
mouldboard ploughs were introduced. In Estonia, the 
ploughing depth was up to 15 cm at the beginning of the 
20th century and increased to 20–25 cm after tractors were 
introduced in the 1950s (Kuum 1971).

Bobrovsky et al. (2019) found charcoal at 4–45 cm 
depths in Ryazan region in Russia. The charcoal was found 
mainly from old arable layers; the charcoal was scattered 
and located unevenly in light clusters or narrow layers. 
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Figure 1. Location of the study area

Ponomarenko et al. (2019) registered 5–7 cm thick swid-
den layers and described uniformly distributed rounded 
charcoal fragments with a median diameter of 4–5 mm as 
characteristic of slash-and-burn cultivation at a document-
ed swidden site in Estonia. Mechanical abrasion due to till-
age is considered to rub and crush the charcoal (Ponoma-
renko and Anderson 2013, Bobrovsky et al. 2019); there-
fore, in fields that have been arable for a long time, only a 
small fraction of charcoal would be expected.

This study aims to test the links between forest soil 
charcoal location and land-use history, agricultural land-
use duration and methods, and to discuss the pedoturba-
tion mechanisms to obtain a better understanding of forest 
soil charcoal deposits. The main hypothesis was that the 
locations of macroscopic charcoal in forest soils due to 
land use duration and methods at different intensities (used 
tillage tools, cultivation duration) reflects agricultural  
land-use history.

Materials and methods

Study area
The study was carried out in Southern Estonia in Val-

ga and Võru counties in Karula National Park (Figure 1). 
The climate is moderately continental here. The average 
temperature is –5°C in the winter and 16°C in the summer; 
annual precipitation is approximately 700 mm (Tarand et 
al. 2013). The soils are mainly sandy and loamy acidic 
soils covering Quaternary sediment moraines on the De-
vonian bedrock classified as Albeluvisols, Luvisols and 
Podzols (Kõlli 2012). The region is characterised mainly 
by a hilly relief with moraine kames and eskers. The rela-
tive height of the hills is 25–40 m, and the slopes reach up 
to 30°. In this region, the first signs of cereal cultivation are 
attributed to the Bronze Age (Poska et al. 2017).

Fieldwork
Study sites were selected using historical maps. Ca-

dastral maps from the 19th century were utilised (Appen-
dix 1) to identify land use of the 19th century. Permanent 
arable fields, forests, and buschlands were selected for soil 
sampling. Buschlands were areas used for rotational slash-
and-burn cultivation during the 19th  century (Jääts et al. 
2010). Still, during fieldwork, terrace-like lynchets were 
found in three forest site past ploughings responsible for 
formation of these lynchets (Tomson et al. 2018).

Land use at the beginning of the 20th  century was 
identified using one verst topographical map (published in 
1912) (Estonian Land Board 2019) that reflected the land 
cover classes.

Soil pits were established in 57  sites with different 
land-use history in 2014–2017. Twenty-eight of the sites 
were former buschlands, of which 15 were mapped as 
forests and 13 as arable fields on one verst topographi-
cal map. The 13 arable field sites were afforested later 
in the 20th century. At locations mapped as forests in the 
19th and early 20th centuries, the soil was sampled from 
18  sites. Additionally, soil from four sites of historical 
forest in places where forest fires took place around 2006 
was sampled. These recent forest fire sites were identi-
fied using the Management Plan of Karula National Park 
(Keskkonnaamet 2007). All these 50 study sites are cov-
ered by fresh and dry boreal forests (classification by Paal 
1997). For comparison, five sites were selected that were 
depicted as permanent arable both in the 19th century and 
in 1912 and which are grasslands now. Additionally, two 
sites were sampled (four pits) in abandoned experimental 
slash-and-burn fields established in 2007 and 2009 by the 
Estonian National Museum; the experiment is described 
by Jääts et al. (2011). The experimental fields were estab-
lished in long-time fallows of historical permanent arable 
fields and are currently covered by grasses and shoots of  
deciduous trees.

Luvisols were most common in 
arable fields, while former buschlands 
were dominated by Haplic Albeluvi-
sols and less by Albic Umbric Retisols 
(Stagnic Luvisols). Historical forest 
sites were dominated by Haplic Al-
beluvisols and less by Podzols. Fine 
sands and sandy loams dominated. 
All recent forest fire locations were  
in Podzols. 

Soil pits (50 × 50 cm) were ex-
cavated as semi-excavations (Astover 
et al. 2013). The depth of pits depends 
on soil profile but ranged between 40 
and 60 cm. Charcoal pieces visible 
in the soil profile and with a linear 
dimension greater than 0.1 cm were 
considered as macroscopic charcoal. 
To characterise the location of char-
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coal in the soil, the maximal and minimal depths of char-
coal pieces in the profile were registered. The layer con-
taining a higher portion of charcoal was visually assessed 
and upper and lower borders of this layer were measured. 
Hereinafter, this layer is referred to as the charcoal-rich 
layer, although it did not contain much charcoal in most 
places. In soil pits, the thicknesses of litter and humus lay-
ers were measured. In 34  observed sites (21  buschlands 
and 13 forests), the soil was sampled for chemical analyses 
(pH, N, C, soil specific surface area of humus layer) during 
a previous vegetation survey; differences were not found 
between these land-use groups, and this data has been 
published elsewhere (Tomson et al. 2018). Therefore, the 
chemical analyses were not the focus of the present study.

Data processing and datasets
To analyse the location of charcoal, three land-use 

groups were defined according to the land use types of the 
19th century as follows: arable fields, buschlands, and for-
ests. Four pits from two experimental slash-and-burn fields 
and recent forest fire sites were included into the dataset.

To examine the correlation between land-use duration 
and methods and charcoal location, six groups were de-
fined with different land-use histories and cultivation dura-
tions: arable fields as most-modified by cultivation; former 
buschlands that were arable fields on the 1912 map; bus-
chlands that were depicted as areas with single trees and 
bushes on the 1912 map; buschlands depicted as forests in 
1912; sites depicted as forests in the 19th and 20th centuries 
but with lynchets in foot slopes that indicate cultivation; 
and the forests of the 19th and 20th century without traces of 
cultivation. These groups reflect both cultivation duration 
and land-use methods (long-term forest, slash and burn, 
or permanent arable cultivation) and form the series from 
most effected soils to presumably intact soils. The recent 
forest fire sites and experimental fields were excluded from 
this analysis.

The charcoal from two slash-and-burn sites and two 
forest sites was dated. The samples were collected from the 
humus layer and illuvial layer in buschland sites and from 
illuvial layer from the forest site. The samples were taken 
from the trench wall with a scoop and were stored in plastic 
Minigrip bags as required (BETA 2021). The conventional 
radiocarbon dating method was applied to the bigger char-
coal samples (from forest sites) at the Radiocarbon Labora-
tory, the Institute of Geology at Tallinn University of Tech-
nology. For samples of less than 5 g, both from slash-and-
burn cultivation sites, accelerator mass spectrometry was 
applied in Poznan Radiocarbon Laboratory. In both cases, 
the assemblages of different fragments from the same layer 
were dated. The calibration was done by the same labo-
ratories using OxCal  4.3 program (Bronk Ramsey 2009, 
OxCal 2017).

All statistical analyses were performed with R 3.3.3 
software package (R  Core Team 2020), and the results 
were considered statistically significant at p ≤ 0.05. The 

Kruskal-Wallis test was applied to compare the charcoal 
location characteristics in land-use groups. In the case of a 
statistically significant overall effect of land use, the pair-
wise comparison of land-use groups was performed with 
the Wilcoxon test followed by the Holm correction for 
multiple testing. The Spearman correlation analysis was 
used to study the relationships between charcoal location 
and land-use groups with different land-use history and 
cultivation durations.

Results
Macroscopic charcoal was found in 55 (96.5%) ob-

served sites. Charcoal was not found in the two-former 
slash-and-burn cultivation sites.

The average minimal depth of charcoal did not dif-
fer between the historical land-use groups of arable fields 
(19.4 cm), buschlands (13.1 cm), and forests (10.8 cm) 
(Table 1). In the highest position, the charcoal located in 
the experimental slash-and-burn fields (2 cm on average) 
and recent forest fire locations (0.5 cm on average) did not 
differ between each other and between arable fields. The 
statistical test did not detect differences for most of the 
charcoal characteristics of arable, experimental slash-and-
burn cultivation, and forest fire groups because of the small 
number of sites and great variability of characteristics.

In recent forest fire sites, some charcoal was found 
from the litter layer. In all other groups, including the ex-
perimental slash-and-burn fields, charcoal was not found 
above the mineral soil.

A comparison of the charcoal location in the mineral 
soil (according to the humus layer), considering that at the 
time of cultivation there was no litter layer in buschlands, 
revealed that the minimal and maximum depths of charcoal 
were different in arable fields (19.4 and 35.4 cm) and for-
ests (4.7 and 14.8 cm), while in buschlands the depths (8.6 
and 19.9 cm) were between fields and forests and neither 
different from them (Table 1). The highest position in min-
eral soil was associated with recent forest fires (- 3.75 cm 
on average) where charcoal was also found in the litter lay-
er. For arable fields and experimental slash-and-burn patch-
es, the average values were the same as the absolute depths 
because the forest litter layer is missing from these sites.

The average maximum depths of charcoal were 
ranked as former arable fields (35.4 cm), then in busch-
lands (24.7 cm) and forests (20.8 cm) and were not statis-
tically different from each other. The pattern was similar 
according to mineral soil, but the difference between arable 
fields and forests was confirmed in this case. Single pieces 
with a diameter of 1–2 mm were found under the humus 
layer in all land-use types.

In the buschland and forest, the average depths of 
the upper border of the charcoal-rich layer were in simi-
lar positions (13.8 and 10.8 cm, respectively) but it was 
deeper than in arable fields (28.2 cm) (Table 1). The lower 
border of the charcoal-rich layer differed in arable fields 
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(33.4 cm) and forests (16.4 cm). The lower border of the 
charcoal-rich horizon was in a medium position in busch-
lands (21.4 cm) but was not different from other historical 
land-use groups. In terms of mineral soil, the differences 
were obvious for arable fields (upper border 28.2 cm and 
lower level 33.4 cm). The upper level of the charcoal-rich 
layer was not significantly different for forests and busch-
lands (9.3 and 4.8 cm, respectively), but the lower border 
was different (16.9 and 10.3 cm, respectively) (Table 1).

The results of the correlation analysis (Table 2) 
demonstrated that the depth of charcoal in the soil was 
correlated with the groups, which reflect the agricultural 
land-use duration and methods. The correlation with the 
depth of the charcoal-rich layer was higher than the cor-
relation with the minimal and maximum depths of charcoal 
fragments. The strongest positive correlation was revealed 
between land-use duration and cultivation method and the 
lower border of the charcoal-rich layer in mineral soil.

In former slash-and-burn cultivation sites, the char-
coal was dated 1669–1945 calAD in the humus layer and 
was out of dating range at one site (Table 3). In the illuvial 
layer, the charcoal was much older at one site, while at 

Characteristics, cm
Land use in the 19th century

E (n = 4) W (n = 4) P-value
A (n = 5) B (n = 28) F (n = 16)

Minimal depth of charcoal 19.4 (10.2)ab 13.1 (5.85)a 10.8 (3.89)a 2.0 (2.0)b 0.5 (1.0)b <0.001
Maximum depth of charcoal 35.4 (9.86) 24.7 (9.86) 20.8 (8.46) 19.0 (9.56) 30.0 (8.16) 0.055
Minimal depth of charcoal in mineral soil 19.4 (10.92)ab 8.6 (6.24)ac 4.7 (4.35)c 2.0 (2.00)abc –3.8 (1.50)b <0.001
Maximum depth of charcoal in mineral soil 35.4 (9.86)a 19.9 (9.4)ab 14.8 (8.77)b 19.0 (9.56)ab 25.8 (7.8)ab 0.006
Thickness of layer consisting of charcoal 16.0 (11.64) 11.6 (10.30) 10.1 (7.70) 17.0 (9.20) 29.5 (9.00) 0.052
Upper border of charcoal-rich layer 28.2 (8.35)a 13.8 (6.15)b 10.8 (3.08)b 2.3 (3.20)a 13.5 (7.90)ab <0.001
Lower border of charcoal-rich layer 33.4 (8.79)ab 21.4 (6.15)ac 16.4 (4.98)cd 9.5 (3.70)bd 19.8 (7.32)abcd <0.001
Thickness of charcoal-rich layer 5.2 (4.15) 7.0 (6.50) 5.7 (2.82) 7.0 (0.82) 6.3 (4.79) 0.939
Upper border of charcoal-rich layer in mineral soil 28.2 (8.35)a 9.3 (6.29)b 4.8 (3.75)b 2.3 (3.20)ab 9.3 (6.95)ab <0.001
Lower border of charcoal-rich layer in mineral soil 33.4 (8.79)a 16.9 (6.56)b 10.3 (5.02)c 9.5 (3.70)abc 15.5 (6.61)abc <0.001
Litter thickness 0.0 (0.00)a 4.7 (2.04)b 6.1 (2.43)b 0.0 (0.00)a 4.3 (0.96)ab <0.001
Humus thickness 32.0 (11.55)a 15.3 (6.30)b 9.9 (5.55)c 25.0 (2.94)a 0.0 (0.00)d <0.001

Table 1. Average values (with standard deviations in brackets) of charcoal location characteristics in soil depending on land-use 
history

Note: A – arable fields, B – buschland, F – forest, E – experimental slash-and-burn field, W – recent forest fire site. P-value shows the overall 
statistical significance of between groups’ differences (the Kruskal-Wallis test), while superscript letters indicate the statistical significance of 
pairwise differences (means without a common letter are statistically significantly different, p ≤ 0.05, the pairwise Wilcoxon tests followed by the 
Holm correction for multiple testing).

Sample 
Identification 

code

Land-
use 

group

Coordinates 
in EPSG:3301 
projection (BL)

Depth, 
cm Date BP

Calibrated AD  
(probability 95.4%)

Weighted 
average 
calAD

Error of weight-
ed average 

calADfrom to
Poz-70010 B 57.688652  

26.422098
0–18 95 ± 30 1682 1931* 1789 89

Poz-70018 18–35 925 ± 30 1026 1182 1101 42
Poz-70009 B 57.718055  

26.473986
7–20 140 ± 30 1669 1945* 1805 82

Poz-70007 20–50 185 ± 30 1650 >1917* 1786 90
Tln3577 F 57.706653  

26.46886
20–30 297 ± 50 1464 1796 1582 77

Tln3877 F 57.76167  
26.465197

33 4940 ± 50 –3913 –3639 –3731 63

Table 3. Results of radiocarbon dating

Note: Land-use groups: B – buschland, F – forest. * Date may extend 1950; probability that date is recent that 1917 is 20.8%.

Characteristic Correla-
tion

Minimal depth of charcoal 0.40
Maximum depth of charcoal 0.33
Minimal depth of charcoal in mineral soil 0.52
Maximum depth of charcoal in mineral soil 0.43
Thickness of charcoal-consisting layer 0.08
Upper border of charcoal-rich layer 0.57
Lower border of charcoal-rich layer 0.62
Minimal depth of charcoal-rich layer in mineral soil 0.63
Maximum depth of charcoal-rich layer in mineral soil 0.67
Thickness of charcoal-rich layer 0.03
Litter thickness –0.48
Humus thickness 0.61

Table 2. Correlation with land-use duration and methods

Note: Statistically significant (p < 0.05) correlation coefficients are 
presented in bold.

another, it was not remarkably different and might be out 
of calibration range.

At one forest site, the dates (1464–1796 calAD) were 
a little earlier than those found in buschlands, but the other 
forest site was dated from 3913 calBC to 3639 calBC.
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Discussion and conclusions
Charcoal is widespread in the soils of the study area. 

The presence of charcoal in soil samples was higher than 
registered in Norway by Ohlson et al. (2009), where mac-
roscopic charcoal was found in the 50% of soil samples.

As macroscopic charcoal indicates local burnings, it 
could be concluded that fire was present in all observed 
types of land use. In two former slash-and-burn fields 
where charcoal was not found, the charcoal was probably 
fragmented or eroded due to tillage because these sites 
were regularly cultivated arable fields at the beginning of 
the 20th century.

The depth characteristics of soil charcoal revealed 
a correlation with duration and methods of land use. The 
most indicative characteristic was the average maximal 
depth of the charcoal-rich layer. The charcoal location in 
forests must be observed according to mineral soil because 
the thickness of the litter layer depends on the land-use his-
tory (Tomson et al. 2018).

In the recent forest fire locations, the charcoal was 
found in the highest position, like in Sweden, where wild-
fire charcoal has been registered in the surface of mineral 
soil (Weimarck 1968). The charcoal produced by the last 
fire, which was a low-intensity ground fire, contained only 
single burned fragments of corns and branches found in 
the litter. Most of the fires in boreal forests are ground fires 
(Lehtonen and Huttunen 1997, Granström 1999). Often, all 
the litter layer and ground vegetation is not destroyed. This 
kind of fire does not produce much wood charcoal, and 
charcoal erosion by water flow after a fire is blocked by 
the partly maintained vegetation and litter. Charcoal might 
pass downwards in the litter layer over time due to the de-
composition of the litter beneath. Therefore, the depth of 
charcoal must be examined in relation to the mineral soil. 
In the recent forest fire sites, most of the charcoal from ear-
lier fires was found relatively lower; therefore, the average 
depth characteristics were much greater.

In the forest sites of the 19th century, charcoal was not 
found in the litter; as expected, charcoal was found direct-
ly under the litter layer on the surface of mineral soil in 
only nine places. The main reason for the decomposition 
of charcoal is oxidation that needs well-aerated conditions 
(Nguyen and Lehmann 2009). Freezing and thawing pro-
mote fragmentation of the charcoal (Carcaillet and Talon 
2001, Czimczik and Masiello 2007). All these processes 
are most effective in the soil surface layer. More charcoal 
was found in mineral soil. Charcoal accumulation into 
clusters – typical in the case of intense stand-replacing for-
est fires (Bobrovsky 2010) – was found in one forest site 
from a depth of 33 cm and dated back about 6,000 years. 
Similar charcoal complexes at depths of 40–80 cm have 
been described in Russia, which have been buried because 
of tree uprooting by windthrow after a fire (Bobrovsky 
2010). Still, most of the charcoal in the forest sites was 
found higher (up to 16.4 cm on average) and other pe-

doturbation mechanisms must be considered. Wild boars 
might have mixed the superficial layers, as 67% of stands 
analysed during the previous study in the same sites were, 
to some extent, damaged by these animals; no differenc-
es were found between former slash-and-burn sites and 
forests (Tomson et al. 2018). An uneven distribution of 
charcoal must be expected in this case. The charcoal left 
in the ground could be translocated after tree fall in the 
process of soil falling from uprooted root collars, which 
would disperse forest fire charcoal into higher positions 
than accumulation in tree fall depressions. Single pieces in 
mixed soil material could be found in this case. Repeated 
uprooting in the same place could translocate the charcoal 
many times. In numerous sites with podzols was visible 
a dark grey layer in the upper part of the illuvial horizon. 
This layer is probably caused by infiltration of microscopic 
charcoal because of freeze and thaw and roots.

In the cultivated lands, the initial charcoal transloca-
tion is caused by ploughing and harrowing. For slash-and-
burn fields, the depth of charcoal is expected to correlate 
with historical tools. In central Russia, Bobrovky et al. 
(2019) registered charcoal in slash-and-burn cultivation 
layers at a depth of 4–20 cm. In the present study, the low-
er border of a charcoal-rich layer was similar (21.4 cm). 
However, the charcoal was found deeper (24.7 cm on aver-
age), even according to mineral soil (19.9 cm on average). 
Consequently, part of the charcoal cannot be transported 
into the soil by tillage. It is well-known that earthworms 
mix the humus layer in soil (Darwin 1881). Also, in field 
experiments, charcoal has been incorporated into the soil 
profile mainly by earthworms (Eckmeier et al. 2007, Ma-
jor et al. 2010). Terhivuo (1989) found that the activity of 
earthworms is much lower in boreal coniferous forests than 
in meadows and deciduous forests and is limited to the lit-
ter layer. In the case of rotational slash-and-burn cultiva-
tion, the land was covered with grasses and deciduous trees 
most of the time; therefore, the activity of endogeic earth-
worms must have been more intense than it was in contin-
uous forest land with coniferous forests. During fieldwork 
in former buschlands, it was easier to find charcoal in the 
lower part of the humus because there were more large 
fragments and groups of charcoal than there were in the 
upper part of the topsoil. In cultivated lands, the charcoal 
location has been affected in addition to the vertical soil 
mixing, also by horizontal soil movement. The ploughing 
and harrowing smoothened the originally uneven surface 
of the forest floor (Ponomarenko et al. 2019) and the later 
ploughing level did not reach to charcoal that was buried in 
the initial micro-depression of the natural surface. There-
fore, the larger fragments of charcoal were found at the 
bottom of the humus layer.

In arable fields that were cultivated during the 20th 
century, it is expected that mechanised ploughing has an 
effect up to a depth of 20–30 cm. Most of the charcoal was 
found a little deeper, in the transition from humus to sub-
soil. This location is like charcoal buried in slash-and-burn 
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fields due to horizontal soil translocation and indicates that 
charcoal must have been derived from burnings before the 
permanent arable was established. The fire was used for 
land clearance to establish permanent arable fields. Also, 
numerous permanent fields were developed from swiddens 
(Ligi 1963) that would have left the charcoal to the ara-
ble soil. In depressions and foothills, the charcoal is buried 
due to soil erosion. In the upper layers of arable fields, the 
charcoal must be fragmented to the microscopic particles 
not registered in the present study. However, the finds of 
charcoal in the subsoil at depths of 50 cm, even on hilltops, 
suggest that the signs of forest fires and subsequent biotur-
bation from the time before tillage could remain in the soil 
profile. Likely, charcoal from pre-cultivation forest fires 
can still be found in the slash-and-burn sites and arable 
fields. Also, Bobrovsky et al. (2019) stated that charcoal 
could be found both from agriculture and forest fires within 
the same soil profile.

Though the peculiarities of recent forest fires and ex-
perimental slash-and-burn charcoal were not confirmed by 
statistical tests due to the small number of sites, in the ex-
perimental field, the recent charcoal-rich ploughing layer 
was well-distinguished. The depth of charcoal rich layer 
must reflect the soil mixing depth by historical slash-and-
burn cultivation, because in the experiment the copies of 
historical tools were used. The older charcoal in the deeper 
layers was less numerous. No charcoal was found in the 
ground, probably due to decomposition and fragmentation.

The single pieces with diameter 1–2 mm and not con-
nected to any pedoturbation traces were found under the 
humus layer in all land-use types. Therefore, the maximal 
depth was not different between land-use groups, and the 
thickness of the layer consisting of charcoal did not reveal 
a correlation with land-use duration and methods. It can be 
assumed that these fragments are the result of forest fires 
from earlier periods, but the mechanism of translocation 
is unclear. Bobrovsky and Loyko (2016) stated that in Lu-
visols, charcoal pieces with a diameter of no more than 
0.2 mm could be transported with water at a depth of more 
than 1 m, but in the present study, the size of particles was 
much bigger. Carcaillet (2001) suggested that anenic earth-
worms move the charcoal deeper into mineral soil.

Against expectations that tillage would mix the char-
coal evenly into the cultivation layer, the thickness of the 
charcoal-rich layer did not correlate with land-use meth-
ods. Therefore, it is likely that some of the observed me-
sotrophic forest sites were also affected by recurrent slash-
and-burn cultivation but were not mapped as forest land in 
the 19th century. The three sites with ploughing lynchets 
confirm this assumption. Therefore, the average character-
istics of the charcoal location of forests and buschlands are 
not always different.

Charcoal from the upper layers of former rotation-
al slash-and-burn cultivation sites was dated to the peri-
od from the 17th century to the 20th century. These dates 
correlate with the decline of slash-and-burn cultivation 

described in Estonian literature (Ligi 1963, Jääts et al. 
2010). The fact that samples from slash and burn sites 
had some probabilities of being produced later in the 20th 
century does not affect the conclusions because, from 
the previous study is known, that regular slash and burn 
practices in the region had finished at that time (Jääts et 
al. 2010). The illuvial layer of slash and burn cultivated 
soils probablu contain both cultivation charcoal and also 
wildfire charcoal due to pedoturbation. Radiocarbon dat-
ing distinguished forest fire charcoal that was thousands 
of years old in the lower layers from slash-and-burn cul-
tivation charcoal. The second date from the forest be-
longed to a slightly earlier period than slash-and-burn 
charcoal. More datings could ensure the origin of different  
charcoal patterns.

This study demonstrates that a considerable propor-
tion of forest soil charcoal could originate from historical 
slash-and-burn cultivation in areas, where the swiddens 
were common until the 19th century. The charcoal location 
in the soil is related to agricultural land use duration and 
methods at different intensities. The charcoal locates deep-
er in soils of permanent arable fields than in long time for-
ests soils but in the former slash and burn cultivation soils 
the differences are not significant. The soil charcoal could 
originate from different fire events; a large variation com-
plicates the interpretation of data. The high variability of 
characteristics reflects that the same land-use groups have 
been affected by different pedoturbation processes and that 
identified land-use groups could be affected by different 
land-use before mapping in the 19th century. A better un-
derstanding of charcoal locations in forest soil allows to 
identify the past fire regime and provides a better under-
standing of forest succession and background information 
to predict the impact of climate changes. Therefore, the 
future studies of charcoal origin and amount are needed in 
the Baltic region.
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