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Chapter 16

Historical Development of Forest Patterns
in Former Slash and Burn Sites

In Southern Estonia

Pille Tomson, Robert Gerald Henry Bunce and Kalev Sepp

Abstract Slash and burn is one of the oldest methods of clearing and fertilizing
land for growing crops. The practice continued in Estonia until the beginning of the
twentieth century. The historical background to the use of fire in Estonia is first
described, including the legal controls that were set up. After cultivation the slash
and burn fields left as fallow, before trees were allowed to regenerate for up to
20 years, when the cycle started again. The term buschland from the local Baltic
German dialect was used on documents to designate the land that had been used for
regular burning—a land use category that no longer exists. The literature on the
environmental impact of slash and burn is discussed but there is no agreement about
the effects of the practice on soil. The effects on biodiversity have also not been
widely studied. The study area was the Karula National Park in Southern Estonia.
Maps from the end of nineteenth century were compared with contemporary digital
map and databases using Mapinfo. In the nineteenth century the buschlands
occupied 34 % of farmland but the analyses showed that now 77 % had become
forest, with the remainder being grasslands or arable. These changes were because
the sites were on hills and the slopes were too steep for modern agriculture. The
dominant tree species, forest types and soils are also described and are associated
with infertile conditions.
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16.1 Introduction

Slash and burn is one of the oldest methods of agriculture for clearing and fertil-
izing land to grow crops. The practice consists of a cycle of burning trees, growing
crops for some years, leaving the land fallow and then allowing regeneration of
trees before starting again. During the Neolithic period in Europe slash and burn
was widely used, as described by Pyne et al. (1996). In the modern world the
practice is usually associated with the tropics.

In Northern Europe slash and burn cultivation lasted until the twentieth century.
In Finland the use of slash and burn is well known, as Heikinheimo (1915) com-
piled a comprehensive overview of this method when it was still being used. In the
eastern part of Finland—in Savo and Karjala—fire cultivation continued until the
1930s, as described by Voionmaa (1987). In Southern Sweden slash and burn was
also used in Smaland. The forest Finns were responsible for the introduction of the
practice to central and western areas of Sweden, such as Varmland and Dalecarlia
(Hamilton 1997; Wedin 2003). Forest Finns also introduced fire cultivation into
Norway (Wedin 2003). In the forests of North-Western Russia slash and burn was
used even until the 1960s (Bobrovskii 2010).

Often the impacts of fire and fire cultivation on ecosystems are examined
together, as described by Pyne et al. (1996) and Goldhammer and Furyaev (1996).
In a different context, Grant et al. (2012) also emphasized, in a review of the effects
of rotational burning of moorlands, that, even today, the full environmental impacts
of the use of fire are still not understood. Some relevant literature is not widely
available because it is written in languages such as Swedish, Finnish and Russian.

In Estonia it is widely understood that slash and burn cultivation belonged to
prehistoric times. It has been suggested that in slash and burn regions, dry olig-
otrophic pine forests underwent soil erosion following burning (Laasimer 1958).
Some species-poor spruce forests are also thought to be the result of prehistoric
slash and burn cultivation (R8uk 1995; Paal 1997).

At the same time, the Estonian historians have described the wide use of fire in
agriculture between the seventeenth and nineteenth centuries (Ligi 1963; Kahk
1992; Tarkiainen 2014). Slash and burn cultivation was a characteristic feature of
pre-modern agriculture before the changes that took place at the end of the nine-
teenth century. The recent literature shows that, according to the records of
ethnographical inventories, slash and burn cultivation persisted until the end of
nineteenth century and in some cases even in the twentieth century (Jaats et al.
2010). Anecdotal evidence comes from an 86-year-old lady who recalled hearing in
childhood from her grandfather about slash and burn at the end of the nineteenth
century, as recorded in summer 2014 by the senior author in Rduge parish,
Southern Estonia.

The aim of present study is to provide the first description of current forests on
former slash and burn sites, using existing databases and maps from the nineteenth
century and then to analyse the factors underlying the formation of these forests.
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16.2 Fire Cultivation in Estonia

Ligi (1963) described slash and burn as part of the agricultural land use system
typical of the Southern Estonia. In the eighteenth century approximately half of the
annual crop yield was harvested from slash and burn fields (Ligi 1963). In Northern
and Western Estonia the limestone bedrock meant that the ash from burnt wood did
not have the same fertilizing effect as in Southern Estonia, where the soils are acid
because they are on moraines derived mainly from the Devonian sandstone bed-
rock, although other materials are also present. Forest regeneration on abandoned
slash and burn fields on shallow limestone soils is also relatively slow in com-
parison with Southern Estonia (Ligi 1963).

The contrasting history of slash and burn management in the regions of Estonia
is also reflected in legislation. Southern Estonia belonged in the nineteenth century
to the Livonian Covernatore, whereas Northern Estonia was in the Estonian
Covernatore. In the Livonian Peasant Law from 1819 (Lihwlandi-ma tallorahva...
1820) mainly targeted to the liberation of the peasants, there are strict rules for slash
and burn management. The rules are that the break between the burnings must be
24 years and that no more than three crops can be taken from the same field during
this cycle. In contrast the concurrent Estonian Peasant Law (Eestima Tallorahwa...
1816) provides only the rules for liberation and the peasant’s self-government.

In the nineteenth century slash and burn was only used in young forests. The
regular burning of the old forests was stopped in Estonia already in the seventeenth
century due to the lack of timber (Etverk 1974).

In young forests the regular burning cycle took place every 30 years in the
seventeenth century but the interval between burnings was decreased until 15—
20 years in the nineteenth century (Meikar and Uri 2000). After burning the land
was ploughed, harrowed and seeded or the seeds were put into soil with a type of
harrow. Rye, barley and turnip were the most common crops in slash and burn
fields. Fields were cultivated for 2-5 years after burning and after that were left as
fallow and used for grazing. Tree regeneration then commenced and after 10—
15 years the buschland was ready for the next burning event (Meikar and Uri 2000).

The special land category, termed buschland in the local Baltic German dialect,
was used on maps and documents to designate the land that had been used for
regular slash and burn cultivation. (Meikar and Uri 2000). The local south Estonian
dialect did not separate the forests used for timber and the buschlands, as both were
named “mats”. The term “mats” was also used even if there was no tree cover on
the buschland at that particular time. Even today old people in the southern Estonia
use the term “mots” if they are talking about herding cattle to pasture. This name
may be connected with the point that at an earlier date slash and burn cultivation
was also used in mature forests. However, the use of the term also shows that slash
and burn cultivation was an integral part of many wooded areas. This peculiarity of
terminology might be caused some misunderstandings of ethnographical records,
because in the official Estonian the word “mets” is used only in the meaning of
forests.
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There have been different views as to the fate of buschlands after the decline of
slash and burn management. They have been regarded as grasslands
(Liitoja-Tarkiainen 2006) or as pastures or forests with wood production becoming
increasingly important (Ratt 1985; Meikar and Uri 2000). Buschlands were also
considered to be the main land resource to increase arable land (Ligi 1963; Koppel
2005; Tarkainen 2014).

16.3 Biodiversity Connected with Slash and Burn
Cultivation

There are different opinions about the tree species composition of buschlands.
Many authors state that birch was the dominant species (Ligi 1963; Opik 1992;
Viires 2000). However, mixed forests with birch and spruce are also mentioned
(Opik 1992; Meikar and Uri 2000). In Finland grey alder is also common in former
slash and burn sites (Heikinheimo 1915). Probably, in the buschlands birch or grey
alder were the main species and in the old forests slash and burn cultivation were
carried on in mixed stands.

Heikinheimo (1915) described the impacts of fire cultivation on the forests in
Finland according to different zones around the settlements. The nearest and most
regularly used areas were dominated by grey alder. In the second less used areas
birch was the major species and in the outermost zone pine dominated. Spruce was
dominant only outside the third zone which had not been used for slash and burn.
Also, aspen was present in slash and burn areas.

Pine seeds are more resistant to fire than those of spruce. In addition, pine trees
were often available for seed dispersal as they were common in uncultivated sites
such as rocky outcrops, bogs and sandy places inside the slash and burn zones
(Heikinheimo 1915). The special method “huuhta” was used in mature coniferous
forests in the eastern part of Finland (Tarkiainen 2014).

Many authors have pointed out that slash and burn has caused soil degradation
and thus has led to changes in vegetation (Laasimer 1958; R6uk 1995; Paal 1997).
Laasimer (1958) in particular considers that the dry oligotrophic pine forests in
South-Eastern Estonia are a result of soil erosion after slash and burn cultivation.
R&uk (1995) and Paal (1997) consider that species-poor spruce forests are the result
of slash and burn cultivation and Paal (1997) also includes species-poor spruce,
aspen and birch forests.

Historical data about soil quality in slash and burn sites are not consistent. There
are opinions that the soils in buschlands were poorer (Ligi 1963) or more fertile
(Koppel 2005) than in permanent arable fields.

The impacts of fire on soils mainly depends on the intensity of the heat, which is
related to the amount of organic material, which in slash and burn will be correlated
with the length of time since the last burning but also the weather conditions
(Delgado-Matas 2004). All authors agree that the pH of soils rises immediately after
burning but the organic matter decreases, the amount of cations increase and
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mineral nitrogen suitable for plant growth also increases after burning (Viro 1974;
Reintam and Moora 1983; Pyne et al. 1996; Delgado-Matas 2004), but there are
few data indicating the persistence of these changes. According to Viro (1974)
some changes may persist until 50 years.

The same authors describe erosion after slash and burn management, but this is
the result of opening the soil surface and is not specific to the use of burning. Some
authors argue that slash and burn cultivation promotes podsolization (Reintam and
Moora 1983). Ligi (1963) on the other hand states that regular slash and burn
cultivation slowed down the rate of podsolization.

16.3.1 Materials and Methods

On the base of historical data, it is clear that slash and burn was a significant factor
in Southern Estonian rural landscapes. In order to investigate impacts of this factor,
a case study was carried out in the Karula National Park (Fig. 16.1). The Park
(12,300 ha) is an area with a complex relief and variable mosaic landscapes located
in the uplands of South-Eastern Estonia. The conservation aims of the Park are to
preserve the natural biotopes and also to maintain semi-natural habitats as well as
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traditional rural landscapes and their associated cultural heritage. Karula National
Park does not correspond exactly to Category Il of the International Union for the
Conservation of Nature (IUCN), which national parks consisting of natural or
near-natural habitats (Dudley 2008). Agricultural land covers 12 % of the Park,
whereas forests and wetlands cover 83 %, water bodies 3 % and other categories
2 % (Karula rahvuspargi kaitsekorralduskava 2007).

In order to characterize pre-modern land use and locate the former buschlands 51
maps (Estonian National Archives, record EAA 2469) from 1870 to 1880 were
geo-referenced and digitized (Fig. 16.2). The maps (scale 1:4200) cover a 3755 ha
in study area. These maps were drawn up for land purchase at the end of the
nineteenth century and the distribution of different land cover types is shown. The
maps cover account for 62 % of the historical farmlands located on the territory of
present-time Karula National Park so the results of study are representative of the

Fig. 16.2 The nineteenth
century map of Rebase farm.
Pink areas indicate the
buschlands, yellow with red
dots—farmyard, dark grey—
vegetable garden, grey—
permanent arable fields, olive
green—pastures, green—hay
meadows, mixed brown and
green—wetlands, beige—
coniferous forest, dark green
—deciduous forest. The grey
dispersed lines on the pink
patches indicate slopes
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whole rural landscape of Karula. On these maps, there are marked permanent arable
fields, buschlands, hay meadows, pastures and other land use patches present in the
nineteenth century, making it possible to examine their historical allocation.

To identify the character of the former slash and burn lands today comparisons
were made with contemporary maps and databases. The current Estonian Basic
Map, which is digitally available, was used to identify the contemporary situation.

The Estonian Digital soil map was used to identify the soil conditions. This
database consists the data about soil types according to Estonian soil classification
(Vabariigi digitaalse... 2001). In this paper the names of soils are presented
according to the World Reference Base (WRB), adapted by Astover et al. (2012).

The digital forest management dataset was used to establish the main forest
characteristics. This dataset consists of information on each forest stand. The age,
dominant species and types of forest were used from this database. In the forest
management dataset the forest type site classification of L6hmus (2004) was used.
In the present paper the similar forest classification of Paal (1997) is used to
describe the forest site types and provide names. For the forest site type classes the
names are used according to Paal (2007), because L6hmus (2004) gives no names
in English. The “age” and “dominant tree species” refer to the upper tree layer.

Maplinfo Professional 10.0 programme was used for comparing the maps.
Digitized maps were used to calculate the areas of land use types. In the Park
borders the buschland and other land use patches layers were overlaid with the
other databases and results were analysed in Microsoft Excel 2010. Although two
farms were partly outside the Park, the forest and soil analyses were only made
inside the boundary.

The Latin names of the species quoted in the text are as follows: birch (Betula
pendula), spruce (Picea abies), pine (Pinus sylvestris), grey alder (Alnus incana)
and aspen (Populus tremula).

16.3.2 The Characteristics of Former Slash and Burn Sites

The analyses of nineteenth century maps show that buschlands form the main part
of farmlands at that time, and cover 1267 ha (34 %). The arable fields covered
825 ha (22 %), hay meadows 655 ha (17 %), pastures 382 ha (10 %), woodlands
195 ha (5 %), wetlands 276 ha (7 %), water bodies 48 ha (<2 %), vegetable gardens
25 ha (<1 %), roads and yards 23 ha (<1 %) and areas unidentifiable on the maps
cover 57 ha (<2 %).

The comparison of the nineteenth century map with Estonian Basic Map shows
that at the present time the landscapes have changed and the former slash and burn
lands are now mainly covered by forests: 952 ha (77 %) are forest, 135 ha (11 %)
are mapped as grasslands, 124 ha (10 %) as arable fields, 16 ha (1 %) as other open
areas and 8.6 ha (<1 %) as all other classes (water, wetlands and scrub). Secondary
forest is therefore the main land cover containing biodiversity in the former slash
and burn parcels.
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As elsewhere in Estonia as well as in Karula National Park much former agri-
cultural land has been covered by regenerated forest during the second half of the
twentieth century. Among these secondary forests (1567 ha in study area) forests on
former buschlands cover the largest area 911 ha (58 %). Forests have colonized
grasslands cover 472 ha (30 %) and those growing on former permanent arable
fields 184 ha (12 %).

The soil types on buschlands are mainly Albeluvisols 660 ha (53 %), which are
soils typical of the southern margin of the boreal forest that have been affected by
peri-glacial activity and are somewhat acidic. In study area the most common soil
unit of Albeluvisols is Haplic. Regosols in study area are the eroded soils with
shallow humus layer and they cover the 346 ha (28 %). Less widespread are
Luvisols, brown soils of the cool temperate zone, 94 ha (8 %) and Podzols 26 ha
(2 %). Other soil types cover 108 ha (9 %). In the secondary forests on the former
buschlands the proportions of soils are a little different:; Albeluvisols cover 572 ha
(61 %), Regosols 189 ha (20 %), Luvisols 56 ha and (6 %), Podzols 26 (2 %) and
other soil types cover 108 ha (9 %).

The main species in the forests formed on the buschlands are pine 353 ha
(41 %), birch 267 ha (31 %), grey alder 116 ha (13 %), spruce 114 ha (13 %) and
aspen 17 ha (2 %).

The forests of former slash and burn sites according to the forest database are
mostly the Oxalis site type mesotrophic boreal forests, 447 ha. The Hepatica site
type (172 ha) forests are more fertile in their character and occur the site type class
eutrophic boreo-nemoral forests according to Paal (1997). The more fertile
Aegopodium site type occurs less widely (55 ha). The more dry and poor soil site
types are represented by the Oxalis-Vaccinium vitis idea (80 ha) and Oxalis-
Vaccinium myrtillus (16 ha) site types. All the other less presented site types cover
60 ha. The Oxalis forests are typical to the former buschlands, 69 % of this type
forests on farmlands grow on buschlands, 8 % of Oxalis type forests on farmlands
grow on the former arable fields, 7 % on the former pastures, 6 % on the former hay
meadows and 10 % were forests and wetlands in nineteenth century.

The age of these secondary forests is approximately between 10 and 170 years,
with the most common age group being between the ages of 60 and 70 years, as
shown in Fig. 16.3. During the period after the Second World War, forest also
developed on much agricultural especially on hay meadows. In the former
buschlands the regeneration of forests started much earlier and continued until the
early twentieth century.

16.3.3 Discussion: Factors Shaping the Biodiversity
of Former Slash and Burn Sites

In Karula farmlands the buschlands were the most common land use at the end of
nineteenth century, with other types being less common. On the old maps they were
clearly linked with hills as visible in Fig. 16.2. The slopes and tops of these small
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hills were not easy to cultivate as permanent arable fields because of difficulties in
transporting the dung up to the slopes for fertilization, as well as problems of
ploughing the steeper slopes. Slash and burn cultivation evolved as an effective way
of growing crops in those areas and, as shown below, they were also linked with
acidic soils. Relief was therefore probably the one of the factors which determined
the extent and persistence of fire cultivation on hills in Karula throughout the
nineteenth century. Tarkiainen (2014) argues that according to the agricultural
books from the seventeenth century the slopes were most suitable for slash and
burn, because of the dry soils. Open slopes were probably preferred, because the cut
wood needed to dry before burning.

Even although there are no ethnographical records from the Karula parish about
slash and burn, the large area of buschlands suggests that the fire cultivation was as
important here as elsewhere in Southern Estonia.

The former buschlands lost their previous function by the end of nineteenth
century and were mainly converted into fields, grasslands or forests (Meikar and Uri
2000; Koppel 2005; Liitoja-Tarkiainen 2006; Tarkiainen 2014, Tomson et al.
2015). However, by the end of twentieth century most of the former buschlands had
become forests.

The main reason for the land abandonment during the second half of the
twentieth century has been mechanization. In the former Soviet countries the
impacts of collectivization need to be considered (Nikodemus et al. 2005).
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In Estonia during 1961-1989, 21.2 % of nationalized and collectivized agricultural
land was transferred into state forest land (Kasepalu 1991).

The same trends can be also observed in Karula (Fig. 16.3). The abandonment of
the wet grasslands and cultivated areas on the steep slopes is evident. Some dif-
ferences are present notably the rapid increase of forest regeneration in the period
following the end of the Second Wold War and the slow increase in secondary
forest on the former of slash and burn sites during the nineteenth and early twentieth
centuries.

The period from the second part of the nineteenth century is identified as a time
of change in agriculture by Estonian historians (Kahk 1992). There was introduc-
tion of crop rotation, clover cultivation and an increase in cattle breeding. The
oldest forests on the former slash and burn patches, therefore, date from the
nineteenth century. Among these forests are patches, which are the first generation
after the end of slash and burn cultivation. The formations of forest on the
buschlands at the end of nineteenth century and at the beginning of the twentieth
century reflect the changed understanding of farmers because the woodlands were
progressively valued as a resource to supply the timber for modernizing farm
complexes and living houses. The development of these new forests was a slow
process, which lasted for decades. Other types of agricultural land were not
remarkably abandoned during that period.

The need for timber increased because of the new buildings needed for modern
cattle breeding and the wood was more valued, so some farmers decided to
encourage forest regeneration at the beginning of the twentieth century. Before the
twentieth century forest management was important in the forests belonging to
Manor houses but not to those linked to farmland (Meikar 2014). The plantation of
coniferous became more common on farmlands in 1930s (Etverk 1974). Also, some
forest patches on farms showed re-growth following clear cuts at the beginning of
the twentieth century, especially in the category “forests and wetlands” of Fig. 16.3.
Increases in land drainage also encouraged forest regeneration on wetlands.

The major part of the former cultivated land, on the previous buschland, turned
into forest before the Second World War. However, the peak of forest regeneration
came between 1944 and 1954 which is not possible to explain with mechanization
because the tractors were introduced into Karula in the middle of 1950s so must
have been due to social factors discussed below. Some forests also started to
colonize former permanent arable fields and wet meadows.

In 1941 and 1949, the Soviet authorities deported a large number of people from
Karula parish (Merila-Lattik 2005) which could have led to the decrease in culti-
vation in subsequent years. The years during and just after the Second World War
were hard for rural people and fields became abandoned causing the observed
increase in forest cover. Tree regeneration started not only in abandoned fields, but
also in forest land after clear cutting, but it is unlikely that the latter was widespread
during the war, when the economy was under pressure and the reduced manpower
available was needed to ensure survival.

The subsequent land abandonment, caused mainly by mechanization, lasted to
the 1970s. This process is similar for that which took part throughout Estonia

98



16 Historical Development of Forest Patterns in Former Slash ... 313

(Kasepalu 1991). Probably, the regeneration of clear cuttings is more important in
this period.

Among the secondary forests in Karula National Park the forests in the former
slash and burn cultivation sites cover the biggest proportion first, because busch-
lands were most common in farmlands and second, more of the former buschlands
were abandoned than permanent arable fields. The second major groups are the wet
forests on the former grasslands. These forests are highly visible elements in the
landscape because of their location on the hills.

These forests can be characterized by two age groups: the forests that started to
grow before the Second World War and those that started to grow after, because the
factors that led to their formation were different. The different age groups on the
former buschlands are characterized also by different dominant tree species
(Fig. 16.4). Birch and alder grow in the younger patches which started to generate
after the Second World War, when Estonia became a part of Soviet Union. The
large area of fast-growing deciduous trees such as birch and grey alder is specific to
abandoned arable land. Spruce and pine were also planted and afforestation on
agricultural land was also common in the Soviet period (Kasepalu 1991). The older
buschland forests are dominated by pine. Fire cultivation can also encourage pine
(Heikinhemo 1915).

Albeluvisols were appropriate for fire cultivation because of their relatively high
acidity which could be improved by the wood ash and also because of the location
of these kinds of soils in the moraine hills (Astover et al. 2012). There are some
differences in the soils of these two age groups of forests in former buschland
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(Fig. 16.5). The eroded soils (Regosols) are more common in the younger groups
and the infertile Podzols are more widely present in the older forests.

The major portion of eroded soils in the areas of younger forests reflect the
longer period in cultivation and probably also the impact of mechanized cultivation.
Probably, the patches in better soils were cultivated longer and were more affected
by erosion. Also, the fertilization and tillage during the management of the fields
has probably influenced later forest growth, but how much is not clear.

The smaller proportion of eroded soils among the soils of older forest patches
reflects the lack of mechanized tillage and shorter cultivation period with a longer
time for soil recovery. The occurrence of Podzols among the old buschland forest
soils shows that in the period of modernization of agriculture at the end of nine-
teenth century, the areas with the poorest soils were abandoned first thus repeating a
pattern that is well known elsewhere in Europe.

In low-intensity agriculture, the soil properties do not change very much, spe-
cially the subsoils (Késter and Kalli 2013). Some impacts of fire may persist for
50 years or more (Viro 1974), but this do not change the soil type. The pod-
zolization must be depressed on the buschlands in comparison with other forests on
the same soils. The herb cover in the pasture stage of fallow and the subsequent
cover of deciduous trees do not promote leaching.

The results do not confirm that slash and burn cultivation in the Nordic region
has caused permanent soil degradation because of erosion, as argued before by
Laasimer (1958).

Soil types are connected with forest site type (L8hmus 2004). The typical forest
site on Albeluvisols according to Paal (1997) is the Oxalis-Vaccinium myrtillus site
type, which is less common on former buschlands in Karula. The most common site
type among the buschland forests is the Oxalis site type, which is also the most
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common type in the Southern Estonia (Paal 1997). The Oxalis site type is common
in forests on former farmlands but less widespread on state forest land, which
originally in the nineteenth century belonged to the owners of manor houses. More
fertile areas suitable for cultivation were colonized by forests in historical times and
Albeluvisols, which today is considered largely as not suitable for agriculture
(Astover et al. 2012) were often used for slash and burn cultivation (Ligi 1963).

Oxalis site type of forest is also common in the former buschlands with eroded
soils. The eutrophic boreo-nemoral forests cover relatively larger area amongst the
eroded soils compared with those in other forest types. The more fertile soils were
more impacted by agriculture.

The results do not confirm, or reject, the hypothesis that the dry oligotrophic pine
forests were formed by cultivation practices in the former slash and burn areas, as
argued by (Laasimer 1958). These results do, however, fit the opinion, where
species-poor spruce forests are connected with slash and burn cultivation in many
areas (Paal 1997; R6uk 1995), because usually the dominant tree species in the
Oxalis site type is spruce (Paal 1997). This is probably because of the selection of
this particular soil type for slash and burn agriculture due to its relatively low
fertility and location.

The long-term impact of slash and burn on soil quality has not been finally
determined. It is difficult to see that any further progress can be made without
intensive studies of soil characteristics in slash and burn sites in comparison with
control areas on the same soil type. The same applies to impacts of the practice on
biodiversity although a study is in progress to assess differences in vegetation
between slash and burn sites and other forests.

16.4 Conclusions

Fire cultivation is a land use management practice, whose impact has been insuf-
ficiently studied in Estonia. In Southern Estonia such cultivation was still used even
in the nineteenth century. Comparisons between old and modern maps enabled the
characteristics of the former slash and burn sites to be determined. Slash and burn
covered about 34 % of farmland in Karula at the end of the nineteenth century. The
changes in agricultural practices, which started at the end of that century, created
new forest patterns connected with the intensification of farming and the associated
decline in fire cultivation. In the second half of the twentieth century, the forest
cover in the former slash and burn sites increased again due to their location on
slopes and tops of hills, not suitable for mechanized cultivation. Former slash and
burn parcels have therefore had the most changeable land use in Karula. The forests
on sites formerly used for slash and burn cultivation are therefore of relatively
recent origin in farmland landscapes.

Forests in former slash and burn patches are mostly of the mesotrophic boreal
forest, Oxalis site type. This forest site type is not so common on forests on other
former agricultural land. The younger forests on formerly slash and burn lands also
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have impacts following the cessation of agriculture. Whether the forest type is the
result of fire cultivation, or if fire cultivation was practiced on land suitable for the
Oxalis forest site type, is not clear.

The history of slash and burn cultivation offers a good example of how inherent
natural conditions have led to the formation of the current pattern of land use. Land
use history needs to be understood in order to interpret the contemporary biodi-
versity patterns. The extent and strength of the impacts of fire cultivation on bio-
diversity, particularly vegetation, needs future study.

Acknowledgments This research has been financed by the institutional research funding
IUT21-1 of the Estonian Ministry of Education and Research and by the European Union sup-
ported Environmental Conservation and Environmental Technology R&D programme project
OKOMAA.

References

Astover A, Kolli R, Roostalu H, Reintam E, Leedu E (2012) Mullateadus. Opik kdrgkoolidele
(Soil science. Textbook for Highschools). Eesti Maaulikool, Tartu

Bobrovskii MV (2010) Effect of the historical land use on the structure of forest soils in European
Russia. Eur J Soil Sci 43(13):1458-1466. doi:10.1134/S1064229310130053

Delgado-Matas C (2004) Dynamics of nutrients in slash and burn agroforestry in Koli National
Park. Dynamics of nutrients in slash and burn agroforestry in Koli National Park. In: Lovén L
(ed) Tutkittu ja tuntematon Koli. Metsantutkimuslaitoksen tiedonantoja, vol 915, pp 29-46

Dudley N (ed) (2008) Guidelines for applying protected area management categories. IUCN,
Gland. http://cmsdata.iucn.org/downloads/guidelines_for_applying_protected_area_
management_categories.pdf. Accessed 26 Oct 2014

Eestima Tallorahwa Seddmissed (1816) Estonian Peasant Law:. http://digar.nlib.ee/digar/show/?id=
100923. Accessed 26 Oct 2014

Etverk 1 (1974) Metsa Gpitakse tundma ja kasutama (Forest had been learned to know and use). In:
Valk U, Eilart J (eds) Eesti metsad (Estonian forests). Valgus, Tallinn

Goldammer JG, Furyaev VV (eds) (1996) Fire in ecosystems of boreal Eurasia. Kluwer Academic
Publisher, Dordrecht

Grant MC, Mallord J, Stephen L, Thompson PS (2012) The costs and benefits 565 of grouse moor
management to biodiversity and aspects of the wider 566 environment: a review. RSPB,
Bedfordshire

Hamilton H (1997) Slash and burn in the history of Swedish forests. Rural Development Forestry
Network Paper, 21f, pp 19-24. http://www.odi.org/sites/odi.org.uk/files/odi-assets/
publications-opinion-files/1162.pdf. Accessed 26 Oct 2014

Heikinheimo O (1915) Kaskiviljelyksen vaikutus Suomen metsin (The impacts of slash and burn
cultivation in the Finnish Forests). Metsahallituksen julkaisuja I, Keisarillisen senatiin
kirjapainossa, Helsinki

Jaats L, Kihno K, Tomson P, Konsa M (2010) Tracing fire cultivation in Estonia. For Stud 53:53-
65. doi:10.2478/v10132-011-0089-3

Kahk J (1992) Uuenduste sissetung 18. sajandi I6pust 19. sajandi keskpaigani (Innovations
invasion in the late 18th century to mid-19th century). In: Kahk J (ed) Eesti talurahva ajalugu
(History of Estonian peasants). Olion, Tallinn

Karula rahvuspargi kaitsekorralduskava 2008-2018 (The management plan of Karula National
Park  2008-2018)  (2007).  http://www.keskkonnaamet.ee/public/Karula_rahvuspargi_
kodulehe_materjalid/Karula_RP_KKK_2008-2018.pdf. Accessed 10 Oct 2014

102



16 Historical Development of Forest Patterns in Former Slash ... 317

Kasepalu A (1991) Mis peremees jatab, selle mets vatab (That which the master leaves, the woods
will take). Valgus, Tallinn

Koppel K (2005) Maakasutuse uurimise metoodika Kasaritsa uurimisala (Réuge kihelkond) 17.-
19. sajandi kiilamaastike kujunemise nditel (The research methods of historical land use as
exemplified by the formation of rural landscapes on Kasaritsa study area (RBuge parish) in
17th-19th centuries). Retrieved from http://dspace.utlib.ee/dspace/handle/10062/1263

Koster T, K&lli R (2013) Interrelationships between soil cover and plant cover depending on land
use. Est J Earth Sci 62(2):93-112. doi:10.3176/earth.2013.08

Laasimer L (1958) Nommealade geobotaaniline iseloomustus ja areng Eestis. Ndmmealade
taasmetsastamise ja ndmmemetsade majandamise kiisimusi (The geobotanical characterization
and development of oligotrophic sites in Estonian. The reforestation oligotrophic sites and
management of oligotrophic forests). ZBI, Tartu, pp 29-43

Ligi H (1963) Pdllumajanduslik maakasutus Eestis XVI-XVII sajandil (Agricultural land use in
Estonia in XVI-XVII century). Tallinn

Lihwlandi-ma tallorahva Seddus (1820) Essimenne-Kolmas jaggu (Agrarian Law of the Livonian
Governorate. First-Third Section). Tartu

Liitoja-Tarkiainen U (2006) Talukdlvikud Vooremaal 17.-19. sajandil (Farmland’s land use
patches in Vooremaa in 17th—19th century). In: Tamberg T (ed) Vene aeg Eestis. Uurimusi 16.
sajandi keskpaigast kuni 20.sajandi alguseni (Russian time in Estonia. Studies from the
mid-16th century until the early 20th century). Eesti Ajalooarhiivi Toimetised, vol 14(21).
Tartu, pp 229-254

Léhmus E (2004) Eesti metsa kasvukohatililibid (Estonian forest site types), 2nd edn. Eesti
Loodusfoto, Tartu

Meikar T (2014) Riik ja talumetsad Eesti Vabariigi eel (State and forests of farms before Estonian
Republic). Eesti Mets 2:44-50

Meikar T, Uri V (2000) VVdsamaade majandamisest Eestis. Eesti metsad ja metsandus aastatuhande
vahetusel (Of the management of bushland in Estonia). In: Meikar T, Etverk |
(eds) Akadeemilise Metsaseltsi Toimetised, vol XI. Tartu, pp 103-120

Merila-Lattik H (2005) Karm ja kaunis Karula. Elust, olust ja inimestest muinasajast tanapéevani
(Rough and beautiful Karula. The peoples and way of life from ancient times to the present
day). Eesti Folkloori Instituut, Tartu

Nikodemus O, Bell S, Grine I, Liepins | (2005) The impact of economic, social and political
factors on the landscape structure of the Vidzeme Uplands in Latvia. Landscape Urban Plan
70:57-67. doi: 10.1016/j.landurbplan.2003.10.005

Opik E (1992) Maaviljelus (Agriculture). In: Kahk J (ed) Eesti talurahva ajalugu 1 (History of
Estonian peasants, vol 1). Olion, Tallinn

Paal J (1997) Eesti taimkatte kasvukohattitipide klassifikatsioon (Estonian vegetation site type
classification). Keskkonnaministeerium, Tallinn

Paal J (2007) Loodusdirektiivi elupaigatitpide kasiraamat (Handbook of habitat types of habitat
directive). Digimap OU, Tallinn

Pyne SJ, Andrews PL, Laven RD (1996) Introduction to wildland fire. Wiley, New York

Ratt A (1985) Mdnda maaviljeluse arengust Eestis labi aegade (About agricultural development in
Estonia). Valgus, Tallinn

Reintam LJ, Moora TH (1983) O vljanii podse¢nogo zemledelija na svojstva po¢v (Impact of slash
farming on properties of soils). In: Celovek rastitelnost i podva (Man, vegetation and soil).
Academy of Science, Tartu

Rouk A-M (1995) Inimtegevus ja selle m&ju loodusele (Human activities and their impacts to the
nature). In: Raukas A (ed) Eesti Loodus (Estonian nature). Valgus and Eesti
Entsliklopeediakirjastus, Tallinn

Tarkiainen U (2014) Aletamine maastikukujunduse- ja kultuuritegurina P8hja-Euroopas ja Eestis
(Slash and burn cultivation as factor of landscape design and culture in Northern Europe and in
Estonia). Tuna. Ajalookultuuri ajakiri 1:26-41

103



318 P. Tomson et al.

Tomson P, Bunce RGH, Sepp K (2015) The role of slash and burn cultivation in the formation of
southern Estonian landscapes and implications for nature conservation. Landscape and Urban
Planning 137:54-63. doi: 10.1016/j.landurbplan.2014.12.015

Vabariigi digitaalse suuremddtkavalise mullastiku kaardi seletuskiri (2001) (Headnotes of digital
large scale soil map of Estonia). Maa-amet, Tallinn. http://www.maaamet.ee/docs/kaardid/
mullakaardi_seletuskiri.pdf. Accessed 25 Oct 2014

Viires A (2000) Puud ja inimesed (Trees and people). llmamaa, Tartu

Viro PJ (1974) Effects of forest fire on soil. In: Kozlowski TT, Ahlgren CE (eds) Fire and
ecosystems. Academic Press, New York

Voionmaa V (1987) History of the Karelian Tribe in Finland-Extracts. Suomen Antropol 4:207-
212

Wedin M (2003) Forest finns vs. Swedish commons. In: Berge E, Carlsson L (eds) Proceedings
from a workshop on “commons: old and new”, Oslo, 11-13 March 2003. Norwegian
University of Science and Technology, Trondheim, pp 59-60

104



II1




Tomson, P., Kaart, T., Sepp, K. (2018). Role of 19th-century
rotational slash-and-burn cultivation in the formation of
boreal forest vegetation and implications for management.

Forest Ecology and Management, 409,
845—862.10.1016/j.foreco.2017.12.005.



Forest Ecology and Management 409 (2018) 845-862

0 379
FO!

Contents lists available at ScienceDirect
REST
ECOLOGY AN%

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

Role of 19th-century rotational slash-and-burn cultivation in the
development of boreal forests in southern Estonia and implications for forest
management

Gheck for

Pille Tomson®*, Tanel Kaart®, Kalev Sepp?

2 Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, Kreutzwaldi 5, Tartu 51014, Estonia
b Institute of Veterinary Medicine and Animal Sciences, Estonian University of Life Sciences, Fr. R. Kreutzwaldi 62, 51014 Tartu, Estonia

ARTICLE INFO ABSTRACT

Slash-and-burn cultivation has been a widespread practice in Northern Europe and large portions of modern
forests have developed on former slash-and-burn land. After the decline of slash-and-burn sites, forests re-
generated. The aim of the present study was to compare the environmental factors and forest ground vegetation
of former rotational slash-and-burn sites and continuous forest land to determine the e ects of di erent land-use
history and discuss the results in the context of conservation management. The study was based on analyses of
vegetation and environmental factors of di erent areas, which had been mapped as slash-and-burn land and
forests during the 19th century. The results demonstrated that the di erences in ground vegetation between
slash-and-burn sites and continuous forests are small and up to 5.2% of vegetation variability can be explained
by di erent land use during the 19th century. There were no di erences in soil characteristics among sites. The
di erences in vegetation could be connected to 20th century developments as sections of former slash-and-burn
sites were utilised as open fields during the opening decades of the 20th century. In terms of conservation
management, forests in former slash-and-burn sites must be considered as well-restored post-agricultural forests
without specific features or requirements for management.

Keywords:
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Post-agricultural forests

1. Introduction

Forest management and historical agricultural land use have
changed environmental conditions and directly influenced plant cover.
Fire has been utilised for agricultural purposes in landscapes for a long
time, e.g., to prepare pastures, to prevent wildfires, or to clear land for
crop cultivation. While the impacts of traditional agricultural practices
in Europe, such as pasturing or haymaking, on plant diversity are well-
studied, less attention has been given to the consequences of slash-and-
burn cultivation. A specific feature of slash-and-burn cultivation was
use of fire that caused changes in soil characteristics (Delgado-Matas,
2004; Pyne et al., 1996; Reintam and Moora, 1983; Vanha-Majamaa
et al., 2007; Viro, 1974).

Slash-and-burn cultivation (swidden) was applied in ancient times,
and it persisted up to the late modern period in northern Europe. Up to
the early 20th century, the slash-and-burn technique was utilised in
Germany, Finland, Sweden, Russia, Latvia, and Estonia (Goldhammer
and Bruce, 2004; Hamilton, 1997; Jaats, et al., 2010). The practice of
regularly burning young forests created in Estonia a special land cate-
gory named “buschland” (Ligi, 1963; Meikar and Uri, 2000). The forests,

* Corresponding author.

mainly composed of birch and alder, were cut and burned and then
used for crop cultivation for 2-5 years depending on the site’s fertility.
Then, the land was left fallow and used as pasture until being re-
colonised by trees, rotation length being 15-20 years (Ligi, 1963).

Previous studies (Raet et al., 2008; Tomson, et al., 2015) have re-
ported that the areas that had been regularly utilised for slash-and-burn
cultivation are now mostly covered by forests.

The di erences between ancient and post-agricultural forest vege-
tation and the historical development of forests in Europe have been
under discussion for a long time (Dupouey et al., 2002; Hermy et al.,
1999; Hermy and Verheyen, 2007; Matuszkiewicz et al., 2013; Ohlson
et al., 1997; Peterken and Game, 1984; Verheyen et al., 2003; Wulf,
2003, 2004). Lists of ancient forest plant species or ancient woodland
indicators have been created for di erent regions (Hermy et al., 1999;
Honnay et al., 1998; Schmidt et al., 2014; Wulf, 1997). Ancient forest
species groups, which contain coexisting species with similar ecological
demands, have recently been defined (Stefanska-Krzaczek et al., 2016).
Recovery processes of forest plant communities in post-agricultural
landscapes have been described by di erent authors, as reviewed by
Flinn and Vellend (2005).
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In northern Europe, natural and old-growth forests have been given
more attention (Brimelis et al., 2011). Ohlson et al. (1997) reported a
high correlation between the number of vascular plants and forest
continuity, and a dependence of species richness of fungi and bryo-
phytes on the persistence of structural elements of old-growth forests.
Studies of forest landscape history are numerous (Axelsson and Ostlund,
2001; Eriksson et al., 2010; Lindbladh, 1999; Linder and Ostlund 1998,
Ostlund et al., 1997), and several studies of boreal areas have described
how historical human impacts have a ected forest tree composition
(Axelsson and Ostlund, 2001, Ericsson et al., 2005; Eriksson et al.,
2010; Lindbladh and Bradshaw, 1998) or have even changed the forest
type (Lindbladh, 1999).

In Estonian forests, historical continuity of forest patches and
former open land has been shown to a ect species composition (Paal
et al., 2011). Several studies have analysed the e ect of forest man-
agement and di erent successional stadia of forest herb layer vegeta-
tion (Aavik et al., 2009; Kohv and Liira, 2005; Meier et al., 2005; Moora
et al., 2007). Most Estonian forests have been altered by forest man-
agement and the general opinion in Estonian forestry is that forests as
old as 180 years have been clear-cut at least once (Etverk, 1974).

Though attracting less attention than some other historical land-use
practices such as grazing and haymaking, several studies have analysed
the possible e ects of slash-and-burn cultivation at the landscape level.
Many authors have reported an increase in the abundances of birch and
alder in slash-and-burn areas, as observed in the case of regeneration
after natural fires (Heikinheimo, 1915; Hokkanen, 2006; Lehtonen,
1998; Linkola, 1987; Parvieinen, 1996; Sarmela, 1987; Vasari 1992).
Using pollen diagrams, Lindbladh and Bradshaw (1998) showed that
original broad-leaved forests were replaced by coniferous forests after
slash-and-burn cultivation in southern Sweden outfield areas. The in-
crease of spruce in forest vegetation is attributable to a combination of
climate changes and the decline of slash and burn cultivation
(Bradshaw and Hannon, 1992; Lindbladh et al., 2014).

In Finland, former slash-and-burn forests are regarded as semi-nat-
ural forests by Uotila and Kouki (2005). Hokkanen (2006) described
“man-made” herb-rich forests that have been created by slash-and-burn
cultivation. Numerous vascular plant species have been noted as typi-
cally present at former slash-and-burn sites (Myllyntaus et al., 2002).

In Estonia, the prevailing opinion is that slash-and-burn cultivation
has caused considerable impoverishment of vegetation. Laasimer
(1958) suggested on the basis of pollen data that soil depletion caused
by regular slash-and-burn cultivation, followed by permanent cultiva-
tion, led to the formation of dry oligotrophic pine forests and Oxalis
spruce forests. Recent Estonian studies have asserted that species-poor
spruce forests could grow in former slash-and-burn sites (Paal, 1997;
R6uk, 1995). Tomson et al. (2016) analysed the forest composition in
former slash-and-burn sites in southern Estonia using the State Forest
Management Database (FMD) and discovered that the most common
was the Oxalis forest type.

The aim of the present study was to analyse the environmental and
vegetational di erences between former rotational slash-and-burn sites,
and sites which have been continuous forest land since the 19th cen-
tury. Legacies of historical land use and former rotational slash-and-
burn fields are discussed with respect to biodiversity protection and
conservation management.

2. Material and methods
2.1. Environmental conditions
The study was carried out in southern Estonia in Valga and Véru

counties, in the Boreal Region as defined by Metzger et al. (2005). The
climate in the region is moderately continental; the average
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temperature is —5°C in winter and 16 °C in summer. The average an-
nual precipitation is approximately 700 mm (Tarand et al., 2013). The
sandy and loamy soils are mainly acidic and overlie various Quaternary
sediment moraines, covering the Devonian bedrock (Astover et al
2012). The region is mainly hilly, with moraine kames.

2.2. Selection of study sites

Field work was carried out during the summer months in 2014 and
2015 in five protected areas: Karula National Park (47 forest stands),
Pikkjérve (three forest stands), Paganamaa Landscape Protection Area
(eight forest stands), Pahni Nature Protection Area (three forest stands)
and Haanja Nature Park (19 forest stands; Fig.1).

Former slash-and-burn sites (buschlands) and continuous forest
land were identified using 19th-century maps, including the maps of
Karula (1867), Vana-Antsla (1871-1872), Boose (1871-1872), Haanja
(1851), Vana-Roosa manor (1886), Krabi manors (1878), and di erent
farm maps (Appendix A). Historical maps were geo-referenced and
raster maps were compared with digital layers from the FMD
(Environment Agency, 2017) to locate suitable areas for a vegetation
survey of forest patches. Stands older than 90 years were preselected
to ensure that the ground vegetation was representative. Forest patch
sizes greater than 0.5 ha were preferred. Various forest types located
in former buschlands were selected for vegetation analyses: of these
study areas 31 (68.9%) were Oxalis main type, 10 (22.2%) were
transitional Oxalis-Vaccinium myrtillus subtype forests, two (4.4%)
were Oxalis-Vaccinium vitis-idaea subtype, and two (4.4%) belonged to
Hepatica type, according to FMD. Based on a previous study (Tomson
et al., 2016) the Oxalis forest site type was considered typical of slash
and burn cultivation sites. Therefore, Oxalis type stands, which had
been mapped as forest during the 19th century, were selected for
comparison. The stands with fresh signs of forest cutting were ex-
cluded to avoid any influence of recent human impact. Of the 80 ob-
served forest stands, 45 were former buschlands, and 35 were forest
land stands. In most observed forest stands, five vegetation plots were
examined. The slash and burn cultivation areas were named “busch-
land” in the 19th™ century maps; therefore, the forests located in the
former slash-and-burn sites are named as buschlands in the present
study. The stands located in areas mapped as forest in the 19th century
are hereafter named former forest.

2.3. Field studies

For vegetation surveys, the methodology of Bunce and Shaw (1973)
was applied. Plots of 200 m? were utilised in the present study and were
selected randomly within the preselected forest stands. The abundances
of trees regeneration and of bushes were recorded by species. The
general coverage of the bryophyte layer and presence of species were
also recorded. Unknown bryophytes were collected and identified by
sta at the Herbaria of Estonian University of Life Sciences. Vascular
plants were identified based on Leht (2010), and bryophytes were
identified based on Ingerpuu and Vellak (1998). In the observed stands,
151 species of vascular plants (Appendix B) and 51 species of bryo-
phytes (Appendix C) were recorded, with 92 vascular plant species
present in more than 5% of stands. In the herbaceous layer 85 vascular
plant species were registered in more than 5% of stands.

The diameter of trees measured at a height of 1.3 ms was recorded
by species. In addition, in every forest stand, the e ect of former human
impact was estimated, using the timescale factor (late: 5 years, medium:
5-20 years, and old: greater than 30 years) and strength (missing, weak,
medium, and strong e ect). The types of human impact were previous
fellings, roads, hiking trails, traces of former resin collections, and ef-
fect of being adjacent to clear-cut areas. In subsequent analyses, the
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Fig. 1. Location of study areas.

human impact from every period and type were summed to obtain one
general index.

The position of the studied forest stands in the landscape was re-
corded and expressed as isolated stands in agricultural land, edges of
forest patches or large blocks of forest. The location of sample plots was
characterised by location in the relief (flat land, the top of hills, the base
of hill, hill slope) and in the landscape (isolated, forest edge, forest
massive). The numbers of fallen dead tree-trunks on the ground,
stumps, and uprooted trees were recorded. Landscape elements con-
nected with former slash-and-burn cultivation, such as large relict trees,
field banks, and excavated pits (for storing turnips over winter) were
recorded.

In every forest stand, soil characteristics were recorded, i.e., soil
texture, thickness of litter, and humus layer. The soil samples were
collected from the humus layer and under it for laboratory analyses.

2.4. Data processing

The data from FMD were utilised to describe the stand areas,
dominant tree species, dominant tree species ages, and forest site type
for the former slash-and-burn sites. Three of the initially selected stands
were divided into two because the sample plots did not have uniform
environmental characteristics, so in total 83 sites were used, with an
average 4.8 sample plots (2-8) per site.

As light conditions are heavily influenced by tree cover and may
di er according to tree species, the basal areas of trees were obtained to
include the e ects of di erent tree species as factors. Additionally, the
basal area of young trees of genus Picea, equal to or less than 5cm in
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diameter, were calculated to characterise poor light conditions under
the young trees. The basal area of dead standing trees was also calcu-
lated.

The soil types of the forest stands were identified using the digital
Estonian Soil Map (Estonian Land Board, 2017b).

To analyse the subsequent development of former slash-and-burn
sites, a one-verst topographical map from 1912 to 1922 was used,
which was available from the Estonian Land Board Web Map Server
Historical Map Application (Estonian Land Board, 2017b). The land
cover types of these maps were grouped into three classes: open (fields
and grasslands), transitional (shrubs and areas with sparse trees), and
forests.

In several stands of the former forests group, field banks were dis-
covered during the field work, which are clear signs of former culti-
vation. This occurrence indicated that the temporal aspect of slash-and-
burn e ects could be considered. Therefore, the former forests group
was divided into two subgroups: former forests without cultivation
signs were named “continuous forests” and areas that were mapped as
forest during the 19th century but had obvious traces of cultivation
were named “older buschlands”. Therefore, three groups in total were
formed that characterised the time gradient: recent buschlands (mapped
as buschland during the 19th century, n=47), older buschlands
(n=11) and continuous forests (n = 25).

Because soil and forest characteristics were recorded by FMD stand
level and because the number of plots was not the same in each stand,
the final database was built up by site level. The data measured at
single plots were averaged by site. This meant that some information
from single plots was lost; however, this decreased the random noise
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caused by the random choice of plots (the plots with extreme values
have less of an e ect on the results) and repeated measures, which are
problematic in complex multivariate analyses, were avoided. Before
averaging, the coverage of vascular plant species with coverage less
than 2.5% was set to 1%. In addition, one dataset with average plant
coverage and another dataset with presence of plants were created (a
plant species was considered present if it was present in at least one
plot of the site). The recorded non-numerical environmental char-
acteristics were converted to gradients. Soil types were ordered by the
gradient of soil based on the L6hmus’ forest ordination scheme (Asi
etal., 2004). Forest productivity was used to place Delluvial soils into
the gradient (Astover et al., 2012) at the same position as Haplic Al-
beluvisols.

The following soil properties of the humus horizon and the horizon
under the humus were measured in the laboratory: pHgc, the total
nitrogen (N; Kjeldahl digestion method (van Reeuwijk, 2002)), organic
C concentration (Tjurin method (Vorobyova, 1998)) and soil specific
surface area (m?/g; obtained by the water steam adsorption method)
(Bigham, 1996). The list environmental variables and soil properties,
with short descriptions and ranges of values, is presented in Appendix
D.

For additional analyses, the recorded vascular plant species were
grouped according to their ecological preferences (ancient forest in-
dicators by Wulf (2003), a nities for human impact (antropophytes,
apophytes, hemeradiaphores, and hemeraphobes; Kukk (1999) and
dispersal types (autochores, amemochores, zoochores, myrmecochores,
hydrochores, and others).

2.5. Statistical analyses

All statistical analyses were performed with R 3.2.3 software and
results were considered statistically significant at p =< 0.05.

The permutation analysis of variance (ANOVA) with the function
‘oneway_test’ in R package ‘coin’ was applied to compare the environ-
mental factors as well as the coverage of herbaceous plant species and
bryophytes in groups “buschlands” and “former forests” and in groups
“recent buschlands”, “older buschlands” and “continuous forest”. The
same methodology was utilised to compare sites grouped by land cover
types at the beginning of the 20th century and by three regions (1)
Haanja Nature Park, (2) Karula National Park and Karula Pikkjarve
Landscape Protected area, (3) Pahni Nature Protection Area and
Paganamaa Landscape Protection Area. The presence data of herbac-
eous plants were analysed using the Fisher exact test. For analyses of
plants and bryophytes, the Bonferroni-Holm correction for multiple
testing was applied using the R function ‘p.adjust’.

Several multivariate analysis methods were then applied. Principal
component analysis (PCA) was used to discover basic patterns in ve-
getation coverage and to study the relationship of these patterns to
environmental factors. The multi-response permutation procedure
(MRPP) and permutational multivariate ANOVA (perMANOVA) were
used to test the di erence in vegetation coverage between land-use
groups. Finally, the between-groups principal component analysis
(BGPCA) alias principal component analysis with respect to instru-
mental variables was applied to discover patterns in vegetation cov-
erage distinguishing di erent land-use histories. Only the data con-
cerning herbaceous layer vascular plant species in more than 5% of
stands were included in multivariate analyses. PCA and BGPCA were
performed with the functions ‘dudi.pca’ and ‘bca’ in R package ‘ade4’,
and MRPP and perMANOVA were performed with the functions ‘mrpp’
and ‘anosim’ in R package ‘vegan’.
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Table 1

Mean (standard deviation) values of landscape and soil characteristics with statistically
significant (p < .05) di erences between di erent types of areas and p-values according
to one-way analysis of variance using permutation test. The short descriptions and ranges
of values are presented in Appendix D

Variable Recent buschland ~ Older buschland ~ Continuous forest  p-Value
Location 2.5 (0.58) 2.9 (0.30) 2.9 (0.28) 0.001
Field banks ~ 1.11 (0.80) 1.14 (1.22) 0.00 (0.00) <0.001
Turnip pits  0.301 (0.564) 0.176 (0.336)  0.016 (0.055) 0.035
Age (year)  112.7 (15.9) 133.1 (27.3) 130.3 (20.6) <0.001
Area (ha)  2.09 (1.83) 1.83 (1.20) 3.92 (3.44) 0.005
Large trees  1.15 (0.84) 0.62 (0.89) 0.14 (0.32) <0.001
Litter (cm) ~ 4.79 (2.26) 6.55 (2.58) 6.12 (2.42) 0.016
3. Results

3.1. Comparison of environmental factors

The permutation tests comparing environmental factors in recent
and older buschlands and continuous forest revealed only a few statis-
tically significant di erences (Table 1). Continuous forest stands tended
to be larger, older and located more distantly from the forest boundary
than the other two groups and had fewer large relict trees and traces of
former turnip pits. The age of dominant trees was higher in both con-
tinuous forest and the older buschland areas. The stand areas were
largest in continuous forest sites. The recent buschlands had thinner
litter layers. In addition, the recent buschland areas tended to have
deeper humus layers; however, these di erences were not statistically
significant (on average 15.1cm in recent buschlands versus 12.1 and
12.6cm in older buschlands and continuous forests, respectively,
p=.077). The dead standing trees, fallen dead trees, stumps and up-
rooted trees were not significantly di erent within groups. Also the
estimated extent of damage by wild boars to the ground vegetation did
not di er.

The comparison of the two initial groups of study sites (buschlands
versus former forests) did not reveal any additional di erences in en-
vironmental factors. This is because having similar environmental
features was a precondition in selecting stands for field work. However,
the humus layer was recorded as being thicker in buschlands than in
former forests (15.1 versus 12.1, respectively, p = .033). There was no
di erence in pHkci, N%, and C% among the three groups of areas (all
p = 0.4). The C-N ratio was the lowest in recent buschlands (11.4),
followed by older buschlands and continuous forests (14.2 and 18.6,
respectively); this di erence was not statistically significant (p = .176).

3.2. Comparison of ground vegetation

Out of 85 regular (recorded in more than 5% of stands) herbaceous
layer vascular plant species, 13 showed a statistically significant dif-
ferent coverage among di erent forest groups (Appendix B). Five of
these species (Crepis paludosa, Dryopteris expansa, Equisetum sylvaticum
Melampyrum nemorosa and Melampyrum pratense) had higher coverage
in continuous forests, three (Convallaria majalis, Galeopsis tetrahit and
Polygonatum odoratum) had higher coverage in both continuous forests
and older buschlands, three (Chelidonium majus, Circaea alpine and
Vaccinium vitis-ideaea) in older buschlands, and two (seedlings of Sorbus
aucuparia and Populus tremula) in recent buschlands. However, after
applying the correction for multiple testing, none of these di erences
remained statistically significant.

The average number of species in each site was almost the same for
all three groups of study sites (average 17.6, 18.3, and 18.0 species in
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Fig. 2. Results of principal component (PC) analysis
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recent buschlands, older buschlands, and in continuous forests, respec-
tively, p=.86). There were no statistically significant di erences in
species richness of examined ecological groups except in groups based
on dispersal types, with myrmecochores being more common in older
buschlands and continuous forests (1.27 and 1.12 species, respectively)
and less common in recent buschlands (0.79 species, p=.030). The
presence of ancient forest indicators did not di er among continuous
forests and both types of buschland, and the number of hemeraphobes
was not significantly di erent among the observed groups. The com-
parison of the two initial groups of study sites (buschlands with former
forests) did not reveal additional statistically significant di erences in
coverage of single species or in species richness of ecological groups.
The analyses of maximum coverage of vegetation did not reveal any
further statistically significant di erences among the three groups of
study sites.
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The comparison of presence of vascular plants revealed a greater
number (18) of di erences. Statistically significant di erences
(p < .05) in presence data were found for the following species in
recent buschlands, older buschlands, and continuous forests: Acer plata-
noides (0.87, 0.64, and 0.55, respectively), Alnus incana (0.32, 0.27, and
0.04, respectively), Calamagrostis arundinacea (0.30, 0.64, and 0.72,
respectively), Chelidonium majus (0.09, 0.27, and 0.00, respectively),
Convallaria majalis (0.19, 0.36, and 0.60, respectively), Crepis paludosa
(0.04, 0.18, and 0.24, respectively), Daphne mezereum (0.00, 0.09, and
0.16, respectively), Dryopteris expansa (0.02, 0.00, and 0.20, respec-
tively), Fragaria vesca (0.93, 0.82, and 0.72, respectively), Fraxinus
excelsior (0.30, 0.09, and 0.04, respectively), Galeopsis tetrahit (0.15,
0.36, and 0.44, respectively), Lysimachia vulgaris (0.04, 0.09, and 0.24,
respectively), Melampyrum nemorosum (0.00, 0.09, and 0.16, respec-
tively), Polygonatum odoratum (0.04, 0.09, and 0.24, respectively),
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Populus tremula (0.70, 0.18, and 0.28, respectively), Padus avium (0.28,
0.09, and 0.00, respectively), Quercus robur (0.96, 0.91, and 0.64, re-
spectively), and Salix caprea (0.02, 0.18, and 0.16, respectively). After
applying the correction for multiple testing, only di erences in the
presence of Populus tremula remained statistically significant
(p =.027).

Six species of bryophytes showed apparent di erences among the
three groups of study areas. Brachythecium oedipodium, Eurhynchium
angustirete, Plagiomnium a ne, and Rhytidiadelphus triquetrus were
more common in recent buschlands, whereas Plagiochila asplenioides
and Polytrichum formosum were more common in continuous forests.
After applying the correction for multiple testing, only di erences in
the presence of Brachythecium oedipodium remained statistically sig-
nificant.

3.3. Multivariate relationships among ground vegetation, environmental
factors, and land use

The PCA revealed that 21.7% of the total variability of coverage of
regular herbaceous layer vascular plant species could be described by
the first two factors. The first factor mainly distinguished the species
that preferred shaded environments in fresh and less acidic soils, such
as Stellaria nemorum, Actaea spicata, Lonicera xylosteum, and Galeobdolon
luteum, from others (Vaccinium vitis-idaea, Trientalis europaea, Festuca
ovina, and Luzula pilosa; Fig. 2A). The second factor is more related to
human impact, i.e., the species less sensitive to human impact are lo-
cated on the upper side of Fig. 2A (Epilobium montanum, Veronica cha-
maedrys, Taraxacum sp., Urtica dioica). However, these species patterns
are not related to the analysed land-use history (Fig. 2B) because the
ANOVA comparing the values of the first two principal components in
areas with di erent land-use histories showed no statistically sig-
nificant di erences in the case of trees or in the two groups (all p-va-
lues =>0.3).

The correlation analysis of principal components and environmental
factors (Fig. 2C) showed a statistically significant negative correlation
between the first principal component (PC1) and summed basal area of
Corylus avellana and Picea abies, which reflects poor light conditions.
PC1 was also negatively correlated with soil gradient, soil texture,
thickness of humus layer, and relief (the species on the left side of
Fig. 2A are more dominant in kames that have loamy and more fertile
soils). PC1 was positively correlated with ages of the dominant trees,
summed basal area of pine, litter thickness, e ect of wild boars, average
number of fallen dead tree trunks, presence of dense groups of spruce
regeneration, distance from forest boundary, and land cover in
1912-1922. The species on the right side of Fig. 2A are more dominant
in areas that were forested more than a century ago and are currently
located in forest massive where there are older and bigger conifers
growing and where the e ect of boars is greater. The second principal
component (PC2) was significantly and negatively correlated only with
litter thickness, and slightly positively but not significantly correlated
with the age of trees and relief (the species on the upper side of Fig. 2A
tend to be more dominant on glacial kames that have older trees and
lower thickness of litter layer).

The comparison of regular herbaceous plant species coverage in
areas with di erent land-use histories using MRPP revealed that the
within-group homogeneity, compared to the random expectation, ap-
proached statistical ~significance (A=0.0051, p=.109 and
A =0.0078, p=.017, in the case of three- and two-group comparisons,
respectively). The perMANOVA showed significant di erences among
areas with di erent land-use histories (p = .027); however, only 4.1%
of plant coverage variability was accounted for by the di erences in the
three groups.
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Comparing the presence of plant species, including trees, re-
generation, bushes, and bryophytes, the results were similar after ap-
plying MRPP (in the case of three groups A =0.0095, p =.001 and in
the case of two groups A =0.0096 and p =.004). The perMANOVA
showed significant di erences in both the three- and two-group com-
parisons (accounted variability 5.2%, p =.004, and 4.1%, p = .004,
respectively).

The comparison of land cover types according to maps from 1912 to
1922 (open versus transitional versus forest) revealed statistically sig-
nificant and slightly stronger e ects on plant coverage (MRPP:
A=0.0115, p=.012; perMANOVA: accounted variability 6.6%,
p =.001). Analyses of the presence data of plant species revealed si-
milar results (MRPP: A=0.0118, p =.001; perMANOVA: accounted
variability 7.2%, p = .002).

The vegetation di erences were the clearest between regions (plant
coverage analyses MRPP: A = 0.0458, p =.001; perMANOVA: 11.7%,
p=.001; plant presence analyses MRPP: A =0.0307, p=.001:
perMANOVA: 13.6%, p = .001).

The BGPCA confirmed the results of the MRPP and perMANOVA in
being able to separate the three groups of sites with di erent land-use
histories (Fig. 3B). However, statistically significant di erences were
only reported in the values of the first component, distinguishing areas
in the horizontal direction (p < .001) and accounting for 69.4% of the
plant coverage variability explained by the di erent land-use histories.
The values of the second component, distinguishing areas in the vertical
direction (mainly distinguishing older buschlands), were not statistically
significantly di erent (p = 0.65) and accounted for 30.6% of the plant
coverage variability explained by the di erent land-use histories. The
overall e ect of land-use history on current plant coverage was statis-
tically significant (p = 0.005) but had little importance, accounting for
only 3.8% of the total plant coverage variability between sites. How-
ever, irrespective of the small e ect, the BGPCA still allowed the
identification, in areas with di erent land-use histories, of frequently
observed vegetation patterns. These results are similar to the results of
the univariate analyses. Species located on the left side of Fig. 3A
(especially Sorbus aucuparia, Quercus robur, Acer platanoides, and Po-
pulus tremula) were more dominant in recent buschlands, whereas the
species located on the right side of Fig. 3A (Galeopsis tetrahit, Convallaria
majalis, Crepis paludosa, Calamagrostis arundinacea, and Lysimachia vul-
garis) were more common in continuous forests. Species located in the
upper portion of Fig. 3A (especially Chelidonium majus and Circaea al-
pina) were common in older buschlands. The correlations with other
environmental factors (Fig. 3C) revealed that plant species that were
more dominant in areas classified as recent buschlands grow in hilly
areas, which have better soils with higher nitrogen content and a
thicker humus layer, and have been subjected to greater human impact.
The plant species that are more dominant in areas classified as con-
tinuous forests (on the positive side of the first axis) grow in areas that
were forested more than a century ago and that are currently located
deep in the forest with older trees and a thicker litter layer. The plant
species more common in areas classified as older buschlands are posi-
tively related to older trees, summed basal area of pine, and fallen dead
tree trunks, and negatively related to human impact and soil texture,
humus layer thickness, soil fertility, number of stumps, and summed
basal area of Corylus.

4. Discussion
4.1. The e ects of land use and environmental factors

In the present study, only small vegetation di erences between
former rotational slash-and-burn sites and continuous forests were
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detected, as only 3.8-5.2% (depending on the analysis method) of the
overall vegetation variability between sites could be explained by the
19th-century land use.

The environmental factors most strongly related to plant commu-
nities were soil properties and light conditions. The e ect of basal
areas of Picea abies and Corylus avellana is connected to their ability to
shade the ground, leading to poor light conditions for understorey
vegetation.

The pH of the soil humus layer did not show significant di erences
between sites with di erent land-use histories. There was no evidence
of transition of soil acidity among recent buschlands, older buschlands
and forests. This was confirmed by the vegetation surveys, which did
not indicate whether soils in the former slash-and-burn areas were
more or less acidic than the soils in the forest land. More than a
century has passed since the decline of slash-and-burn cultivation in

this region (Jaats et al., 2010), which could have been su cient for
soil pH to recover, as observed by Delgado-Matas (2004) and Viro
(1974). The present study has shown that recovery of soil pH is also
possible in areas subsequently used for arable cultivation. No di er-
ences were found in other observed soil characteristics; therefore,
changes to soil properties due to regular slash and burn cultivation
cannot be inferred. From the BGPCA it was revealed that the recent
buschlands, with their typical vegetation, tended to be located in more
fertile soils; however, this might simply be due to the selection of
better lands for cultivation.

Traditionally, the buschlands were scattered among other land use
plots or located at the edges of farmland (Tomson, 2007). This might be
why the former buschlands are correlated more with forest edges than
continuous forests. Average tree cover in buschlands is younger because
this group contains sites that were used as arable fields after the end of
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slash-and-burn cultivation; forest cover only started to grow there after
abandonment of these areas at the beginning of the 20th century. The
forest in the sites mapped as forest in the 19th century were probably
managed using clearcuttings by that time, so the dominant tree layer
there today is less than 200 years old.

4.2. Vegetation di erences

Fire can impact ground layer vegetation in di erent ways: de-
stroying the vegetation, creating favourable open conditions for ger-
mination of new species, opening the canopy and improving light
conditions, and changing the soil properties. The first vascular plants in
a burned area are easily spreading pioneer species. The succession and
recovery of original vegetation is rapid after burning, and several spe-
cies typical of early successional stages after fire are common
(Ruokolainen and Salo, 2009). Plants which are heat tolerant or have
deep rhizomes or seeds can survive and regenerate after fire, as both
regeneration and colonisation occur after fire (Hekkala et al., 2014;
Ruokolainen and Salo, 2009; Schimmel and Granstrom, 1996).

The management cycle of buschlands did not promote natural post-
fire succession because the fire was followed by cultivation for
3-5years, after which the fallow fields were often grazed (Tomson
et al., 2015). The assumption cannot be justified, that, in the former
slash-and-burn sites, higher coverage and presence of pioneer, ruderal,
and meadow species are due to the seed bank. The e ect of fire on
vegetation was expected to reveal itself through soil changes and was
not expected to be related to post-fire succession. However, no such
di erences were reported in the present study. Additionally, specific
fire-dependent species such as Pulsatilla patens, Pulsatilla pratensis,
Geranium bohemicum, etc. (Kalamees et al., 2012; Reier, et al., 2005)
were not found either in buschlands or in continuous forest areas.

There are numerous studies describing the impacts of fire on the
forest tree layer composition, as pioneer species in burned areas include
pine, birch, alder and aspen (Axelson and Ostlund, 2001; Hekkala et al.,
2014; Hellberg et al., 2009; Parviainen, 1996; Viro, 1974). Deciduous
pioneer tree species have also been associated with slash-and-burn
areas (Heikinheimo, 1915; Hokkanen, 2006; Lehtonen 1998; Lindbladh
and Bradshaw 1998; Linkola, 1987; Sarmela, 1987; Vasari, 1992). Alder
was present in a greater number of sites in buschlands, as this species is
typical in the overgrown fields in the region. Birch was not more
common in the former slash-and-burn sites. The seedlings of deciduous
trees (Populus tremula, Sorbus aucuparia, Quercus robur, Acer platanoides)
were found more frequently in buschlands and could be remnants from
the successional period after slash-and-burn cultivation. The more fre-
quent occurrence of seedlings may also be associated with the fact that
buschlands are more closely connected with forest edges. The increase of
spruce, observed in abandoned slash and burn areas in Sweden
(Lindbladh et al., 2014), was not registered.

In the Koli area of Finland, edaphically demanding species still
occur on what were slash-and-burn sites and Hokkanen (2006) there-
fore proposed that herb rich forests can be expected to develop on
former burnt sites. This outcome was not observed in the present study,
with the average numbers of species in buschland sites not being dif-
ferent from those in the former forest sites.

Di erences between Finnish and Estonian studies can be explained
by the decline of slash-and-burn cultivation having been earlier in
Estonia than in Eastern Finland i.e., in the 19th century rather than in
the 1940s (Lovén and Aanismaa, 2004). The e ect of fire on soil
characteristics decreases with time. In addition, processes of nutrient
circulation and decomposition are much slower at higher latitudes
(Bonan and Shugart, 1989); therefore, forest recovery processes in
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eastern Finland may take longer than in Estonia.

In addition, in the present study, some species typically found in
slash-and-burn cultivation sites in Finland Rubus saxatilis and Oxalis
acetosella, were equally abundant in both buschlands and former or
continuous forests. Only Fragaria vesca was present in a greater number
of buschland sites.

In Estonia, the rotational slash-and-burn cultivation that involved
ploughing and phases of grassland and young deciduous tree cover
(Meikar and Uri, 2000; Tomson et al., 2015) lasted for centuries.
Therefore, the maintenance of seed banks or the regenerative parts of
forest plants is less likely than in the Huuhta-cultivation in Finland.
There, the fields were used for one year after burning without
ploughing and then left to grow the next generation of coniferous for-
ests (Sarmela, 1987). The recovery of forest vegetation in Estonian
slash-and-burn sites is thus more dependent on colonisation. During the
19th century, the majority (33) of the observed buschlands were spar-
sely situated among agricultural lands and 14 were bordered by natural
habitats. The lower species diversity of myrmecochores in buschlands
reflects these constraints. The diversity of hemeraphobes and hemer-
adiaphores did not show di erences. We have found numerous species,
designated ancient forest indicators in Central Europe (Wulf, 2003), to
be present in large numbers in previous slash-and-burn sites, and dif-
ferences were not found between buschlands and continuous forests. For
most European countries, the threshold dates for the definition of
woodland as ancient are earlier (Hermy and Verheyen, 2007) than the
dates for commencement of forest recovery in former buschlands. For
the majority of forest species, the time since agricultural use of busch-
lands has been su cient for colonisation. In continuous forests, there
were several species of hemeraphobes (Carex brunnescens, Chimaphila
umbellata, Milium e usum, Carex vaginata, Carex rhizina, Pyrola minor,
Sanicula europaea and Vicia sepium) that were not present in buschlands;
however, these species grew in only 1-3 forest sites and therefore
cannot be considered as typical to continuous forest land. These results
support the conclusion (Schmidt et al., 2014), that ancient forest in-
dicator species are not clearly distinguishable in the case of Nordic
coniferous forests.

In this study, the forests in former slash-and-burn areas are of di-
verse forest site types and would therefore be expected to have con-
siderable species diversity overall, but when compared with the former
forest stands (which were all of Oxalis type) this was not found to be the
case. This supports the suggestion that the vegetation in former slash-
and-burn sites has still not completely recovered.

Both forests and buschlands were a ected by previous selective
cuttings. Forest management a ects the ground layer vegetation by
changing light conditions, which occurs particularly in Oxalis forests
(Kohv et al., 2013). Liira et al. (2007) have shown that forest man-
agement can increase the herb layer species richness and the presence
of graminoids and ruderals. Therefore, forest management can unify the
species composition of di erently developed forests. However,
Zmihorski (2011) argued that the di erences in vegetation of recent
and ancient forests are still observable even after clear cuttings.

Paal et al. (2011) declared that the vegetation composition is con-
nected with the land cover and location of forest patches at the be-
ginning of the 20th century. The present study demonstrated that
variability connected with land cover during 1912-1922 in Russian
one-verst maps is greater than the variability connected with slash-and-
burn cultivation (7.2-7.4% versus 4.1-5.2%, respectively, in perMA-
NOVA analyses). This implies that subsequent land use is slightly more
important than preceding slash-and-burn cultivation. Approximately
130 years have passed since the decline of slash-and-burn cultivation in
the vicinity of the studied areas (Jaats et al., 2010), although the exact
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number of years of abandonment for each plot probably varies. Many
plots were probably utilised as arable field or grassland for shorter or
longer periods after abandonment. The di erences in vegetation of
observed slash-and-burn groups may reflect di erences in their later
development. The former slash-and-burn forests in Estonia may be re-
garded as nearly recovered post-agricultural forests.

The study supports the general finding (Laasimer, 1958; Paal, 1997;
R6uk, 1995), that mesic Oxalis forests are common in Estonian slash-
and-burn sites. Dry oligotrophic pine forests as suggested by Laasimer
(1958) were not registered. The occurrence of species-poor forests in
former slash-and-burn sites is probably due to delayed forest recovery
subsequent to slash and burn cultivation. As the analysed sites were
used for slash-and- burn cultivation at a range of di erent times it is
reasonable to conclude rotational slash-and-burn cultivation has had
less of an impact than previously assumed.

The dominant tree species from the FMD were more commonly pine
than the spruce that is considered to be typical of Oxalis forests
(Lohmus, 2004). In understorey and regeneration the spruce is more
abundant. In the Haanja region, the most common dominant tree spe-
cies was spruce due to more fertile soils, and pine was only dominant in
some former buschlands. The frequent occurrence of pine in the upper
layer may be connected with forest recovery in open lands, as is cur-
rently observed in abandoned agricultural land in Estonia. Additionally,
the prevalence of grown-up pines, especially in continuous forest land,
may be the result of plantations, which became widespread during the
19th century (Etverk, 1974). Karula, Vana-Roosa, and Krabi manors
belonged to landlords during the 19th century, whereas Haanja was
state-owned. Therefore, it is likely that in Haanja the forests were not as
well managed as in the private manors, and forest regeneration there
was natural as opposed to the other manors, where plantations were
used.

It is likely that the forests classified as continuous forest in the
present study were burned for cultivation in earlier times; however, this
has not left visible traces in the landscape and the cultivation may not
have been intensive. Therefore, it is not possible to exclude slash-and-
burn cultivation as having had some influence on the formation of
vegetation in the continuous forest group.

Forest history studies from Scandinavian countries have demon-
strated the e ect on the forest vegetation of climate changes in com-
bination with human activities (Bolte et al., 2010; Bradshaw and
Hannon, 1992; Cowling et al., 2001; Skold et al., 2010) over recent
millennia. In Estonia only pollen studies for this period are available,
and these show the e ects of climate changes on tree cover in the first
half of the Late Holocene. At the end of Holocene, human impact in
Estonia coincided with climate cooling, promoting the increase of the
boreal tree species Betula, Salix and Pinus (Reitalu et al., 2013). The
impact on Estonian forest composition of the cooler climate in the
second part of the last millennium is overshadowed by that of wars and
epidemics (Sillasoo et al., 2009). As in Estonia the most common tree
species are not at their distribution border, climate cooling did not had
such a strong e ect on tree cover composition as it did in Scandinavia.
The warming after the Little Ice Age of the second half of the 19th
century coincided with expansion of coniferous plantations. Pollen
analyses from lakes in study areas in Karula National Park (Poska et al.,
2017) and Haanja Nature Park (Niinemets and Saarse, 2009) do not
reveal vegetation changes that could be attributed to slash and burn
forests or to continuous forests connected with climate changes.

5. Implications for conservation and management

In Karula National Park, more than half of the old forests in
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former rotational slash-and-burn sites have been designated as
Natura 2000 Habitats (Tomson et al., 2015). These were mainly
designated Western Taiga type because of their relatively natural
structure, with many rotten logs and dead trees. In spite of this ob-
vious biodiversity value, it is still to be determined how natural is the
vegetation of these forests.

The results of the present study show that in Estonia, unlike in
Finland, the forests in former rotational slash-and-burn sites cannot be
regarded as semi-natural habitats with specific vegetation. Considered
as post-agricultural or recent forests, these forests show a strong re-
covery of vegetation in comparison with the areas under the forest in
19th century. Therefore, it must be questioned whether there is any
need for special conservation management activities, such as prescribed
burning.

Former buschlands and forests in areas mapped as forest during the
19th century are comparable, both by their elements of old-growth
forests and vegetation and require maintenance in protected areas. In
addition, the results suggest that younger secondary forests that re-
generated during the 20th century in former agricultural land (Tomson
et al., 2015) could eventually develop into proper forest habitats
without special conservation management e orts. This situation may
change in response to climate change. In Estonian forests the expecta-
tion is a spread of deciduous trees and increased e ects of forest dis-
turbances (Bioclim, 2015; Lindner et al., 2014). As the systematic
management of mesic coniferous forest has caused the depletion of
forest diversity (Lohmus et al., 2005), in the immediate future climate
changes could increase the species diversity and amount of coarse wood
debris. As former slash and burn forest already have more deciduous
seedlings, the spread of deciduous trees could more rapid in former
buschlands. In the longer perspective the coniferous trees could be re-
placed by deciduous trees. Monitoring is therefore necessary and
management strategy should be re-evaluated accordinglyly.

6. Conclusions

Environmental factors, especially light and soil conditions, appeared
to be more important for vegetation variability than a history of rota-
tional slash-and-burn cultivation. The former rotational slash-and-burn
cultivation sites and forests, growing since the 19th century, are asso-
ciated with di erent locations, the former being more connected with
forest edges and hilly landscape than the latter.

Several di erences were found between ground vegetation of
former rotational slash-and-burn cultivation sites and forests in areas
mapped as forest during the 19th century. Ancient forest indicator
species were equally present in former slash-and-burn sites and con-
tinuous forests. The myrmecochores were less common in former
slash-and-burn sites owing to dispersal delay. Comparing the land
cover of the same sites at the beginning of the 20th century, greater
di erences were reported among previous open, transitional, and af-
forested areas.

Lasting changes in soil properties were not confirmed, suggesting
the soil has recovered from the e ects of slash-and-burn cultivation.
Therefore, it is more appropriate to consider the former rotational
slash-and-burn cultivation sites as post-agricultural forests in Estonia,
with no specific e ects of fire yet determined. In general, field in-
vestigations should be accompanied by the use of other sources, such
as historic maps. It is possible that forest vegetation has also been
influenced by slash-and-burn cultivation of several centuries ago,
whose signs have not been detectable, and the situation in neigh-
bouring countries may well be di erent. The results of the current
study support the opinion that former rotational slash-and-burn
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cultivation sites have contributed to the development of species-poor
Oxalis forests. In Estonia these forests have recovered remarkably after
the cultivation phase and could serve as a component of the Natura
2000 network.

Appendix A

Historical maps utilised during the present study.
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Mapped Map name Year Scale Reference code of the Protected
area drawn Estonian National area
Archive

1 Vana- Charte von dem privaten Gute Alt-Anzen 1871-72 1:20,800 EAA.3724.4.1838 Karula
Antsla
manor

2 Boose Charte von dem privaten Gute Bosenhof 1871-72 1:18,081 EAA.3724.4.1867 Karula
manor

3 Karula Situations Charte von dem Gute Carolen 1867 1:20,800 EAA.3724.5.2803 Karula
manor

4 Haanja  Charte von dem im Livlandischen Gouvernement, Werroschen Kreise 1851 1:52,000 EAA.2072.3.55b Haanja
manor und Raugeschen Kirchspiele belegenen publiquen Gute Hahnhof

5 Vana- Charte von den Hofslandereien des privaten Gutes Rosenhof 1886 1:9245 EAA.3724.4.1914s 1  Pé&hni
Roosa
manor

6 Krabi General Charte von dem im Livlandischen Gouvernement, Werroschen 1887 1:52,000 EAA.2469.1.769 Paganamaa
manor Kreise, Raugeschen Kirchspiele belegenen privaten Gute Schénangern

7 Mapof Charte des zu dem Privatgute Rosenhof gehdrigen Grundstiicks 1876 Not EAA.2072.5.643s 1 Paganamaa
six farms Waldeshoh oder die Gesinden Alska, Orrando, Surepeter Jaan, Gusta, presented

Adam und die Buschw. Jaenesse

8 Farm Charte des zu dem Privatgute Rosenhof gehodrigen Gesindes Wastne 1874 1:52,000 EAA.2486.3.276s 63 Paganamaa

map Sockari Nr.37
9 Farm Charte des zu dem Privatgute Rosenhof gehdrigen Gesindes Tagga 1874 1:52,000 EAA.2486.3.276s 39 Paganamaa
map Kerrekutzi Nr.39
Appendix B

List of vascular plant species with abbreviations (only for species used in multivariate analyses). The coverage data involve ground vegetation
and the proportion of stands with species presence, average coverages by land use groups (RB - recent buschlands, OB - older buschlands, CF —
continuous forests) and p-values (permutation analysis of variance) are presented. The presence data involve ground-layer vascular plants, bushes
and trees, and the proportion of stands with species presence, average presence by land use groups and p-values (Fisher exact test) are presented.
Species with statistically significant di erences between groups (p << 0.05) either in coverage or presence are presented in bold face. Finally, the
ancient forest indicators (AFI) by Wul (0 - no, 1 - yes), the dispersal types and a nities for human impact (hf - hemeraphobes, hd — hemer-

adiaphores, ap — apophytes, an — antropophytes) are denoted.
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Appendix C

List of bryophyte species, their average presence by past land use groups and p-values (Fisher exact test); species with statistically significant
di erence between groups (p < .05) are presented in bold face.

Species Mean P-value
Recent buschlands Old buschlands Continuous forests
Atrichum undulatum 0.048 0.000 0.082 0.149
Brachythecium oedipodium 0.427 0.285 0.197 0.002
Brachythecium reflexum 0.035 0.000 0.048 0.467
Brachythecium rutabulum 0.007 0.000 0.008 1.000
Brachythecium salebrosum 0.014 0.000 0.000 0.672
Brachythecium starkei 0.004 0.000 0.000 1.000
Brachythecium velutinum 0.026 0.000 0.016 0.673
Cephalozia bicuspidata 0.004 0.000 0.000 1.000
Cirriphyllum piliferum 0.068 0.036 0.144 0.131
Climacium dendroides 0.005 0.000 0.008 1.000
Dicranum majus 0.050 0.036 0.040 0.932
Dicranum montanum 0.000 0.000 0.016 0.415
Dicranum polysetum 0.157 0.145 0.255 0.183
Dicranum scoparium 0.288 0.424 0.316 0.355
Eurhynchium angustirete 0.287 0.055 0.181 0.033
Eurhynchum hians 0.026 0.000 0.000 0.455
Eurhynchium pulchellum 0.009 0.000 0.000 0.637
Eurhynchum stratum 0.074 0.018 0.008 0.218
Herzogiella seligeri 0.004 0.018 0.008 0.680
Hylocomium splendens 0.821 0.855 0.864 0.790
Hylocomium umbratum 0.000 0.018 0.008 0.195
Hypnum cupressiforme 0.013 0.000 0.000 0.264
Hypnum pallescens 0.004 0.000 0.000 1.000
Lophocolea bidentata 0.000 0.000 0.008 0.443
Lophocolea heterophylla 0.033 0.067 0.032 0.619
Lophocolea minor 0.004 0.000 0.000 1.000
Plagiochila asplenioides 0.116 0.164 0.284 0.015
Plagiothecium curvifolium 0.004 0.000 0.008 1.000
Plagiothecium denticulatum 0.000 0.018 0.000 0.136
Plagiothecium latebricola 0.004 0.000 0.000 1.000
Plagiochila porelloides 0.004 0.000 0.008 1.000
Plagiomnium affine 0.689 0.521 0.468 0.011
Plagiomnium cuspidatum 0.039 0.000 0.000 0.071
Plagomnium elatum 0.009 0.000 0.032 0.319
Plagiomnium ellipticum 0.036 0.000 0.016 0.406
Plagiomnium undulatum 0.009 0.000 0.008 1.000
Plagiothecium curvifolium 0.021 0.018 0.032 0.874
Pleurozium schreberi 0.694 0.764 0.686 0.796
Pohlia nutans 0.004 0.000 0.000 1.000
Polytrichum commune 0.009 0.000 0.032 0.328
Polytrichum formosum 0.021 0.085 0.096 0.049
Polytrichum juniperinum 0.010 0.000 0.000 0.672
Ptilium crista-castrensis 0.093 0.158 0.128 0.620
Ptilidium pulcherrimum 0.004 0.018 0.000 0.328
Rhodobryum roseum 0.140 0.218 0.166 0.541
Rhytidiadelphus subpinnatus 0.000 0.018 0.040 0.250
Rhytidiadelphus triquetrus 0.463 0.218 0.294 0.022
Sanionia uncinata 0.025 0.000 0.024 0.693
Sphagnum angustifoilum 0.004 0.000 0.000 1.000
Sphagnum girgensohnii 0.013 0.018 0.008 1.000
Sphagnum sp. 0.009 0.000 0.000 1.000
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Appendix D

List of measured and deduced environmental variables and soil properties with short description, abbreviations (if used in figures or tables in
text), range of values, average values by past land use groups and p-values (permutation analysis of variance; variables with statistically significant
di erence between groups are presented in bold face).

Variable.name Abbreviation Range of Mean P-value
values

Recent Old Continuous
buschlands buschlands forests

Human impacts

Past land use patch: (1) recent buschland < (2) older Group 1-3 - - - -
buschland < (3) continuous forest

Land cover 1912-1922: (1) open << (2) transitional < (3) forest Development 1-3 221 273 2.93 < 0.001

Human impact: summed index of estimations of various human Human 0-9 2.74 2.20 2.48 0.617
impacts from 20-21 century impact

Large relict trees: (0) missing, (1) single or few, (2) medium, (3) Large trees  0-3 1.152 0.618 0.144 < 0.001
numerous

Field banks: (0) missing, (1) single, (2) few (3) numerous Field banks  0-3 1.105 1.139 0.000 <0.001

Turnip pits: (0) missing, (1) present, (2) well maintained (3) Turnip pits  0-3 0.301 0.176 0.016 0.035
numerous

Landscape characteristics

Location of the sites in landscape: (1) isolated < (2) edge << (3) Location 1-3 2.481 2.909 2.904 0.001
massive

Situation in the landscape expressed as (1) flat land < (2) the tops Relief 1-4 2.635 2.764 2.220 0.174
of hills < (3) the base of hills < (4) hill slopes

Average area of forest stand by FMDs (ha) Area 0.4-15.2 2.094 1.827 3.916 0.005

Tree cover

Average age of dominant tree species by FMD Age 94-178 112.7 133.1 130.3 < 0.001

Average basal area of Betula pendula (cm?) 0.0-2192.7 289.1 380.6 368.2 0.707

Average basal area of Alnus incana (cm?) Alnus 0.0-152.1 4.83 15.63 0.06 0.111

Average basal area of Corylus avellana in sample plot (cm?) Corylus 0.0-3152.4 177.5 268.3 244.2 0.807

Average basal area of Picea abies in sample plot (cm?) Picea 0.0-4335.9 2143.7 2306.9 2274.0 0.789

Average basal area of Pinus sylvestris in sample plot (cm?) Pinus 0.0-5750.5 1934.5 21321 1896.7 0.897

Average basal area of all trees in sample plot (cm?) Basal 1.6-8951.4 4962.0 5290.8 4696.1 0.415

Average basal area of trees with diameter 5 cm or less in sample plot 0.0-3225.9 274.8 259.4 248.2 0.973
(cm?)

Average basal area of Picea abies with diameter =5 cm (height sPicea 0.0-1975.5 76.9 315 54.4 0.884
more than 1.3 m) in sample plot (cm?)

Estimated amount of regeneration of Picea abies in sample plot regPicea 0.0-2.0 0.565 0.752 0.740 0.524

Forest elements

Average basal area of dead standing trees in sample plot (cm?) DWstanding 0.0-4790.5 265.2 246.4 417.3 0.493

Average number of fallen dead tree trunks with diameter = 10 DWilaying 0.8-7.8 2.89 3.27 3.11 0.682
recorded on the ground in the plot

Average number of tree stumps in the sample plot Stumps 0.0-3.0 0.995 0.818 0.975 0.693

Average number of cut tree stumps in the sample plot 0.0-3.0 0.449 0.455 0.455 0.811

Average number of natural tree stumps in the sample plot 0.0-3.0 0.546 0.364 0.551 0.689

Average number of uprooted trees in sample plot Uproots 0.0-1.0 0.226 0.230 0.242 0.968

Estimated damages of wild boars to the ground vegetation in sample Boar 0.0-2.4 0.638 0.527 0.608 0.792
plot

Soil characteristics

Litter thickness (cm) Litter 1.0-12.0 4.79 6.55 6.12 0.016

Humus layer thickness (cm) Humus 0.0-35.0 15.06 12.09 12.56 0.077

Soil texture: (1) coarse sand << (2) fine sand << (3) sandy Texture 0.0-2.9 221 2.18 1.92 0.465
loam < (4) light loam < (5) medium loam

Soil type: (1) Podzols and Gleyic soils < (2) Haplic Albeluvisols  Soil 1-4 232 2.06 2.52 0.409

and Delluvial soils < (3) Stagnic Luvisols < (4) Mollic
Cambisols and Luvisols

pHKCI of humus layer pHKCI 2.7-6.8 3.74 3.77 3.74 0.979
Nitorgen in humus layer (%) N 0.01-1.47 0.275 0.188 0.352 0.434
Carbon in humus layer (%) C 0.05-6.20 1.223 1.207 0.833 0.456
pHKCI under humus layer 3.3-6.9 4.12 4.30 4.33 0.221
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Nitorgen under humus layer (%) 0.00-0.75 0.085 0.071 0.053 0.733
Carbon under humus layer (%) 0.02-1.78 0.384 0.402 0.311 0.733
Soil specific surface area of humus layer (g/m?) 3.6-83.8 245 25.9 21.2 0.564
Soil specific surface area under humus layer (g/m?) 3.3-57.9 16.1 16.6 16.5 0.955
C/N ratio in humus layer CN ratio 0.1-108.9 11.4 14.2 18.6 0.176
Mollic Cambisols and Luvisols 0.2-1.0 0.081 0.109 0.016 0.377
Stagnic Luvisols 0.2-1.0 0.330 0.127 0.256 0.346
Haplic albeluvisols 0.4-1.0 0.421 0.545 0.624 0.239
Podzols 0.2-1.0 0.068 0.091 0.080 1.000
Delluvial soils 0.2-1.0 0.079 0.073 0.024 0.492
Gleyic soils 0.6-1.0 0.021 0.055 0.000 0.664
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Macroscopic charcoal in forest soils in the context of slash and burn cultivation and forest

fires

Highlights

e Charcoal from slash and burn cultivation is widespread in boreal forest soils

« Charcoal deposits in forest soils originate from distinct fire events

* The characteristics of soil charcoal assemblages are more strongly connected with soil
properties than with previous land use and relief

* Markers additional to soil charcoal are needed for previous land use to be identified

Abstract

Slash and burn cultivation have been widespread in Northern Europe until the beginning of
20" century but charcoal deposits in forest soils have mainly been considered in the context of
wildfires. The present study discusses the potential of soil charcoal as an indicator of

historical land use.

Study sites were in six Protected Areas in southern Estonia. 19t century land use maps were
used to identify the historical land use. Macroscopic (visible) charcoal were studied in 105
soil pits and in six trenches, located in forests, recent forest fire sites, and experimental slash
and burn fields. Location in soil profile, species composition and character of charcoal were

recorded. 20 charcoal samples were dated.

Soil charcoal associated with historical slash and burn cultivation is widespread in northern
Europe. Soil properties, then historical land use and relief, were the principal determinants of

charcoal character. In the footslopes, rotational slash and burn cultivation caused the
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accumulation of humus with dispersed charcoal. In the study sites the charcoal of slash and
burn cultivation soils was dated to 15th-19" century AD and the oldest forest fire charcoal

was dated at about 6000 years before present.

Patchy spatial distribution and the evident translocation of charcoal from different fire events
complicates the interpretation of charcoal pattern. The location of charcoal in the soil profile
was found to be a better indicator of historical land use than abundance or fragment size. The

species composition of soil charcoal stock could indicate the former land use.

Keywords: swidden agriculture; wildfire, land use history, black carbon

1. Introduction

A knowledge of forest history is now considered necessary for informed decisions on how to
manage and protect forests. Slash and burn cultivation (swidden agriculture) is one of the
factors which have influenced the forests in Northern Europe. This practice was widespread in
Neolithic times in Europe and continued into the 20™ century in Finland, Sweden, Latvia,
Estonia, Norway and Russia. However, only a few studies on slash and burn cultivation as an
influence on present-day European boreal forest habitats have been published, perhaps

because of a lack of information about the precise sites where it took place.

Fire history in boreal forests has been studied by dendrochronology (Lehtonen and Huttunen
1997; Lehtonen 1998; Lindbladh et al. 2007; Storaneut et al. 2013) and by examination of the
layers of microscopic charcoal in water bodies or peat sediments (Patterson et al. 1987; Clark
1988; Condera et al. 2009; Bradshaw et al. 2010; Skold et al. 2010). Former slash and burn
sites have been identified using historical maps (Tomson et al. 2015; Tomson et al. 2016;

Cugunovs.et al. 2017), but suitable maps for designating the extent of slash and burn
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cultivation sites are not always available or they may cover only a brief historical period.

Therefore, complementary indicators are needed to study the forest history at the site level.

The presence of charcoal in soil is used to recognize the sites of former forest fires (Wardle et
al. 1998; Ohlson and Tryterud 2000; Carcaillet and Talon 2001). Macroscopic soil charcoal is
considered as an indicatorof local burns (Carcaillet 1998; Ohlson and Tryterud 2000; Lynch et
al. 2004) and has been utilized to deduce the frequency of forest fires and the historical
species composition (Ludemann 2003; Ponomarenko et al. 2013; Robin and Nelle 2014;

Robin et al. 2014; Kasin et al. 2017).

Fire frequency is used to detect anthropogenic and natural fires, the former having been found
to be more frequent (Fesenmyer and Christensen, 2010, Robin and Nelle, 2014). Lagers and
Bartholin (2003) used radiocarbon dating and charcoal stratigraphy to distinguish the charcoal
which originated from cultivation. Hokkanen (2006) used the presence of soil charcoal as a
sign of slash and burn cultivation. In Sweden Weymark (1968) described soil charcoal in the

uppermost layer of mineral soil as a result of slash and burn cultivation.

Soil charcoal have become topical in connection with forest soil fertility and carbon cycle,
greenhouse gases and climate changes (Jaffe et al, 2013, Hart and Luckai, 2013). In addition,
soil charcoal could affect the carbon sequestration of soil organic material (Pluchon et al.

2016).

Charcoal can persist in soils for very long times, but only a proportion of the charcoal stock is
stable (Czimczik and Masiello, 2007; Ohlson et al, 2009). The decomposition rate depends on
the original material and the fire regime (Rosengren 2000; Nguyen and Lehmann 2009; Kasin
and Ohlson 2013). The main reason for decomposition of charcoal is oxidation (Nguyen and
Lehmann 2009). Some charcoal could burn during the next forest fire (Ohlson and Tryterud

2000), this process must concern primarily the surface charcoal. The decomposition of
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charcoal can also be due to soil microorganisms (Czimczik and Masiello, 2007). Freezing and
thawing promote fragmentation of the charcoal; these processes are more effective in the soil

surface layers (Carcaillet and Talon 2001; Czimczik and Masiello 2007).

Forest fire may consume the complete soil organic horizon and leave charcoal above the
mineral horizon (Ohlson and Tryterud 2000, Czimczik et al. 2005; Ohlson et al. 2009). If the
fire is less intense, only part of organic material may be destroyed and charcoal may remain in
the organic layer (Czimczik et al. 2005). The spatial variation of charcoal inside the burned

area is high and depends on vegetation and soil characteristics (Ohlson and Tryderud, 2000).

Clear correlations have not been found between the age of soil charcoal and measures of
amount (Ohlson et al. 2009; Fesenmyer and Christensen 2010), especially in mineral soil
(Gavin 2003). The intensity of fire and nature of the vegetation determine the abundance of
the resulting charcoal so the present-day soil charcoal stock cannot simply be determined by

the time elapsed since the fire (Czimczik et al. 2005; Hart and Luckai 2013).

Translocation, which can be both vertical and horizontal, is a more significant factor in
charcoal loss than mineralization (Major et al. 2010). The maximum depths of soil charcoal
could be as low as 2 metres (Bobrovsky 2010). Soil bioturbation, erosion and freeze-thaw
processes could be factors in the burial of charcoal (Carcaillet 2001). Many authors have
stated that in forests the main factor burying charcoal is tree uprooting by wind throw
(Bobrovky 2010; Gavin, 2003; Talon et al. 2005), which can give rise to charcoal complexes
at depths of 40-80 cm (Bobrovsky 2010). Some authors have cited earthworms as a principal
cause of burying charcoal in mineral soil (Carcaillet 2001; Eckemeier et al. 2007; Major et al.

2010).

Charcoal studies have contributed to many fields of science, including the radiocarbon dating

of ancient land use. Lagedrs and Bartholin (2003) have studied macroscopic charcoal
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associated with the clearance cairns that are considered diagnostic of cultivation. Charcoal
found under field baulks and cairns has been interpreted as the legacy of slash and burn
cultivation antedating permanent cropping (Lang, 2007) or other human activity (Kaldre, et al.
2010) in Estonia. The oldest fields in Estonia have been dated to the Middle Bronze Age,

1300-1000 BC (Lang 2007).

Based on various authors’ description of slash and burn cultivation (Heinikheimo, 1915,
Tarkiainen 2014, Ligi, 1963, Meikar and Uri, 2000), it can be predicted that the charcoal in
boreal forest soils could be result of four types of fires, each with characteristic features:
rotational slash and burn cultivation in young forests, slash and burn cultivation in old-growth

forest, intense forest wildfire and low intensity ground wildfire.

The present study documents the presence and location of charcoal in former slash and burn
sites and investigates the potential of soil macroscopic charcoal as a marker of former slash

and burn cultivation. The following research questions are posed:

Are the location, measures of amount and particle sizes of soil charcoal associated

with soil characteristics, landscape relief and former land use;

- Are species compositions and ages of soil charcoal deposits associated with historical
land use land;

- Are 19" century land use maps reliable information sources for the study of effects of

historical slash and burn cultivation;

— Could soil charcoal be used as a marker of former fire cultivation.

2. Methodology

The study was carried out in southern Estonia in Valga and Voru counties in six Protected

Areas (Figure 1.). The climate here is moderately continental. The average temperature is -5
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°C in winter and 16 °C in summer and annual precipitation approximately 700 mm (Tarand et
al., 2013). The soils are mainly sandy and loamy acidic soils covering Quaternary sediment
moraines on the Devonian bedrock (Kolli, 2012). The region is characterized mainly by hilly
relief with moraine kames and eskers, but the surroundings of the Pahni study sites are flat,
and of Mdisamdtsa, wavy, relief. The relative height of hills is 25-60 m and the slopes reach
up to 30°. In this region the first signs of settlement are from Mesolithic times, with signs of

cereal cultivation from the Bronze Age (Laul and Kihno 1999).

Soil charcoal was sampled in Karula National Park (69 soil pits); in Pikkjarve (two pits), and
Paganamaa Landscape Protection Areas (seven pits), Mdisamotsa (five pits) and Pahni Nature
Protection Areas (three pits); and in Haanja Nature Park (19 pits). In 2014-2015 soil sampling
(70 excavations) was conducted as a part of a vegetation survey (Tomson et al. 2018). In
2016, additional soil samples (35) were taken in Karula NP to obtain comparative information

from sites with different land use histories.

To identify the land use history the cadastral maps from the 19" century were utilized
(Appendix 1). Twelve soil pits were established in former arable fields, 47 pits in former slash
and burn sites and 46 in 19" century forest. In 2014-2015, all observed former forest sites
(34) were mesic Oxalis type forests. In 2016 nine oligo- mesotrophic pine forest sites were
added. Six pits were established in historical forest sites, where forest fires took place around
2006. Four pits were made in arable fields coincident with abandoned experimental slash and
burn fields, established in 2007 and 2009 by the Estonian National Museum (the experiment

is described by Jéats, et al. 2011).

Soil pits (50x50 cm) were excavated as semi-excavations (Astover et al. 2013). The scales to
estimate the amount and character of soil charcoal were worked out using five preliminary
soil pits, not included in the formal study. Level terrain was preferred in 2014 and 2015 in

order to register the soil properties characteristic of the sites. The upper and lower border of
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layers containing the charcoal, and the borders of layer containing the biggest amount of
charcoal, were measured. Charcoal pieces visible in the soil profile and with a linear
dimension greater than 0.1-0.2 cm were considered as macroscopic charcoal (Scott, 2010;
Wallenius 2002). The charcoal pieces with mineral soil coatings, similar to the soil aggregates
were not examined (Ponomarenko et al. 2018). Visual assessment was made of the amount of
soil macroscopic charcoal on the scale: no charcoal, a few fragments (single pieces, mostly
with diameter 1-2 mm), medium abundance (several pieces of a range of sizes), high

abundance (numerous pieces or clusters or sooty layers visible in the pit wall).

The recorded characteristics, their ranges of values and abbreviations are presented in table 1.
Presence of charcoal fragments was tabulated on a presence/absence basis, according to five
size classes: diameter (cm) 0.1-0.2; 0.2-1.0; more than 1.0; clusters (layers or conglomerates
with different size fragments) and dark sooty layer. Size diversity of charcoal fragments was
calculated setting aside the last class, a given sample would therefore have a score of 04,

depending on how many of the size classes were present.

The presence of charcoal with clearly visible structure and without signs of abrasion, and its
occurrence under the humus layer, were noted. Study site locations were described according
to relief forms (flat area, slope, top of hill and footslope) and the microrelief of each soil pit
location was recorded (flat, small incline, greater incline). Thicknesses of litter and humus
layers were measured. Signs of bleaching and soil texture were noted. The soil types were

identified using the digital Estonian Soil Map (Estonian Land Board, 2017a).

In 12 sites pits were excavated in both the upper and lower (footslope) areas of hills in 2016
to estimate the role of erosion in accumulation of soil charcoal. The structures of eroded soils
with charcoal were examined additionally in trenches (55— 65 cm depth, x 120- 160 cm

length ) in footslopes, established in six (four former slash and burn and two former forest)
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sites in Karula NP. The trenches extended from the ground surface to the C horizon, to the

same, or lower, level as the surrounding area.

For radiocarbon dating, charcoal samples were collected from two layers in five trenches and
from four layers in one (the deepest) trench, from soil pits of two former slash and burn
cultivation sites (two layers) and two forest sites (one layer). The conventional radiocarbon
dating method was applied to the bigger charcoal samples, otherwise accelerator mass

spectrometry was used. For calibration the Oxcal 4.3 programme was used.

Charcoal samples were collected for identification of species from the same layers of trenches
as for dating. Charcoal samples were collected from 24 soil pits from different depths and
pieces larger than 5 mm diameter identified to species using a reference collection and an

online version “Wood anatomy of central European Species” (Schoch, et al., 2004).

Historical settlements near the sample sites were identified from the ‘Database of
archaeological and place-lore sites’, developed by the Centre for Archaeological Research and

Infrastructure, Institute of History and Archaeology, University of Tartu.

For statistical analyses the sites were grouped according to land use and to time period (before
the 19™ century, 19™ century, 20" century and 21 century). Seven sites had been mapped as
forest in the 19" century but included field banks characteristic of cultivation and therefore
were defined as period “before 19" century” and these sites were grouped together with slash
and burn sites. To identify the early 20™ century land use, after the decline of slash and burn
cultivation, the one-verst topographical map from 1912 to 1922 was used (Estonian Land
Board, 2017b). Land use classes in the 21 century were open vegetation (former arable fields
covered by grasslands); forest; experimental slash and burn sites; and recent forest fire sites.
Sites of the two last-named classes were not used in the univariate analyses of sites of earlier

time periods, in order to avoid biased results.

134



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

All statistical analyses were performed with R 3.3.3 software and results were considered
statistically significant at p < 0.05. Permutation analysis of variance (ANOVA) with the
function ‘oneway_test” was applied to compare the charcoal variables in land use groups. The
analyses were performed separately for land use groups corresponding to different centuries.
The permutation test for dependent samples with function ‘independence_test’ was used to
compare charcoal variables in the upper and lower regions of hills. Both used permutation
tests included in the “‘coin’ R package. Spearman correlation analysis was performed to study
the relationships between charcoal, relief and soil characteristics. Principal component
analysis (PCA) was used to discover basic patterns in charcoal data and to study the
relationships of these patterns with land use groups at different times. Variance partitioning
analysis (VPA) was used to estimate the unique and shared components of the variance of
charcoal characteristics related with land use at different centuries, soil and relief
characteristics. Additionally another VPA was performed considering land use groups at
different centuries as separate variables and estimating their relative importance in relation
with charcoal data. For better visualization of VPA results the proportional Euler diagrams
were fitted using function ‘eulerr’. Redundancy analysis (RA) followed by a permutation test
was used to test the statistical significance of land use, soil and relief characteristics. The PCA
was performed with function ‘dudi.pca’ in the ‘ade4’ package, and VPA and RA were

performed with the functions ‘varpart’ and ‘rda’ in the ‘vegan’ package.

3. Results

Charcoal was found in 102 observed sites (97.1%) in sites with different land use history
(Table 2).The greatest average depths of charcoal (40.6 cm) were found in former arable
fields, now with open vegetation. The experimental slash and burn field and forest fire sites

are characterized by presence of charcoal in upper layers (average minimal depths 2.0 and 1.5
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cm, respectively). When comparing the charcoal location according to humus layer, the
highest position is associated with recent forest fires (average depth 2.8 cm) because charcoal
was also found in the litter layer. The soil layer containing charcoal pieces was thickest in
recent forest fire sites (average depth 30.2 cm), but this statistical significance was found only
when comparing land uses in the 21% century. Charcoal-rich layers were at the highest
position (average depth 2.3 cm) in experimental slash and burn fields and deepest in arable
fields (average depth 38.8 cm). With reference to 19" century land uses, the charcoal-rich
layer was located deeper in arable fields, than in slash and burn sites and also in forests. The

thicknesses of the charcoal layers were not statistically different.

There were no significant differences in amount of charcoal and in the presence of the
different diameter classes, between sites with different land use histories, and the charcoal
was always found under the humus layer. An undisturbed structure of the charcoal fragments
more evident in recent forest fire sites and experimental slash and burn sites, but these
differences were not significant comparing the land use in the 19™ century and before. The
relief and micro-relief were similar in sites with different land use history. The thickness of
litter and humus layer were significantly different between sites with different land use

history, while the other soil characteristics did not reveal significant differences.

When comparing the hill tops and footslopes charcoal was found deeper in the footslopes, but
only at p = 0.067 (Table 3). Charcoal was more abundant in the footslopes. Also charcoal
pieces greater than 1 cm in diameter, clusters and charcoal with visible structure were more

frequent in footslopes. The humus layer was thicker in footslopes.

In former arable fields charcoal of spruce origin was of more frequent occurrence; in forests

and former slash and burn sites, pine, but spruce charcoal was also frequent (Table 4).
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Charcoal of other tree species did not show significant differences in these respects due to
small sample sizes, but deciduous species were possibly more evident in slash and burn sites.
Analysis of data from trenches revealed that charcoal not of round-wood origin was more

frequent in forest sites.

Variance partitioning analysis (Figure 2) demonstrated that altogether 52.0% of the variation
in charcoal characteristics is explained by soil properties, relief and land use in different
centuries. There is quite a big overlap of soil properties and land use history effects (Figure
2A). However, 21.4% of charcoal variation was explained only by soil properties and 9.9%
byland use history. The relief effects were lower and almost totally explained by soil and land
use. Grouping the periods, land use effects explained 28.8 % of charcoal variation. The
strongest effect was due to 21* century land use, which alone explained 24.3% of charcoal
variation. The effects of land use in earlier centuries were 8.0-10.3%, overlapping with each
other and with 21* century land use (Figure 2B). This result demonstrates the stability of land

use during different time periods.

Redundancy analysis also revealed the strong effect of 21* century land use on charcoal
characteristics (p < 0.001), the other variables with p < 0.1 in the model were soil type (p =

0.013) and texture (p = 0.065).

The PCA revealed that 55.3% of charcoal variation could be described by the first two factors.
The first component was mostly determined by location of charcoal in the soil, the second
component by charcoal size, character and amount (Figure 3A). Land use in 19" century is
related to charcoal location and the more obvious differences were between sites used as
arable lands and other sites (Figure 3B). These differences would be even clearer if the
experimental slash and burn sites (located in arable lands) were omitted. The 21% century
arable lands were distinguished also in the direction of the first factor (charcoal location), but

additionally the sites with experimental slash and burn cultivation and recent forest fires differ
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in the direction of the second component, indicating that better preserved, more diverse and

bigger amounts of charcoal particles were found in these sites (Figure 3C).

The Spearman correlations between charcoal characteristics and relief conditions were weak
(Table 5). The litter and humus thicknesses were positively correlated with charcoal depth
characteristics. Charcoal was found deeper and the layer with charcoal was thinner on average
in fertile loamy soils but correlations were quite weak. Sandy soils were more strongly
associated with thick charcoal-containing layers and with presence of pieces in different size
groups. In the poor soils, sooty layers and charcoal under the humus layer were found more
frequently. When the charcoal was in a higher position or a sooty layer was present, the signs

of bleaching were more evident.

The results of radiocarbon dating of charcoal samples are presented in Table 6. The oldest
charcoal was dated 4940450 BP, in a forest site, and the youngest, in a former slash and burn
site, 95+30 BP. The age of charcoal increased with depth except in accumulated humus in a
former slash and burn cultivation site in M&hkli. Numerous calibrated dates may extend out of
range, mainly the dates of charcoal from humus in former slash and burn sites but also in the
Pehme forest site. The observed sites were located 0.2-3.3 km from nearest historical
settlement. The oldest settlement near the excavated trenches is in Mahkli (Pre-Roman Iron

Age).

The dates of charcoal from Koobasaare soil pit correlates well with the dates of charcoal
collected from the trench in the same site. In this soil pit the charcoal in the humus layer was
dated from 1682 to the present time and in the humus layer in the field bank of the same site
the charcoal was dated from 1652 to the present time. In the illuvial layer of the soil pit the

charcoal was dated 1026-1182 AD and in the the lower layer in field bank, 1017-1221.
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4, Discussion

The presence of charcoal in most sample pits in this study confirms the general finding that
charcoal is widespread in soils of the boreal region. Considering how widespread swidden
agriculture was in northern Europe (Heikinheimo, 1915; Ligi, 1963; Weimarck 1968), an
important part of the soil charcoal stock must originate from slash and burn cultivation. This
study has focused on whether the location of charcoal in the soil, and its amount, character
and species composition, can indicate whether fire cultivation had taken place. We also
consider how effects of fire cultivation can be distinguished from those of forest fires, and

how these natural and anthropogenic events can be dated.

Occurrence of the charcoal in the soil profile did not differ between 19 century forest sites
and former rotational slash and burn fields in the present study and therefore could indicate
either type of former land use. Analyse the land use “before 19" century” did not reveal

additional differences from ealier times.

4.1. Location of charcoal in soils

As would be expected, charcoal was located in the highest positions in experimental slash and
burn fields and sites of recent forest fires. Also, the results of variance partitioning analysis
demonstrated that the effect of 21 century fires had been the strongest and the older land use
had smaller effects. In old burned sites the charcoal was found much deeper, and this is
explained by translocation. In 19™ century slash and burn cultivation sites charcoal on average
was found deeper than in 19™ century forest land. Considering that after cultivation litter is

not present on the soil surface, the charcoal depth in relation to the humus layer is
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informative. In recent fire sites the charcoal-rich layer was located deeper than charcoal from

the most recent burning and therefore must originate from earlier fires.

In coniferous forests, charcoal would be expected to remain in the organic litter layer or at the
surface of the mineral layer after a fire (Czimczik and Masiello 2007). Any charcoal left at
ground level must have mostly decomposed, because in 19™ century forest sites charcoal were
not found in litter, and only in nine places, none of which had been burned in the 21%, century,
was it found on top of the mineral soil. The charcoal in the litter may pass downwards over
time due to the degradation of the litter from beneath. Therefore the depth of charcoal must be
examined in relation to the mineral soil. The process causing the decomposition and
fragmentation of charcoal is more active in well aerated conditions (Nguyen and Lehmann
2009), which might explain, why charcoal was not found in the litter layer of 19" century

forest sites.

The physical opening of the ground, such as would follow treefall, is one possibility, and
treefall is associated with intense forest fires. Talon et al. (2005) even stated that unless there
is tree uprooting, historic forest fires are relatively unlikely to be recorded on the basis of
presence of soil charcoal. Bobrovsky (2010) observed that after fire the ground is opened and
charcoal is washed into the front and back side of windfall depressions to a depth of 40-80
cm, forming clusters or layers. In the present study charcoal was found in a wide range of
depths down to 50 c¢cm, and in forest sites the average maximum depth was less than in other

land use groups, and probably not deep enough for uprooting to have been the cause.

In the general areas where the present study was conducted, extensive uprooting of trees
immediately after fires, has not been noted. In the burnt places the pines have mostly
survived, the spruces have been affected by fire, but have died out gradually during the time,

when ground surface was covered by vegetation that blocked the water flow on soil surface.
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Therefore, the accumulation of charcoal into treefall pits could be not so important here.
Pieces of charcoal could be buried in the process of soil falling from uprooted root collars
after fire and this would disperse forest fire charcoal into higher positions than treefall

depressions. Repeated uprooting in the same place could translocate the charcoal many times.

In fire-prone habitats with infertile podzols, the charcoal layer was thick with pieces of a wide
range of sizes, probably the result of ground fires. Microscopic fractions of charcoal could
probably infiltrate mineral soils, assisted by freeze and thaw and the effect of roots (Gabet et
al. 2003). Wild boar could affect the superficial layers too, as 67% of stands sampled in
2014-2015 were in some extent damaged by these animals, no differences being found

between former slash and burn sites and forests (Tomson et al. 2018).

In most fire prone forests in podzols the water absorption is good and erosion of slopes is
considered unlikely to result (K&lli, 2012). Ground fires are in general unlikely to result in
erosion, unless litter is destroyed. In contrast, in the case of stand-replacing intense forest fires
the surface could be exposed and erosion could proceed, probably in an uneven pattern.
Eroded charcoal is more likely to accumulate in micro depressions than to be lost from the
slope (Bobrovsky 2010). The oldest charcoal found in the present study, from a depth of 33

cm, may have accumulated into clusters in this way, as a result of water flow.

The mechanisms by which the charcoal is mixed into the soil differed in the case of slash and
burn cultivation. As the most deeply located charcoal was found in former arable fields,
tillage must be an important translocating factor. Tillage causes soil redistribution and erosion
not only by opening the soil to the water but also by causing the soil to move horizontally in
slopes (Govers et al. 1994; Van Oost et al. 2000) thus burying the charcoal. In arable fields
the deep location of charcoal is because the charcoal derived from initial land clearance with

fire or resulting from preceding slash and burn cultivation, has been buried by annual tillage
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over many hundred years. But the finds of charcoal at depths of 50 cm even on hilltops in
cultivated sites suggest that the signs of forest fires and subsequent bioturbation from the time
before tillage, could remain in the soil profile and probably charcoal from pre-cultivation

forest fires is still to be found in the slash and burn fields.

The field banks associated with former slash and burn cultivation sites on slopes result from
tillage erosion. In Sweden and Finland field banks or terraces, formed by the soil
accumulation due to tillage erosion are of prehistoric origin (Maaranen 2002; Widgren 2010).
The main body of a field bank typically consists of accumulated humus with dispersed
charcoal (Figure 4). The accumulation of humus is connected with rotational slash and burn
cultivation because recovering stadia with grass vegetation and deciduous trees promoted
humus formation, and burning and cultivation provide the scattered charcoal. Accumulations
of this kind were not observed in the trenches soil profile of two former forest sites (Figure 5).
Different periods of cultivation opening the soil surface have led to the formations of different
charcoal rich humus layers in Alakonnu and Méhkli; in Karsi and Koobassaare this pattern

was not so obvious.

The former slash and burn fields were ploughed and harrowed for some years after burning.
The soil was mixed and charcoal was buried in the soil. In recent slash and burn sites the
upper part of the humus layer was darker with most charcoal at average depths 2.3-9.5 cm,
consistent with the depth of ploughing with traditional ploughs (5-10 cm; Pardi 1998). In
former slash and burn sites now covered by forests the depth of charcoal is greater because
the mineral soil is covered by litter about 5 cm in average. In case of slash and burn
cultivation the layers of charcoal are unlikely because the soil is mixed, but still the clusters of
charcoal were found in former forest sites and arable fields alike. Tillage did not mix the soil
evenly. Eckmeier et al (2007b) have described, that the spatial distribution of charcoal on

surface was very variable after burning in experimental slash and burn cultivation.
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Water was considered the important factor in charcoal transportation downhill (reviewed by
Scott, 2010). Larger particles of charcoal could be transported further than small fragments
and charcoal could sediment out downstream as assemblages of particles of comparable sizes
(Nichols et al., 2000). This effect was also demonstrated in the present study, as the large
particles, clusters and charcoal with well maintained structure were found more in footslopes.
The water erosion of charcoal must have taken place when the surface was opened, but the
charcoal would not have been mixed into soil when forest fires were intense, and even less in
the case of slash and burn cultivation in old forests. The trenches revealed that sooty layers
with charcoal were accumulated in the transition zone from slope to flat, both in slash and
burn and forest fire sites. These layers in slash and burn sites are located in lower positions

and therefore could indicate previous forest fires.

In many cases the charcoal location could not be explained by ploughing depth and results of
erosion, therefore other mechanism of transportation must be considered. In case of regular
slash and burn cultivation tree uprooting is unlikely, because of the young ages reached by
trees in land used for this purpose (Ligi, 1963, Tarkiainen, 2014). The possible interaction
between earthworms and charcoal is still unclear (Weyers and Spokas 2011). Carcaillet
(2001) suggested anenic earthworms move the charcoal deeper into mineral soils. Also in
field experiments, charcoal has been incorporated into the soil profile mainly by earthworms
(Eckemeier et al. 2007; Major et al. 2010). Charles Darwin’s famous experiment, showed that
worms sank the small pieces of coal into soil over a period of 20-30 years (Darwin, 1881).
Terhivuo (1989) found that in boreal coniferous forests the number of individuals, biomass
and number of earthworm species is much lower than in meadows and deciduous forests. In
coniferous forests the activity of earthworms is limited to the litter layer. In case of rotational
slash and burn cultivation the land were covered with grassland and deciduous trees most time

and therefore the activity of epigeic earthworms must have been more intense than in
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continuous forest land with coniferous forests. That may explain why the charcoal was found
in the humus layer. Other invertebrates and plant roots are also known to contribute to soil

bioturbation (Gabet et al, 2003).

4.2. Amount of charcoal as an indicator of land use

The amounts of charcoal were found not to differ in former slash and burn sites and forest
sites. Differences would have been expected due to the different fire regimes. A single forest
fire event produces 235 to 735 kg of charcoal per hectare on average (Clark et al. 1998;
Ohlson and Truderud 2000) and the amounts of charcoal produced vary according to fire
intensity. In slash and burn cultivation experiments in Germany about 5,200 kg of charcoal
per hectare were produced (Eckmeier et al. 2007b). Ohlson and Truderud (2000)
demonstrated, that if all forest fire charcoal had been maintained in soil, the amount of

charcoal in the environment would be much larger than it actually is.

In boreal forests the interval between the fires is approximately 80 years (Niklasson and
Granstrdm 2000; Rolsdat et al. 2017). Forest fires have happened periodically over thousands
of years. The rotation intervals in cultivation was approximately 20 years and rotational slash

burn cultivation has been known for centuries (Ligi 1963; Jaats et al. 2010).

The present study is in agreement with those of Cimzik et al. (2005), that in forest fires most
charcoal is left in the litter layer and therefore exposed to subsequent fires. In slash and burn
cultivation the charcoal is mixed into the soil and protected from pyrolysis. The slash and
burn experiment conducted in Karula in 2009 showed that during the first burning the
maximum temperatures at 1 cm depth were 104.7° C, at 3cm, 80.6° C; at 6 cm, 47 ° C; at 10
cm, 34.7° C and in the second burning at 1 cm depth 139.7 ° C; at 3cm, 88.7 ° C; at 6 cm, 70.8

°C and at 10 cm, 45.4° C (unpublished data, Estonian National Museum). These temperatures
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are too low to ignite charcoal in soil, especially in conditions of shortage of oxygen.
Therefore it is not likely that subsequent burning consumes much of the charcoal from
previous burnings, so in slash and burn land more charcoal could accumulate than in forest
soil. The present study suggests that in terms of charcoal accumulation the longer fire history

of forests has been balanced by better preservation of charcoal in slash and burn sites.

Also translocation changes the amount of charcoal. The amount of charcoal did not correlate
with relief in correlation analysis or variance partitioning analysis because of high variability
of charcoal content, but comparison of the upper and lower parts of the same slope revealed,
that the amount of charcoal is determined by relief, causing the accumulation of charcoal in

the lower parts of relief. The same effect was found in trenches.

The identification of charcoal amount and layers during vegetation surveys is problematic due
to the small size of soil analysis pits and because of the large spatial variability of charcoal in
burned areas. The trenches in the footslopes are more reliable indicators due to better

developed charcoal accumulation structures.

4.3. Size and character of charcoal particles

Univariate analysis did not demonstrate differences between 19" century land use groups in
size of charcoal particles. Principal component analysis demonstrated that the presence of

fragments of different size classes were most strongly associated with recent burnings.

Relatively large pieces and conglomerates of charcoal were also found in arable fields,
indicating that the expected mechanical abrasion due to tillage (Ponomarenko and Anderson

2013) did not prevail and charcoal could persist in the soil even with regular ploughing and
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harrowing. Charcoal clusters were found equally in former slash and burn and forest sites,

though in the case of cultivation the clusters would have been expected to be destroyed.

In some sites dark smeary soot-like layers were found. This kind of microscopic charcoal
could probably be formed in the burn layer of smaller organic particles like moss and litter or
peat. In case of rotational slash and burn cultivation the formation of microscopic non-wood
charcoal must be limited, because in young deciduous forest the litter layer is thinner than in
old coniferous forest. The sooty layers were not found to be different in former forests and
slash and burn sites, but PCA and correlation analysis showed that the sooty layers are to
some degree connected with poor soils and therefore this could be characteristic of the forest
fires of infertile pine forests. A dark grey colour, due to microscopic charcoal, was also
observed in soil profiles of dry pine forest sites. This kind of layer was also present in the
bottom parts of trenches. The wavy layers, formed by flowing water in micro-depressions

were found only in trenches, in the transition from footslope to toeslope.

4.4. Species composition of soil charcoal in relation to historical land use

In the present study, more charcoal of spruce origin was found in former arable fields. These
results are consistent with the results of pollen analyses in the Karula region, demonstrating
the recession of the spruce at the time of agricultural expansion (Poska et al. 2017).
Deciduous trees were more common in slash and burn sites than in forests but because of the
small number of charcoal fragments statistical difference was not found. These results are
consistent with historical descriptions of slash and burn cultivation (Ligi 1963; Meikar and
Uri 2000). Pine charcoal was more common in forests, but was also quite frequent in slash
and burn sites. The pine charcoal might have been from the first burning in mature forest,

mixed into the humus layer, but it is also possible that the tree cover of rotational slash and
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burn land included pines. Pine charcoal was most common, therefore the question about better
preservation of pine charcoal needs future attention. Relative abundances of tree species
deduced from charcoal assemblages is not strictly accurate, because tree species produce
different proportion of charcoal and charcoal with different properties (Braadbaart and Poole
2008; Fréjaville et al. 2013). Fire resistance of forests also varies; spruce forests are less fire-

prone than pine forests (Tryterud 2003; Wallenius et al. 2005).

The non- roundwood charcoal, found in the lower parts of trenches, could be the result of
forest fire, where the main source of charcoal must be the ground vegetation, litter, bark and
cones. In recent forest fire sites numerous burnt cones were found in the litter. Probably this
kind of charcoal is more indicative of low intensity ground fires. But non-roundwood charcoal
was also found in the humus layer of former slash and burn cultivation sites indicating the

complexity of interpretation of charcoal assemblages.

4.5. Dates of fire events

In most dated sites the upper layer consisted of younger charcoal. In field bank trenches the
correlation between the depth and age of charcoal was evident, because eroded soil is
accumulated in distinct, successive layers. The only exception was Mahkli trench, where the

lower humus layer were dated younger in average.

Charcoal from the upper layers of former rotational slash and burn was dated to the period
from the 15" century to the end of the 18" or beginning of the 19t century. These dates
correlate with the period of widespread slash and burn cultivation described in Estonian
literature (Ligi 1963; Tarkiainen 2014). They also coincide with a period of increased
anthropogenic fires in Nordic countries (Niklasson and Granstrom 2000; Wallenius 2011,

Storaunet et al. 2013). In the humus layer of slash and burn soils were found mixtures of
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charcoal probably from different burnings, as demonstrated by the dates from Mahkli humus

layers.

To interpret the charcoal radiocarbon dates the inbuilt age error must be considered and the
real burning time belongs to a later time than shown by the dated charcoal (Gavin, 2001). In
case of rotational slash and burn cultivation the inbuilt age error could not be noticeable,
because the trees were approximately 20 years old when burned (J&4ts et al. 2010). In the case
of earlier cultivation in mature forests and forest fires the inbuilt error could be bigger due to
the age of burned trees because stem wood and old branches had burned. Spruce and pine
may reach ages up to 400 years in Estonia (Etverk, 1974; Kollist, 1974). Also the time must
be considered of the decomposition of coarse woody debris, which is more exposed to
wildfire than growing trees. This period is within 65-90 years in studied region (Krankina and
Harmon 1995), therefore the maximum inbuilt error could reach up to 600 years. As the dated
samples did not consist only of pieces of stem wood charcoal, and the weighted average age
of burned material is used for the dating of assemblages, the actual inbuilt error is lower than

calculated maximum.

The lower charcoal layers, dating back thousands of years, mark natural forest fires.
Archaeological investigations from neighbouring areas suggest that mixed transitional layers,
consisting bleached soil, some humus-like material and charcoal rich soil (weighted average
dates in Karsi 747 AD, Mahkli 980 AD) could mark the first use of the old forest for slash
and burn cultivation. The late charcoal (1672 AD) in the eluvial soil horizon of Pehme trench
belong (taking account of the inbuilt error) to the period when slash and burn cultivation in
old forests was restricted and therefore is more likely to be the result of forest fires. At the
Rabasaar site (1582 AD) charcoal located in the dark grey mixed eluvial layer could be the
result of a single slash and burn cultivation event in mature forest as there is no humus layer.

Considering the inbuilt age error and the legal restrictions of the period, the field could have
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been in use at the beginning of the 17t century. The fire events in Kautsi tee were estimated
to be forest fires because of the age of charcoal and distance from settlement. Also no signs

of soil mixing were identified.

5. Conclusions

Charcoal is very widespread in boreal soils and this study shows that a considerable
proportion can originate from historical slash and burn cultivation. The results demonstrated,
that the presence or amount of macroscopic charcoal in forest soil is not a simple visual
indicator for distinguishing natural wildfires from slash and burn cultivation. Charcoal
variability depended more on the soil properties than on the land use. That the charcoal could
originate from different fire events and large spatial variation complicates the interpretation
of data. The 19th century land use maps are valuable information sources, but the use of
some sites for slash and burn cultivation before the 19™ century could remain undetected
because a single period of cultivation in mature forests had not left visible traces in the
landscape. Statistical analysis has demonstrated that patterns can only be deduced if a variety
of analytical methods is used. A combination of different charcoal characteristics and other

features of the soil profile may be more effective.

The charcoal was located in the highest position in the case of recent fires and this
demonstrates, that during the intervening time charcoal translocation must have taken place.
The location of macroscopic charcoal in the soil profile conveys more information about land
use history than the amount of macroscopic charcoal. The differences were most obvious in
the former arable fields. Cultivation promotes the translocation of charcoal throughout
humus layer because of soil mixing, but it also generates suitable living conditions for

earthworms and other soil organisms that cause bioturbation. Sharply defined layers of
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charcoal, the result of water flow, are a characteristic feature of historic forests. Sooty layers

in the soil profile is characteristic of wildfires in dry pine forest.

The species composition of charcoal was correlated with historical land use. Radiocarbon
dating distinguished of forest fire charcoal thousands of years old in the lower layers from
slash and burn cultivation charcoal in humus horizon. The interpretation of intermediate dates
needs additional information about settlement history, and to use soil charcoal to determine

site land use history needs an integrated approach.
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809  Table 1. Characteristics of charcoal and of the landscape relief and soil of the sampled sites as
810  determined form soil pits

Range of
Variables Unit  Abbreviation values
Charcoal minimal depth cm C_min 0-40
Charcoal maximal depth cm C_max 8-93
Charcoal minimal depth according to the to
the upper border of humus layer cm C_hummin -5-40
Charcoal maximal depth according to the
upper border of humus layer cm C_hummax 8-88
Thickness of layer containing charcoal cm C_layer 0-63
Upper border of charcoal rich layer cm CR_min 0-60
Lower border of charcoal rich layer cm CR_max 7-70
2 Thickness of charcoal rich layer cm CR_layer 0-25
@ Upper border of charcoal rich layer according
2 to the upper border of humus layer cm CR_Hummin 0-60
% Lower border of charcoal rich layer
S according to the upper border of humus layer CR_Hummax 1-70
g Estimated amount of soil charcoal C_amount 0-3
s Presence of charcoal pieces with diameter
G 01-02cm C<0.2 0-1
Presence of charcoal pieces with diameter
0.2-1.0cm C_0.2-1 0-1
Presence of charcoal pieces with diameter
more than 1.0 cm c>1 0-1
Presence of charcoal clusters in soil C_cluster 0-1
Size diversity of charcoal fragments C_divers 0-4
Presence of sooty layer Sooty 0-1
Presence of charcoal below humus layer C_lthum 0-1
Presence of charcoal fragments with
undisturbed structure C_<struct 0-1
- & Relief: (1) flat < (2) footslope < (3) slope <
2 & g (4)topof hill relief 1-4
& €= Microrelief: : (1) flat < (2) small incline < (3)
S incline Micro_r 1-3
Litter thickness cm litter 0-8
8 Humus thickness cm humus 0-93
g Soil texture: (1) coarse sand < (2) fine sand <
3 (3) sandy loam < (4) light loam < (5) medium
5 loam< (6) heavy loam < (7) glay texture 1-7
S Soil type: (1) Podzols and Gleyic soils < (2)
S Haplic Albeluvisols and Deluvial soils < (3)
@ Stagnic Luvisols < (4) Mollic Cambisols and
Luvisols soil_type 1-4
Signs of bleaching in soil profile bleach 0-1
811
812
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—— Protected area
I Forest
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Figurel. Areas within which study sites were located.
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21" century

19" cg

(A) Residuals =48.0%  (B)

Figure 2. Results of variance partitioning analysis fitted with Euler diagram. (A) The
proportion of charcoal characteristics variation accounted for by soil parameters, relief and
land-use, and their intersections; (B) the proportion of charcoal characteristics variation
explained only by land-use divided into parts according to the land-use periods. The graphical
fit in figure (B) is not ideal but proportionally correct: the root mean square error of fitted

proportions is 0.5%.
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soil_type

§
o C_amcun(0>1 C_<stryct
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0
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(A) PC1 (34.4%)

1 Arable land 1 Open area

2 Slash and burn site 2 Expenmental slash and burn site

3 Forest 3 Forest

4 Recent forest fire site

Figure 3. Principal component (PC) analysis of charcoal characteristics: (A) lengths and
directions of arrows denote the weights of charcoal characteristics concerning the first two
principal components; (B) and (C) location of study sites on the plane of the first two
principal components, each site is marked with number according to the land use in 19th
and 21st century, respectively, and centroids of different groups are denoted with the
numbers in larger font in boxes.
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Figure 4. Trench in field bank in former slash and burn site in Karsi. Photo by Pikne Kama.
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Figure 5. Trench in forest site Kautsitee. Photo by Pille Tomson.
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Appendix 1

Mapped area

Title of map

Drawn Scale

Reference code
of Estonian
National Archive

Protected
Area

1 Vana-Antsla manor

2 Boose manor

3 Karula manor

5 Vana-Roosa manor

6 Krabi manor

7 Map of six farms

Charte von
dem privaten
Gute Alt-Anzen
Charte von
dem privaten
Gute Bosenhof
Situations
Charte von
dem Gute
Carolen

Charte von den
Hofslandereien
des privaten
Gutes
Rosenhof
General Charte
von dem im
Livlandischen
Gouvernement
, Werroschen
Kreise,
Raugeschen
Kirchspiele
belegenen
privaten Gute
Schénangern.
Charte des zu
dem Privatgute
Rosenhof
gehdrigen
Grundsticks
Waldeshoh
oder die
Gesinden
Alska,
Orrando,
Surepeter
Jaan, Gusta,
Adam und die
Buschw.
Jaenesse.

1871-
72 1:20800

1871-
72 1:18081

1867 1:20800

1886 1:9245

1887 1:52000

not
1876 presented

176

EAA.3724.4.1838

EAA.3724.4.1867

EAA.3724.5.2803

EAA.3724.4.1914
.1

EAA.2469.1.769

EAA.2072.5.643.
1

Karula

Karula

Karula

Pahni

Paganamaa

Paganamaa



Farm map

Farm map

Map of Hargla

parish

Charte des zu

dem Privatgute

Rosenhof

gehdrigen

Gesindes

Wastne

Sockari Nr.37. 1874 1:52000
Charte des zu

dem Privatgute

Rosenhof

gehdrigen

Gesindes

Tagga

Kerrekutzi 1874 1:52000
Nr.39

Kirchspiel

Hargel. Kreis

Werro. 1900 1:42 000
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EAA.2486.3.276.
63 Paganamaa

EAA.2486.3.276.
39 Paganamaa
EAA.3724.5.2822

.1 M@disamdtsa



First name

Last name

Date of birth

E-mail

Institution

Education
2012-2018
2002-2007
1978-1984

1975-1978
1967-1975

CURRICULUM VITAE

Pille

Tomson

8.03.1960
pille.tomson@emu.ce

Estonian University of Life Sciences, Institute of
Agricultural and Environmental Sciences, Kreutzwaldi 5
Tartu

PhD studies, Environmental Sciences and Applied
Biology, Estonian University of Life Sciences
MSc  studies, Potection,
University of Life Sciences

Faculty of Biology and Geography, University of Tartu
Tallinn 2. Secondary School

Tallinn 29. Primary School

Enivironmental Estonian

Professional employment:

2012—...

2009-2011

2008-2009

2006-2008

1994-2006

1993-1994
1984-1993

Estonian University of Life Sciences, Institute of
Agricultural and Environmental Sciences, researcher,
senior specialist

Valga Museum, director

Estonian University of Life Sciences, Institute of
Agricultural and Environmental Sciences, senior specialist
University of Tartu, Tartu University Museums, project
manager

Karula National Park Administration, director

Antsla Municipality, advisor

Work in home farm
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2002-2005 nature protection expert in project LIFE02NAT/
EE/8555 “Protection of priotity forest habitat types in
Estonia”; 2000 — 2001 nature protection expert in project
“Estonian Forest Conservation Area Network®, 1996-
2010 expert of protection rules and management plans
for 30 protected areas in Estonia

Main publications

2018

Tomson, P, Kaart, T., Sepp, K. (2018). Role of 19th-century rotational
slash-and-burn cultivation in the formation of boreal forest vegetation
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