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Abstract

On the Northern Hemisphere, ildfires are considered to be an integral part of natural
dynamics mainly in boreal forests and Mediterranean ecosystems, and most recently also in
temperate forests of Northern America. By contrast, in temperate forests of Central Europe,
the importance fowildfire for forest ecosystems has been traditionally marginalised despite
documented frequent wildfire occurrence and existence epfore forests. Apparently, the
reason of this rooted attitude does not lie in the specific environmental conditiGesitoal
Europe, but more likely in the traditional forest ecology approatich generally does not
consider the effect of disturbances on the shape of vegetation communities and strictly
excludes human activity from natural processes since its beg@iiinis attitude resulted in

the lack of knowledge about local vegetatigitdfire relationship and patterns of wildfire
occurrence in the landscape. The general aim of this thesis was to clarify the ecological role of
wildfires for Central European forescosystems with a focus @&inus sylvestrigorests and

using the Czech Republic as a model area for a broader region.

Chapter 1 deals with the spatial analysis of the occurrence of forest fires in the Czech
Republic. We found that the presence wildfire in this cultural landscape is controlled
mainly by the environmental factors, while the wildfire frequency is drivexinin by the
human factorsthe most common ignition triggeHowever, vildfire frequency waslriven
also by thedensity of cloueground lightning strikesWe traced naturally firprone areas in
the landscape, which are determined mainly by a high proportion of coniferous forests in
lower altitudes, ruggedness of the rel@fdoccurrence of drainable soils. Striking example of
suh areas are t he s an drthWestergparfiof trecCkechtRepublic 6 o f

Chapter 2 is focused onone cfuchiir ock t ownod areas i n the
National Park. We used a combination of recent forestry data and soil charcoal concentration
values to compare the factors influencing wildfire occurrence patterns on decadal and
millennial scalesThe resultf both analyses corresponded with the main driving factors of
the wildfire incidence being topographic features, namely ¢a load index and presence of
rocks. An additional important factor waspeciallythe Pinus sylvestrimbundance, while
human &ctors were of marginal importancgince the topographic factors were stable over
the time, we concluded that wildfires, regardless whether of human or natural origin, have
been occurring in similar firprone habitats at least since the Subatlantic gevitich could
result on such sites in the development of&idapted vegetation. The results of the analyses
were also used for the creation of the wildfire risk prediction for the National Park territory.

Chapter 3 deals with the study of 192 yearstiag spontaneoupostfire vegetation
development okeminatural Pinus sylvestridorests of four sandstone regions. The survey
was focused on the forest resistance and resilience to wildfire and the role of fire severity and
environmental factors on thmostfire vegetation dynamicdVe found thathe resistance of
the tree layer turned out to be dependent on species composition and fire severity, while even
low-severity fires induced great changes in the understorey species composition. The forests
displayed structural and compositional resilience, resulting in fast recovery of the vegetation
cover and return to a similar species composition tefiprestands after about 140 years. We
noticed a continuous shift from initial prevalence of the regenerafiéhnus sylvestri@nd
broadleaved pioneer specigswards higher proportional abundance of shaterant and
fire-sensitive tree species. Thus, periodic wildfires occurring at least once in 200 years seem
to be a factor maintaininginus sylvestrigorests in temperate sandstone landscapes.

These results indicate the wildfire occurrence in Central European landscape is
subjected to similar rules like in the other regions, where wildfire is considered an integral
part of forest dynamics. Moreover,ildfire turned out to be an important factor shaping
Central European forest vegetation in the logngn, at least within certain regions and forest

types
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Introduction

Wildfire represents a disturbance factor that has shaped forest ecosystems worldwide
(Engelmark, 1987; Skre et al., 199Bausas and Vallejal999; Podur et al., 2003) and
throughout the whole history of terrestrial life with an important evolutionary effects on the
biota (Pausas and Keeley, 2009)he main natural cause of wildfire is the lightning strike
(Pyne et al., 1996)while the other pssible sources of ignition might be, for example,
volcanic eruptions, meteoritic impacts, sparks from falling rocks or spontaneous combustion
(Kozlowski and Ahlgren, 1974)Since the humanity mastered the fire, the most important
source of ignition in man parts of the world is man. However, spatonporal fire
occurrence patterns with important consequences for the development of ecosystems are
controlled by a complex interplay of climatic, biotic, and abiotic conditions, combined with
human activityMarlon et al., 2013) Thus, in considerations on the importance and effects of
fire on ecosystems, it is necessary to take into account all these variables.

Such close connection of humans with fire, in contrast to other natural disturbance
factors, has mbably led in its longerm negligence in scientific considerations on the
functioning of natural ecosystems. The importance of fire for forest ecosystems started to be
evident at first to the ecologists during the second half of tflec@6tury due to th striking
changes that followed after the period of intensive fire suppression related to the development
of industrial forestry(Zackrisson, 1977)A new branch of ecology, fire ecology, emerged
with a focus on studying species fadaptive strategied fire-dependent ecosyster{isrno
and AllisonBunnell, 2002) In the context of the Northern Hemisphere, as-dependent
ecosystems have been recognized mainly Mediterranean ecosystemsgcanbirental
coniferous forests, temperate pine forests anst mexently also mixed and deciduous forests
of Northern America (Kozlowski and Adrlen, 1974; Abrams, 1992; Goldammer and
Furyaev, 1996; Pausas and Vallejo, 19989jhough some of these forest ecosystems have
comparable species composition and physiagnto Central European temperate forests, the
common attitude of modern Central European forest science is that fire is not considered to be
a factor that plays an important role in local forest ecosystems and thus this scientific topic is
traditionallyng |l ect ed (Cl ark and Mer kt, 1989; ElIl ent
al., 2006;Niklasson et al., 2000 The emerging question is whether the reason for such
striking negation of fire, in contrast with recent ecological knowledge from o¢hems, lies
in natural conditions of Central Europe or whether this is just a scientific relic. The
clarification of the ecological role of fire for the forests of Central European region is the
general topic of this thesis. More detailed informationtlo@ above mentioned topics is
provided in the following text.

Fire ecology

Fire ecology is the study of the interaction between wildfire and biotic and abiotic
environment, where wildfire is recognized as a natural process and often an integral part of
the ecosystem in which it occurs (nature.com). It represents a relatively new branch of
modern ecology that developed in the second half of the@tury as a scientific reaction to
commonly deepooted attitude on wildland fire being an alien and desumdactor for
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ecosystemgBoerner, 1981)Such attitude was typically demonstrated by the forestry practice
which was focused on strict wildfire suppression in forests. However, the U.S. ecologists
became aware that alteration of naturalgettlementife regimes of coniferous firgrone

forests resulted in the degradation of ecosystems and simultaneously in the occurrence of
catastrophic wildfires of high intensity due to fuel accumulation. Thus, fire ecology was
closely associated with the search tloe suitable forest management practice of the purpose

of wildfire prevention and nature conservation (Arno and AllBamnel, 2002).

The basis of fire ecology is formed by the following concepts:

1) Fire dependence and adaptation This concept assursethat certain natural
communities are firelependent. They are composed of-tiependent species, requiring fire
to persist and thrive and the fisglapted species, which are capable of living in a recurrently
burned ecosystem. This provides them an athge in competition with other species in such
conditions (fws.govKeeleyet al., 2011)

2) Fire History: This concept describes how often fires have occurred in a given
geographical area. Recent past period can be studied using the historical recoedsistant
periods by dendrochronological analysis of -Bearred trees or by various palaeoeological
methods (interwork.sdsu.edu).

3) Fire Regime A natural fire regime is the total pattern of fires over time that is
typical for a natural region orcesystem. It describes the patterns of fire seasonality,
frequency, size, spatial continuity, intensity, type (crown fire, surface fire, or ground fire), and
severity. A fire regime is a generalization based on the characteristics of fires that occurred
ove r a |l ong period. Fire regimes are often
estimation of the fire return interval because natural wildfires usually occur in forest
ecosystems periodically (fs.fed..&nnikov and Goldammer, 1996)

The specificsof fire disturbance

The most important natural disturbance factors influencing forest dynamics arefrapart

fire, wind, snow, flooding and insect outbreaks (Angelstam, 1998). Similarly to other types
of disturbance, the activity of fire temporarily reduces vegetation biomass and changes local
biotic and abiotic conditions (Agee, 1998; Lloret et al., 2005). ¢i@w, the effects of fire on

forest ecosystem differ in some features from other disturbances types. Fire eliminates low
and sensitive species in favour of species that are able to survive or easily regenerate in
burned places. Apart of the change of lighd thermal regime caused by vegetation cover
removal, it also directly affects chemical, physical and biological qualities of the soil (Agee,
1998; Lloret et al., 2005).

Generally, fire consumes organic soil layers that is accompanied by rapid rdlease o
available nutrients in inorganic form (mainly N and P) and by the increase of pH due to the
denaturation of organic acids and the release of the alkaline cations (Ca, Mg, K, Na) bound to
organic matterThe marked changes soil properties arasuallyof shortnature, lasting from
several months to several yeé&@ertini, 2005) However, these changes depend strongly on
fire temperature and duration where high intensity fires can decrease the amount of nutrients
due to its volatilizationwhich concernsnainly N and S( Her n8ndez . @ther al . ,



important product of combustion is the charcoal. It acts in the soil similarly to the active
carbonby adsorbing inhibitive allelopathic phytotoxins and humic acids, supporting thus the
germination of seeds drthe seedling recruitmefitiille and den Ouden, 2005; Zackrisson et
al., 2010)

In contrast to wind disturbances, fire reduces forest necromass that is followed by
rapid nutrients release (Uotila et al., 2005) and baring of mineral soil in larger endent t
after windthrow. Wind blows down mainly large mature trees while st@deant understory
trees are released. By contrast, fire preferentially destroys understory which is usually
replaced by the regeneration of liglkdmanding tree species (Sintornaét 2000). However,
the immediate effect of a disturbance depends on its severity. Thus, the impact of fire varies
from totally staneéreplacing crown fires to lowgeverity surface fires which do not almost
disrupt the tree canopy with consequences fahéun stand development (Baird et al., 1999;
Weisberg, 2004). Periodic fires can shift the ecosystems from the equilibrium with local
environment al conditions t o vadaptddsspeéids i(Meekerc | i m:
and Merkel, 1984).

Plant adaptations to fire

There are many traits which provide a fitness advantage for plant species in ecosystems facing
recurrent fires and these markedly vary with given fire regime. That happens because species
are not =widapltyddf ibue @ a particuartfite eegimeawhigtpnamlg t
includes fire frequency, fire type, fire intensity and the patterns of fuel consumidgetey

et al., 2011 The main division in the function of adaptive plant traits to fire is between the
adaptations to the #r regimes characterized by less frequent but -imtgnsity stand
replacement (crown) fires and by more frequentiot@nsity surface fires.

Tree species adapted to surface fire regimes tend to resist the fires. These occur
typically in Western USA forés and in Savanna ecosystems. Their adaptations can be
demonstrated on the example of a thick bark protecting the cambium from the heat, height
and seHpruning of dead lower branches which ensures a gap in fuels between the dead
surface litter and live eepy (Pausas et al., 2004Buch adaptations occur with many
coniferous species like North AmericBmus ponderoseP. rigida, P. resinosaPseudotsuga
menziesii Larix occidentalis (Starker, 1934) Sequoiadendron giganteui€hang, 1996)
European specidge Pinus canariensisP. pinea P. sylvestrisP. nigra (Fernandes et al.,

2008) andQuercusspp. (Starker, 1934 Graves et al., 20)4The resistance to fire usually
rises with the increasing age of a tree indiviqi&rnandes et al., 2008)

The adaptations on hightensity crown fire regimes are characterized by different
traits mostly affecting species resilience. One example is serotinous cones of coniferous
species that require the heat from a fire to open and release seeds. Speesotuithus
cones typically have thin bark and retain lower dead branches allowing the fire to reach tree
crown so they are mostly killed by the fire. These traits are claimed to be simultaneously an
adaption for nutrieapoor conditions where the lack ofitnients does not allow sufficient
growth to keep the canopy away from surface fuels. Nutrientseeds stored in tough cones
are thus protected against herbivores better than in the soil (Kaehkey et al., 2011)
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Examples of such species are North Aicen Pinus contorta P. banksianaP. attenuata
EuropearP. halepensiandP. brutia (de las Heras et al., 2012owever, also many other
species have serotinous cones or fruits, including 8egjuoiadendrorngiganteum and
Australian taxd&ucalyptusspp andBanksiaspp.(Crawford et al., 2011)

Many species can survive and quickly recover after-mtgmsity fires by resprouting
from underground or aboveground organs even if 100% of aboveground part was scorched by
fire. However, resprouting abilitgfter a disturbance is a widespread trait among the plants
and it is assumed it also evolved under different evolutionary pressures other tiialorfate
et al., 2005) An example of a clear adaptation to fire is the lignotuber, a woody swelling
locatedat the rootstem transition containing storage nutrients and morphologically protected
dormant buds enabling the plant to resprout after a fire event. Plants possessing lignotubers
include Eucalyptus spp., Banksia spp., Arbutus spp. and some species of sake.g.
MediterranearQuercus suberwhere lignotuber occurs only in seedlings st@gelinas and
Verdauguer, 1993; Paula et al., 2Q1Bnother type of resprouting associated with fire
disturbance is epicormic sprouting which enables resprouting fronchembraboveground
stems from dormant buds set beneath the bark. Species capable of epicormic sprouting
include Eucalyptusspp., Banksia spp., Quercus suberPinus canariensisor P. rigida
(Govindaraju and Cullis, 1992; Pausas, 13®fment et al., 2004)

Some species survive and regenerate after fire from propagules (seeds, fruits) stored in
a canopy seed bank (serotinous species) or in a persistent soil seed bank. The germination of
the seeds is often triggered by heat shock or combustion cheffeass et al., 2004 he
majority of these species occur in Mediterraneangdmae ecosystems including European
Mediterranean basin. Hestimulated germination is linked to the rupture of the seed coat in
species with wateimpermeable seeds, e.g. @istaceaeand Fabaceae Smokestimulated
germination independent on the hehbck was proved e.g. Ericaceag(Erica umbellata, E.
terminalis, E. multiflory, Lamiaceae(Lavandula latifolia, L. stoechas, Thymus vulgaris,
Rosmarinus officinaljsandPrimulaceae(Coris monspeliensjgMoreira et al., 2010)

Some plants in firgprone environments have no persistent seed bank when fire occurs.
These species rely on pdse (pyrogenic) flowering and the production of rRdarmant
seeds to exploit favorable pese establishment and growth conditions. Typically, it
concerns Australian flora, e.Doryanthesspp. andlelopeaspp.(Denham and Auld, 2002)

Plant flammability that increases the frequency and intensity of fire can be seen as
another type of fire agiation. The traits increasing flammability include e.g. small leaves,
volatile organic compounds or retention of dead leaves and branches. This strategy could be
selected to gain a competitive advantage over moresdinsitive neighbors or due to
enhancd seedbank survival by limiting deposition of dead fuels on the soil s Kaeteyet
al.,2011) However, the adaptive value of such st
(Mutch,19700r A Ki | | t hy (BoadagdMdgleypolo%)as reot seffgigntly
proved, thus it still remains highly disputalfRowman et al., 2014)
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Fire-dependent forests ecosystems of the Northern Hemisphere

This section focuses on forest ecosystems of the temperate and continental/boreal climatic
zone of the Northern Hemisphere, in accordance with Khe p fp&eiger climate
classification system (Peel et al., 2007), where fire has been recognized an ingristarutf

natural dynamics.

Northern America
Ponderosa pindorests
Ponderosa pineP{nus ponderogaecosystems occur as a transition between grasslands and
deserts at lower elevations and higher level Alpine communities up to about 3200 m a.s.l.,
thus occurring in both dry and moist conditions. These ecosystems are found in the Western
part of the USAsometimes as nearly pure stand®oponderosaand sometimes mixed with
other species, such Bseudotsuga menziedtopulus tremuloides, Larix occidentalis, Pinus
contorta, Abies grandjsA. concoloror Thuja plicata. The characteristic surface coviera
ponderosa pine forest is a mix of grass, forbs, and shrubs. The natural fire regime has a cycle
of approximately 20 years in dry sites up to approximately 60 years in mesic sites. These fires
tend to be lowintensity ground fires that remove woody s and favor grasses, creating
open, parKike ponderosa stands.

P. ponderosas well adapted species to hifjiequency, lowintensity fires. These fires
burn litter and release soil nutrients, thus providing a good seedbed for ponderosa pine seeds.
For the first five years of their life cycle, ponderosa pire vulnerable to fe. Eventually, at
about five or six years of age, the tree begins to develop thick bark, deep roots and shed lower
branches. These factors increase its ability to withstand fire and decrease the possibility of
crown fire, which can kill ponderosa pines.nderosa needles on the ground facilitate the
spread of low intensity ground fires and reduce grasses that can intensify groung.fires.
menziesiiis commonly found in association with ponderosa pine, but is able to survive
without fire. However, alsd®. nenziesiiis resistant to fire, even more than most other
conifers. Additionally,P. menziesiregenerates readily on sites that are prepared by fire. In
fact, nearly all the natural standsfifmenziesiin the USA originated following the fire. Fire
exclusion in ponderosa forests caused the shift of species composition towards higher
proportion ofP. menziesiand Abiesspp., in changes in stand structure and accumulation of
fuel, which resulted in destructive higitensity crown fires (nifc.govGrahamand Jain,
2005)

Lodgepole pine forests of the Rocky Mountains

Lodgepole pine Finus contortq forests occur mostly in upper montane to subalpine
elevations of the Rocky Mountains and adjacent regions, including the Yellowstone National
Park. These forestcan both be maintained by recurrent fires as variousfippsteral stages

or can be edaphically dependent, occurring on-di&ined, shallow and nutriepbor acidic

soils on pumice deposits, volcanic ash, glacial till or fractured quartzite bedtacthis
ecosystem, a mean fire interval is 1200 years, and about 80% of these fire events are high
intensity stangreplacement crown fire®. contortaproduces nonserotinous (open) cones for
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20-30 years and afterwards serotinous cones that releate afesr fire, resulting in fast pest

fire regeneration. The most firone developmental stages are dense regeneration and over
mature stage with accumulated fuel. Hiee intervals less than the life spanRofcontorta
favor its dominance while gresatintervals and the loss of standing dead trees with closed
cones, favor dominance by other trees. SiRcecontortais light-demanding species, old
unburned forests are replaced by shiderant coniferous species likkbies grandis, A.
lasiocarpa, Psediotsuga menziesii or Picea engelmari@irawford, 2011)

Jack pine forests of the Great Lakes region

These forest communities typical for the boreal region of the Great Lakes are also known as
Jack pine barrens. They occur on flat glacial lake plains mathentpoor, acidic, drained
sandy soils, sandy riverine terraces and glacier moraines. The ecosystem is formed by a
shifting mosaic of pine stands and dry sand prairie, with species composition and community
structure varying with fire frequency anddiintensity. The dominant tree is Jack piRen(s
banksiana which is mixed with other tree species liRenus resinosa, P. strobus, Quercus
ellipsoidalis, Prunus serotina, Populgpp (aspens) oBetula papyrifera The understory is
composed of dwarf lsubs (e.g. Vaccinium angustifoliupp Salix humulis, Pteridium
aquilinumand graminoids likeCarexspp, Avenella flexuosa, Koeleria macrantba Stipa
spartea.Severe crown fires occur in this ecosystem with a return interval of abot20D00
years(Whitney, 1986) Pinus banksianas a fireadapted tree species requiring mineral soll

for germination, with serotinous cones that release seed after crownViires fire is
withheld from P. banksianastands, they are replaced by other boreal tree specie the
hardwoods that occur in this ecosystem. Fire also limits the dominance-tdrmatg Carex
pensylvanicamaintaining a higher diversity of grasses and forbs. Fire suppression also causes
changes to the ecosystem structure, shifting opened tiegetaosaic into closed canopy
forests. Fire management is an important tool to restoration and continued existence of this
ecosystem, since these forests were strongly affected by human activity after European
settlement (mnfi.anr.msu.eduifc.gov).

Atlantic coastal pine barrens

The Atlantic Coastal Pine Barrens is a disjunctive ecoregion of the coastal plain of New
Jersey and adjacent regions. It differs from neighboring ecoregions by the combination of
hydrologic, soil and vegetation conditions andcatedl fire regimes. The region has a wide
variety of ecosystems, including swamps, meadows, stunted pine and oak forests, peat bogs,
heathlands and coastal salt ponds, dune systems. The region has humid continental climate
but it lies on nutrienpoor, acidc and excessively drained soils. The upland forests are
commonly dominated bfinus rigida(Pitch pine) and in lesser extent by several species of
oak, with understorey formed dricaceaeheaths Gaylussaciaspp. andVacciniumspp.)

with other fireadaped species such &eridium aquilinumFires are frequent in such forests

due to drained soils and thick litter layer (Boerner, 19&lihus rigida has various
adaptations to frequent fire, including thick bark, the ability to resprout from basal or
epicamal buds, early initiation of reproduction and variable levels of serotiny. Its seedlings
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are shade intolerant and require bare mineral soil establish, suggesting that its dominance is
disturbancedependenfLandis et al., 2005)The posffire recovery ofthe ecosystem is quick

since most of its biomass survives after the fire. Also, theccarring oak species such as
Quercus velutina, Q. marilandica and Q. ilicifolia Q. prinus, Q. stellata, Q. falcata, Q.
coccinea, Q. albandQ. prinoidesexhibit basakprouting, high early growth rate of sprouts,
prolific early seed production and development of large root crowns under a regime of
frequent fires (Boerner, 1981). Thus, frequent wildfires with fire return intervai36f years

have historically maintagd this highly fireadapted ecosystem (nifc.gov).

Northern American boreal forests

The Northern American boreal forest is a mosaic of pure deciduous and mixed deciduous
coniferous to pure coniferous stands. The prevailing tree speci®nare banksiangJack
pine),P. contorta(Lodgepole pine)Picea mariana (Black spruce)P. glauca(White spruce),

Abies balsameéBalsam fir),Betula papyriferaWhite birch),Populus tremuliode@Quaking

aspen) and huja occidentaligWhite cedar). Wildfires that arsaused by lightningtrike or

human activities are the main disturbance factor shaping boreal forest, which is actually a
mosaic of stands of different ages since they last bufff@dria and Johnson, 2008)he

most firedependent species aRinus bankiana and P. contortawith serotinous cones,
which would have probably disappeared as a natural component of the boreal forest landscape
in the absence of fire. They colonize the early {liostsuccessional phases together with
Populus tremuloideandBetla papyriferg which are able to recolonize disturbed areas also
vegetatively by stem sprouts and root suckéfsber, Michael G. and Stocks, 1998ypical

plant species to be found in burnt areas is the firewBgidopium angustifoliulm Picea
mariana is another species adapted to crown fires. It possessessemtinous cones
enabling the tree regeneration immediately after a fire. However, this species grows slower on
open sites than the pioneer species. Without a fire in more than 100 yearseplaan the
postfire cohort of pioneer species, being more shatkrant and capable of establishing
under canopy layefJohnstone et al., 20Q9)n contrast, species dsbies balsameaPicea

glauca and Thuja occidentalishave no special adaptations tieefand are, in fact, late
successional species. Thus, these species are rare in areas that are repeatedly severely burned
(nrcan.gc.ca).

Eurasia

Eurasian boreal forest

Eurasian boreal forest (Taiga) is less rich in tree species than boreal fddestroAmerica.
Although Eurasian boreal tree species lack pronounced fire adaptations like serotiny or
epicormics sprouting, past and recent fire frequencies seem to be rather comparable between
both continents (Zackrisson, 1977; Rogers et al., 2015).IEqgtraoughout the 28 century,

fire has been recognized as an important driver of natural dynamics andeayuggte for
long-term stability of boreal forest also in Eurasia (Zackrisson, 1977), which can be
identically to North American boreal foresegarded as a mosaic of various piost
developmental stagefGromtsev, 2002) However, there are differences in typical fire
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regimes, due to the fact that, in contrast to North America, crown fires occur seldom in

Eurasia while the surface fires prev&ilGr o mt s e v, 2002 ;Rog8s e malstr®°m,
2015).

Taigads classification i s s-jpleranttreaspecies fdar
(e.g.Picea abiesP. obovata Abies sibirica Pinus sibiricg , and Al i ght taiga:

light-demanding species (e.@inus sylvestrisLarix sibirica, Larix spp.). Light taiga occurs
only where shadelerant species fail to grow either due to climatic or edaphic reasons
(M¢hl enberg et al ., .[R2afkiaRa speBieshare lfigensitiveespecies| . |, 2
and fires occur there less frequently than in light taiga, which is composed of mere fire
tolerant species (Sannikov and Goldammer, 19B8jus sylvestrigs considered to be the
most fireadapted species of boreal Eurasia. It is adapteprevailing frequent surface fires
of low to moderate fire intensity, to which mature trees are resistant due to thick bark, deep
root system and seffruning of lower dead branches, keeping the canopy away from surface
fires (Agee, 1998; Fernandes et &008). Fire also stimulates the release of the seeds from
cones on the mineral substrate prepared by fire, even though this fire trait is less pronounced
than in serotinous pine species (Sannikov and Goldammer, 1996). Recurring fires favour
Pinus sylvesis against shadlerant speciege.g. Picea abiesand can therefore maintain
pine stands in places where shaolerant (climax) species would otherwise prevail due to
site conditions (Engelmark, 1987; Angelstam, 1998; Gromtsev, 2002).

Within the Eurasian taiga biome, the frequency of natural (lightigniged) fires
increases with raising continentality from the West (FeBoandinavia) towards East with
the maximum in Western Siberia, and towards South. Farther to the East, thiadidine
frequency rapidly decreases again, probably due to the lower inflammability of the litter of
Larix spp. which dominates in Eastern Siberia. However, apart from this general pattern, fire
regimes are considerably shaped by edaphic and microclincatiditions driven by
topography(Sannikov and Goldammer, 1996). Generally, fires occur more frequently in dry
and nutrienfpoor conditionsTaiga is thus further classified into several types with distinct
natural fire regimes, according to sgipecificconditions.

1) Permanently wet sites located near the source of water (e.g. water courses),
typically dominated byPicea abiesor deciduous speciedlfius glutinosaA. incana Salix
spp.). Fire is almost absent there and forest disturbance regimeeis byivnternal gajphase
dynamics (Angel st am, 1998rye Thdaugi adt-d3 0ome m
sensitive species can colonize surrounding burnt areas (Gromtsev, 2002).

2) Moist sites dominated biyicea abiesFire occurs seldom there witfequency <
once per 100 years, happening only during extreme droughts. Such fires are usually stand
replacing, followed by succession of deciduous speé€iepylus tremula, Betula pendula, B.
pubescensand later coniferous trees (Angelstam, 1998). Time tperiod between the fire
events there is usually long enough for the climax vegetation to be established again
(Gromtsev, 2002).

3) The vegetation of the most common mesic sites consists usually of the mixture of
Picea abiesand Pinus sylvestrisvith understory formed byacciniumspp. andEmpetrum
hermaphroditumdwarf shrubs and plerocarpous mosses sudhl@sosium schreberiand
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Hylocomium splendenswhich provide good fuels during dry seasons. Meanrétern
interval in these sites is b&lol00 years, where fire probability raises from about 50 years
after previous fire due to fuel accumulation and successional development of plerocarpous
mosses. After long periods of drought, peat bogs 8ipfhagnumspp. have similar fuel
characteristicsBurned coniferous forest is replaced by deciduous pHaspu(us tremula,
Betula spp.), which can be sometimes kept almost permanent by intermittent fires
(Angelstam, 1998).

4) Dry sites, dominated mostly Binus sylvestrisvith understory ofCalluna wlgaris
and ground lichensgQladoniaspp.) burn rather often, with mean fireturn interval of 4660
years. The tree mortality after the fire is low due to low fuel accumulation and the resistance
of pine. Burned gaps are colonized by pine seedlings wtittheciduous podire phase. This
process creates typical mutibhort structure of the natural pine stands (Angelstam, 1998).

The boreal forest vegetation is highly resilient and adapted to recurrent natural
disturbances including fires (Zackrisson, 19Rydgren et al., 2004Moreover, wildfire in
boreal forests is important in rejuvenating soil properties and encouraging tree regeneration
and growth(Zackrisson et al., 1996Yhus prolonged absence of fire may affect the whole
forest ecosystem and iisnctioning by changing the stand structure, species composition and
richness. For example, the occurrencePoipulus tremulain FenneScandinavian boreal
forest is firedependen{Lankia et al., 2012)This tree species is claimed to be the keystone
spedes for preserving the local ecosystem biodiversity, as many organisms from other trophic
levels are dependent on (LatvaKarjanmaa et al., 2006)The exclusion of fire in
Fennoscandia possibly caused a continuous decline in the cover of dominanbesichearf
shrubsVaccinium myrtillusV. vitisidaeaand Calluna vulgarisaccompanied by the increase
of thickness and cover of moss layer. Other ericaceous dwarf shrubs, skchpasum
nigrum may become dominant without fi(dlilsson and Wardle, 2005As a species with
allelopathic effects, it alters ecosystem function by, for example, reducing tree seedling
establishment, microbial activity, and decomposition rétiekkala et al., 2014)

Postfire succession in European boreal forests

The effect offire on forest vegetation depends on many factors as fire type, intensity and
duration, stand composition, age and structure and on local abiotic conditions. These factors
influence fire severity, the rate of disruption of vegetation cover and soil orbanizons
(Keeley, 2009)that impacts further pos$ire vegetation development. Successional pathways
also differ geographically depending on local species (fmjelmark et al., 1998)hus this

part is focused mainly on European boreal region.

The postfire changes in soil chemical and physical properties together with almost
complete destruction of ground vegetation (tree regeneration, lichens, mosses, dominant
dwarf shrubs) induce changes in understory species composition in the eafiyepstiges
(Sannikov and Goldammer, 1996). The initial change in species composition and overall
species turnover during the stand development is markedly more pronounced after fire than
after nonfire forest disturbancegRees and Juday, 200Rlekkala et al 2014). Striking
changes occur in moss layer where formerly predominant forest mosseRldik@sium
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schreberij Hylocomium splenderendDicranumspp. are replaced by the constant mixture of
fire-related species such &3eratodon purpureus, Funaria hsgmetrica, Marchandsia
polymorpha, Polytrichum juniperinuandP. piliferum.Ericaceous dwarf shrubs are typically
replaced by meadoforest forbs and grasses such Egilobium angustifolium, Conyza
canadensis Pteridium aquilinum, Avenella flexuosa, Adisscapillaris, Calamagrostis
epigejosor Luzula pilosa.Fire is also followed by intensive regeneration of pioneer tree
species such asinus sylvestris, Betula spgPopulus tremulaand Salix capraeaRees and
Juday, 2002Marozas et al., 200MHekkala ¢ al., 2014). Even though the regeneration of
these tree species is markedly stimulated by fire, they can also regenerate in lesser extent in
unburned sites or in late successional stages. The only excepRoputus tremulavhose
regeneration in the Tga was observed only in burned sites (Lankia et al., 2012; Hekkala et
al., 2014). Dwarf shrubs such¥accinium sppandCalluna vulgarisare able to survive even
the fire of high intensity in underground rhizomes and to resprout after the fire. Duging th
succession, their abundance increases and it recoveries into e pedues in 515 years
depending on initial fire severitGorshkov and Bakkal, 1998arozas et al., 2007, Hekkala
et al., 2014). The complete recovery of species composition anaot@ristics of mosichen
layer was observed 6140 years after the fire, depending on vegetation type (Gorshkov and
Bakkal, 1996, Gromtsev, 2002).

On the mesic sites, prevailing in European Taiga, thefpestuccession of tree layer
begins with deduous phase dominated Bgtulaspp. andPopulus tremulavith understory
of more slowly growing coniferous species (Angelstam, 1998). During this phase which lasts
for about 40 years, the probability of the next fire is low due to wet and hardly inflasmmabl
litter of deciduous species. After that, the proportion of coniferous species increases due to the
selfthinning of deciduous canopy. Without fire, the species composition of the tree layer
recoveries after about 12(10 years with only few persistir§etula spp. individuals of the
postfire cohort. Than in mature Taiga standstula spp. occurs only sparsely in lower
canopy. In contrastopulus tremulacan regenerate even in later developmental stages by
vegetative root suckers. It also has greater competition abilityBethaspp. being higher in
mature age and due its interconnected root system. Thus, it can retard the succession towards
coniferousstage (Gorshkov and Bakkal, 1996, Schulze et al., 2005).

Global history of wildfire

Three essentials are needed to burn a fire: oxygen, fuel, and the source of ignition. Since the
source of heat has probably been available throughout the whole histéaytiofin the form

of lightning, volcanoes or meteorite impacts, the main precondition for fire occurrence was
the development of photosynthetic organisms producing oxygen and of terrestrial plants
serving as a fuglPausas and Keeley, 2009hus, the fist evidence of wildfire comes from

Silur (440 million years ago [mya]) in the form of charred remains of an&lbghiophyta
plants(Glasspool et al., 2004The global wildfire activity in Paleozoic reflected fluctuating
atmospheric oxygen concentratiomhere combustion was possible from the oxygen
concentration above 13%. Although there is the evidence of wildfires from Devon, extensive
charcoal deposits did not appear until late Paleozoic when atmospheric oxygen concentration
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reached 31% in Carbonifersu(Pausas and Keeley, 2009). Permic coal contains large
proportion of charcoal produced by combustion where high oxygen concentration made even
moist vegetation flammabl@Bowman et al., 2009)The major fall in oxygen concentration
during Triassic can eXgin relatively sparse fire evidence from that period. However, during
the rest of Mesozoic, fires were increasingly important. There is also an evidence of distinct
fire regimes comparable with recent fiolependent vegetation, where Devonian and
Carbonierous (395345 mya) protogymnosperms underwent Higiguency and low
intensity surface fires. In contrast, the wetland lepidodendron forests of the Carboniferous
underwent lowfrequency crown fires (Pausas and Keeley, 2009). These facts indicate that
fire must have had evolutionary effects on terrestrial biota throughout the Earth history
(Bowman et al., 2009). However, a substantial peak in charcoal deposits in marine sediments
bearing an evidence of increased global fire activity occurs in the lataryedharacterized

by more seasonal climate-8/Mya). It is related with spread of;@rasses in opecanopy
landscape and forming of the savanna biome which due to its high flammability produced a
climatic, selfperpetuating feedback (Bowman et al., 20@8usas and Keeley, 2009).

The expansion of the open landscape of African savanna probably markedly
influenced the evolution of fauna and promoted the development of bipedal hominids. It has
been suggested that the origin ldbmo spp. about 2.5 Mya in sb highly flammable
environment probably contributed to the implementation of fire into the evolution of mankind
( S®gal en .elhe earllest evidehd @fARe use of fire by humans comes from about
1.9 Mya and the routine domestic use of fire begeound 100- 50 kya (Bowman et al.,
2009). During the Paleolithic and Mezolithic, fire was extensively used also for the non
agrarian land management for various purposes like clearing the ground for human habitats,
hunting or maintaining plant resourc&nce the Neolithic, fire has been widely used to open
forests for agriculture and for managing pastures (Pausas and KeeleyV2000Oni r e et
2015)

The global fire activity generally increased since the last Glacial Maximum (ca. 21
kya) which can b attributed to both global warming and increasing human population
(Vanni r e .eAccordirg to,mary Studies) human activity has positive effect on fire
frequency but on the other hand, it reduces the total amount of burned biomass-bseland
practice leading to the reduction of fuel load and continuity, and since the modern industrial
era, alsdy the active fire suppressigiarlon et al., 2012Vanni r e .eHoweeel, . |, 20
the humardriven increase in fire frequency in populated areasgiigbmarkedly influenced
the vegetation composition and development during the Holocene Emoer et al., 1999)

In summary, one can state that since the onset of human presence in the landscape, climatic
and humasdriven fire patterns became interconnected and hardly distinguishable. Thus,
observed fire regimes should be regarded as the result of the complexabon of climate,

local environmental factors including vegetation and human activities (Pausas and Keeley,
2009; Marlon et al., 2013).
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Global wildfire occurrence andthe Central European perspective
Wildfires occur most frequently in warm climatregions with longasting dry seasons
following after moister periods of vegetation growth, e.g. in Australia, Afridaditerranean
and Suth WesternUSA. In the context of forests of Northern Hemisphere, wildfires are
considered to be an integral pafthatural dynamics mainly in Mediterranean ecosystems and
boreal forests of North America and Eurggigee, 1998; Engelmark, 1993; Skre et al., 1998;
Pausas and Vallejo, 1999)he majorityof ecological studies concerning wildfitleuscome
from these egions. The role of wildfire in temperate zone is less cldawwever,it is
increasingly viewed as an important processNorthern Americantemperate coniferous
mixed and even fothe oak-dominated forestéAbrams, 1992; Odion et al., 2004; Sturtevant
et al., 2004; Hoss et al.,, 2008; Flatley et al., 2011; Brose et al.,.28f8gific forest
formationsdependent m frequent wildfire occurrencare the pine barrens, a temperate pine
oak forests on sandy seibf North EasternUSA (Boerner, 1981; Schelleat al., 2011) By
contrast the general perception of wildfiie temperate Central Eurof quite differentIn
this region, ecologicatole of the fire for functioning of local forest ecosystems has been
traditionally neglected Clark and Merkt, 198%llenberg, 1996; Tinner et al., 20052t et
al., 2006;Niklasson et al., 209)@&nd wildfirehas beemerceived just as an adverse product of
human activity without any relevance to natural procesEksrefore,this topic has been
almostleft out from ecological studies tie Central Europeamgion

However, thereasons for thisttitudetowardswildfire seem to bex complexmatter
Part of the temperat&lorthern American region ofnumerous fire ecology studigscluding
New Jerseyine barrenshas the climate that is similarto those of theCentral Europan
accordanceo theK °© p i @eiger climate classification systdifdeel et al., 2006)Thus, the
climate ofthe Central Europe does not seem to be an imporéason The Central European
wildfire perspective camore likelybe relatedo thelocal traditionin forest ecologynamely
to the traditionally accepted concept of the potential natural vegetétiory, x e n ,or 195 6)
similar forestry typology( R a n d u § kvehich gén@raéllg gloes not consider the effect of
disturbances on the shape of vegetation commur(falinski and Falinska, 1986; Korpel,
1995; Splechtna et al., 200%Yhen the impact of disturbance on forest dynamics is taken into
consideration, it is sually the wind storms and insect outbreak that are mentimost often
(Kulakowski and Bebi, 2004; Svoboda et al., 20T®je other reas@for traditional negation
of ecological role of wildfire in Central European forests can be relatively dense human
population and lordpsting landuse associated with strong influence of natural vegetation
and processes, compared to e.grtNernAmericaor boreal Eurasidt appears that the lack
of large intact forest areas in Central Europe has hampered the understdritimgatural
disturbance regime@ngelstam and Kuuluvainen, 2008roadleaved deciduous forests are
hypothetically the most widesgad climax vegetation in Cerr a | Europe (Chytrl
andthey are generally perceived as a vegetation type that is not prone to fires, or at least less
so than coniferous forests (Clark et al. 1996; Moreira et al. 2001; Sturtevaht 2604,
Parsien et al. 2011). Howevawjildfires can occur even in broadleaved forests (Corona et al.
2014; Ascaoli et al. 2015). Thus, the relatively frequent occurrence of wildfires in recent man
made coniferous forests has usually been interpreted as a mere adwsesgience of human
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activity (e.g. Gomg&8k et al. 2009) and has
unnaturalness of such forests. However, contemporary paleoecological studies indicate that
coniferous species (especialBicea abiesand Pinus sylvestris had been much more
abundant in lowland forests of the Czech Republic in the Middle and Late Holocene than used
to be assumed (Novs8k et al . , a0 be2ause Bfothiee k 2 (
consideration of the role of disturbances onghape of vegetation communitiéthe other
possible reasonf traditional overlooking of wildfires in Central Europe in comparison with
e.g.NorthernAmerica ould be thepattern oftypical wildfire behavor. Althoughrecent fire
frequendes in boreal forests of drthern America and Eurasialmost donot differ, forest
fires in Northern America exhibit more likely as spectaculdnigh-intensity crown fires,
whereas in Eurasigrevail low-intensitysurface fires that rarely reach tree crowh$ias not
been explained by different climate but more likely by differentdidaptive strategiesf the
tree species Coniferous forest of Northern America are composed mainly of fire
Afembracer so, whos e | ibyéhe csotvrr fiset aady subseiquentiytto b e
regenerate from (ser)géerotinous conethat release seeds when burnéde morphological
adaptation of such species, which allows fire to reach tree crowns, is the retention of lower
branches until the tree maturity. contrast, Euraan fire-adapted tree specidike e.g.Pinus
sylvestrisar e more | i kely fire Aresi s-prmingoblowerwh i c h
branches and resist surface fires owing the protective, thicKRaders et al., 2015)

Either way wildfire has been recently recognized as an important process also in

Central Europe, namely iAlpine regiond Del ar ze et al ., 1992; Tin
al ., 2006; M¢ 1 | er et andih hemibo@PInGs;sylvestiforesdsef et al
SouthernLithuania andeasternPoland(Marozas et al., 2007; Niklasson et al., 2010; Zin et

al., 2015).

The datistics on forest fires in Eurogier whole countriesndicate that wildfire
recentlyoccur in Central Europge.g. in the Czech Republindlatively frequentlymarkedly
more than e.g. in Northern countrid$e fires are usually smadcaled, mainly in comparison
with Mediterranean countries (Fig. JBlowever, wildfire incidence differs among regions
within the countries. Thushe southern regions of FenS@gandinavian countries seem to be
similarly fire-prone to the Czech Republiwww.eeacurgaeupublicationséuropearforest
ecosystemspage 43)

| f one asks about Ainat ur which & d$ndependerft ont he w
human activity,some estimation can be provided by the comparison of the spatial density of
lightning-ignited forest fires, which reaches in some pafttie USA and in European Alpine
regions up to 0.9 fires/(year 100RmIn the Mediterranean Europe, the average density was
estimated on 0.12 fires/(year 100 3min the Czech Republic, which constitute a main study
area of this thesis, the average sign (0.065) is slightly lower than in Western Siberia
(0.075) but hi gher than in Northern Europea
Larjavaara et al., 2005; Kula and Jankovsks§g,
regionally specit and such comparison can be distorted also by the quality of the input data,
where the numbers of lightnirignited fires are often underestimated (Larjaavara et al.,
2005).
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Fig. 1. Mean number of wildfiresAX) and average burnt area [h&) (peryear per 1000 kfnof wooded land
(WL) in the period of 1982010

Data source

Forest fires statistics European Forest Fire Information system (EFFIS); http://effis.jrc.ec.europa.eu

Forest coverage in Europe St at e of EuropekEs forests 2007: The
management in Europbttp://www.foresteurope.org

Although the forest fire is a natural phenomenon, the main cause of ignition in
populatedandscapes is the human activilly. Europe, 97% of forest fires of known cause
within the period of 2002010 were directly or indirectly caused by human agents
(Ganteaume et al., 2013Also, many palaeoecological and fingstory studies suggest that
during the Holocene period, fire incidence was markedly positively influenced by human
presence in the landscapeNi k| asson and Granstr°m, 2000;
al., 2013) Equally, overwhelming majority of recent forest fires in the CzRepublic is
caused by humans. From annaskrageof about 1200forest fires, 69% are humaraused
(fire raising, smokingand forestry management), 30% are of unexplained camsEk4 %
are ignited by thdightning strike (Kula andJ a n k ¢ 2083k Since human influence has
been longasting and integral component Gentral European landscapejs necessary to
considereven humancausedfires as afactor shapingCentral Europeariorest vegetation
through the Holocene peripdimilarly like in othe regions(Tinner et al., 1999; Abrams and
Nowacki, 2008)

Considering these factthe reasorf the traditional negation dhe ecological role of
wildfire in Central European landscapeems to benostly a matter of socioultural memory
(Le Goff, 1992) rather than an objective result of specific Central European natural
conditions.Thus, werlookingof the role of wildfire resulted in the lack of studies on the fire
vegetation relationship and on environmental factors influencing the wildfire incidence
Central European landscatbet can balso appliedor the production of predictive models.
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Patterns of the wildfire occurrencein the landscape

The spatial distribution ofwildfire occurrencein the landscape depends on many factors
which determineeither the availability of ignition triggers or firgoroneness of a sit&uch
factorscan beanthropogenigchbiotic or abiotic and the wildfire occurrence patterns depend
mostly on their specific combination, which varies geographicaily depends on the spatial
and temporal scal@Cardille and Ventura, 2001; Yang et al., 2007; AWlares et al., 2010)
Biotic factors like the vegetation cover, structure and compositiofluence the fuel type,
load and flammabilityabiotic factors like climate, topography or the soil typefluence the

fuel moisture and the spread of the fr&e n ge | mar k 1987; Cardill e e
Delgado et al., 2004)The frequency of wildfires is generally higher in dry conditions, on
convex terran sites and soutfacing slopes and it decreases with increasing humidity, e.g.
towards poles, with raising altitude and oceanity of the cligfatgelstam, 1998; Skre et al.,
1998; Pew and Larsen, 2001; Futao et al., 20@6jnan activity acts mainly as the ignition
trigger butit can also indirectly influence the wildfire occurrermechangingthe landscape
fire-pronenessaccording to thdanduse practice (Moreira et al2001, Ganteaume et al.
2013).1t has been suggest¢hatthe human factors can more or less obscure the effects of
environmental factors as the climate or topograffigtiey et al., 2011; Zumbrunnen et al.,
2012) On the other handypatial distribution even of humasaused wildfires can be strongly
dependent on environmental factors, where the occurrenadiod ignition is more dependent

on the aMity of the fuel to be ignited thamn the presence of an ignition agent (Pew and
Larsen 2001).

Forest ‘egetationcharacteristicis one of the most important driveof the fire
ignition occurrence, as it directly influences the quality and load of the lfuebmprises
especially the species composition dodh lesser degrebe stand age and structu¢Bessie
and Johnson, 199Krawchuk et al., 2006; Fang et al., 2018jildfires occurmore likely in
coniferous forests tham ideciduousgorrespondinglyn Mediterraneantemperateand boreal
regions( D %Delgado et a).2004 Sturtevant et al.2004, Parisien et al2011). However,
fire proneness varies also among particular coniferous spétidse Eurasian boreal zone,
wildfires are associatethainly with Pinus sylvestriforests (Engelmark, 1987; Tanskanen,
2007)whereas the other dominamrealconiferous specie®icea abiesis claimed to be less
fire-prone but more firsensitive(Wallenius, 2002; Tryterud, 2003Pinus sylvestrigrows
usually under drier conditionsproduces resiny and easily flammable litter aisdmature
stands forma relatively sparse canopy allowing the ground layer to dry(ledomte et al.,
2005) At the same timeRinus sylvestrigpossesses firadaptation traitallowing to resist
surface fires and to regenerate afterwarigee 1998; Rogers et al.2015). Other species
occurring in pine forests, such ®accinium spp.Calluna vulgarisor Pteridium aquilinum
are also fireadaptedBoerner, 1982; Keatinge, 1975; Tinner et al., 208®gular fires can
thus maintain pine stands also in places where other tree specie®i(®g.abiey would
otherwise prevail due to site conditions (Engelmark, 1987; Angelstam, 1@@8ntsev,
2002)

In temperate Central Europie coniferdominated forests occur as wédlg. Bendel
et al., 2006)In the Czech Republicxeept ofmanmade conifeplantations othe production
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purpose (mainlyPicea abiesand Pinus sylvestris there naturally occur montanespruce

forests andpine or pineoak forestsin lower altitudes C h y2012J Occurrence of atural

pine(oak) forestsis there according to traditional perspectjveestricted on sites with
edaphically unfavorable conditions for other tree speblesdry rock tops with shallow soils

or on extremely nutrient poor and drainable sandy and gravel Apiést from dry sites,

Pinus sylvestrisalso naturally occurs on the opposite side of the wetness gradient, in
per manently moi st peat erbdormng the( p@longedr periods 20 1 2 ) .
drought, peat bogs can burn as well (Angelstam, 1998).

Naturalpi ne f or mati ons are known aéarsdaaimads nr el
to representaremnants of theegetation of early postglacial peri@dlikeska,2008) Larger
areas of sermatural pinedominatedforests on nutrient poor substrates a@wadays
consideredto be a geographically disjunct analogy of boreontinental pinewoods or a
lowland taiga due to their similar physiognomy and species conpositiboreal pinewoods
(Chyaaoitl2; N o, 208 2R.The largest region afuchpine forests is situated indxth
Western part of the Czech Republic and @haracterizedby sandstone bedrock with
occasionabccurrence of areas specificsandstoneocky landscapes,soal | ed Ar ock t
(e.g. Elbe Sandstonespresenday wildfire occurrencen this regionis markedly more
frequentthan in the rest of the country (KudadJ a n k ¢ 2018)kargd references about local
forest fires are foundlsoin archival historical recordé Be | i s o.Ml evidéhck @fpre-
historic wildfire occurrencein this regionwas lately foundin the form of charred plant
material in the peaand sandyedimentyf Pok or nT a n dAbr&ham, €0P6S §210 ®5 ;
and Herben, 20079nd pedoanthracological surveys newly confirmed continocasrrence
of Pinus sylvestrischarcoalsthrough whole Holocene period N o v § k, 2042; Bobhdk
2013).These facts indicate thatich ecosystems have been influenced by recuniédfires
in the longterm. However, the questionhether the fire disturbanamuld play an important
role in the dynamics andongterm development ofthesepine forests similarly to e.g.
American pine hrrensor analogous Eurasian boreal forestisd contributethusto preserve
Ar ¢ pi oe wanildeacént still remains unresolvedSuch findings would change the
traditional perspective on the occurrence of naturally -dominated forests of Central
Europe to be delimited only by edaphic conditions.

Taking into acountthe lack of the studgeon ecological role oWwildfire for Cental
European forestdf appears usefuio studythe wildfire occurrence patterns in recent and
distant past landscape atwdobserve the longerm forest vegetation response on the wildfire
events to resolve this problem.
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Aims of the thesis
The aim of this dissertation thessto clarify the ecological role of wildfire inforests of
Central Europe withthe focus on the Czech Republic as a model area fmoader region.
With regardto consistency of the results and availability of suitable stpldys the main
focus of the thesis was pointed towapast oneconspicuouslyire-prone forest type, namely
the Pinus sylvestriglominated forests of Czech and German sandstegien The geat
advantage of this regioexcept enough of burnt plotsasalso the concentration of protected
natural areas, what enabletkto observe the effect of wildfire on relatively preseriectst
ecosystemand without posfire forestry intervention.

Specifically, lasked:
1) Which factorsinfluence the wildfire occurrence in the Central European landscape on
variousgeographical scales?
2) Is the spatial pattern of wildfire occurrence in the cultural landscape dmeee by
anthropogenic or naturahvironmental factors?
3) Which environmental factors defirtee naturally fireprone areasn Central European
landscap@
4) How does wildfire influence the development and species composition of the vegetation of
Pinus sylvestrislominated forests of sandstamgion®
5) How resilient and resistant are these forest to wildfires?
6) Is wildfire an important factor conditin i ng t he p e tpsiinsetwonocdes 0o fi ni r&
European landscape?

Main results

In Chapter 1, we aimed to revedhe factors influencing the spatial distribution of forest fires

in the landscape of the Czech Republic. We comptredole of environmental and human
factors for wildfire occurrence (presence / absence) and frequency (countsaeenbevo
geographical scalesvhole country and selectefire-prone region situated in the North
Western part of the Czech Republithereafter, we aimetb trace the areas with specific
naturally driven fireprone conditionsAs theinput data, we used a databasénaital 15985
forest fires of the period 1992004, localizedand digitalizednto municipality cadasters. The
datdbasewas kindly provided b uz ana J@h&mkwoe\kSkuBand2Dr0kKkbqgv s k §
2013) and it is a mandly verified and further processed forest fire evidengsvided
originally bythe General Directorate of Fire Rescue Service of the Czech Republic (GR HSZ
CR). The predictors of wildfire occurrence were processedG#S layers of human,
topographic, climaticgeologi@l, pedologi@al and forest composition factors. Wedentified

the most importantlirivers of wildfire occurrence and frequengsing GLM andcompared

their relative importance by therarchical partitioing method We foundthat the spatial
distribution of wildfires in densely populated landscape of thecGRepublicis driven by
combination of human, biotic and abiotenvironmental factorsWildfire presence was
controlled more by environmental factpiwhile human factorbke the population density
strongly influenced thefrequency of wildfires, being the most common ignition trigger.
However,wildfire frequencyon the country scal@as positively affected also by the density
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of cloudground lightning strikesa potential natural source of ignitioWe identified the

naturally driven fireprone conditions in the landscape, which consisted mainly of higher
abundance oPinus sylvestrisPicea abiesandBetula sppin lower altiudes, ruggedness of

the relief and occurrence of drainable soils. An example of the landscape type, where all these
factors interact, are the sandstone Arock to
are prevalent, the effect of environmentattbrs on wildfire incidence was even more
pronounced than on the country scale. The wildfire frequency in locaprfiree Pinus
sylvestrisforests was driven also by the density of lightning strikes of positive polarity. The
combination of the firgoroneconditions with the availability of ignition triggeleas probably

ledto the development of local firdependent ecosystems.

In Chapter 2, we asked whether there is the continuous {ergn fire history in the
sandstone rocky landscape, the Bohengavitzerland National Parland whetherspatial
distribution ofrecentand ancientwildfires is driven by the same environmental factdrs
this interdisciplinary study, & useda combination ottontemporary forestry dataom the
period of 19742008 and of pedoanthracologicaapproachto reveal wildfire events in the
preserdday landscape and in the distant pAsttheinput data, we used digitalized locations
of recentwildfire occurrencesnd soil probesvith measured soil charcoal concentrataom
GIS layers otopographic factors, derived from LIDAR digital elevation model of resolution
5m, forest age and compositi@amdanthropogenidactors.The time span of analysed ancient
wildfires was estimated as ca3800 yearsBP by'“C dating of 14 harcoal particlesThe
recent wildfire distribution wsanalysedn relation with all available factorssing the ENFA
method the soil charcoal concentratiowas analysed in relation to temporally stable
topographic factorenly, using linear regressioWVe identified the factors influencing fire
occurrences in the landscape on twmporalscales decadal and millenniallhe resultsof
the analyses of soil charcoal concentrations correspdmdth those ofcontemporary forestry
data. The main driving faots affecting thavildfire incidencein such rugged landscapere
topographic features, namely the heat load index thedoresence of rocks. Additional
important factors were forest composition features, especially the abundarémusf
sylvestris Quite surprisingly, everthough the landscape is populated and attractive to
tourists, presenday anthropogenic factotgke the proximity of villages, tourist paths and
roadshad only marginal effecton wildfire occurrenceThe results indicate thairés have
been occurring in similar firprone habitatsnamely the elevated rock plateaus @&odth
westernslopes,at least since the Subatlantic peridthe vegetation of such sites, which is
recently represented mostly by semaituralPinus sylvestrislominated stands, thus has to be
influenced by recurrent wildfires for millenni&€onsidering how welP. sylvestrisand its
understorey species are adapted to fire, we agbtimethe natural occurrence of Scots pine
forests in thelandscape of the Boheam Switzerland National Parkartly depends on
wildfire activity. This especially concerri®. sylvestrisstands on deeper soils, where other
tree species like beech or oak are presumed to form climax forests.
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Additionally, we createdthe map of the wildfire riskor the Bohemian Switzerland
National Parkterritory based on the recent wildfire spatial distributiosjng the ENFA
method (Fig. 2).This practical output wasonductedfor the purposes of theational park
authority and wa published irthe study ofAd 8 me k e t, wiaidh is naf iBcuded ipto
this thesis.

Pinus sylvestris [m3/ha]
e

o' B 3 _j\,;:_',:;j

Distance from the village Distance from the road

Prediction

Fig. 2. Wildfire risk prediction for the Bohemian Switzerland National Park territboaged on the raster layers
1-7 and processedsing the ENFA methodHirzel etal., 2002) in the Biomapper software (Hirzel et al.,
2002).

In Chapter 3, we studiedpostfire vegetation development and environmental factors
explairing changes in species composition of burnt forests. féd¢esed on sermmatural
forests dominated bRinus sylvestrisof four sandstone regionsithin the Czech Republic
and adjacent part of Germanfpue their physiognomy and species compositisuch
pinewoodsresemble borecontinental pine forests, which aoctaimed to be fireadapted.
Since forest fires are ikzechsandstone areasarkedlyfrequenteven thoughcommonly
perceived as adverse for local forests, we exanthe wildfire importancefor them. We
studied the ability of these forests to recosgontaneously after a fire event. Specifically, we
observed the development of vegetation composition and diversity, the role of fire severity
and the abilityof tree species to resist firome of these forests occavenon sites with
deeper soils, whernot pinewoods but more likely beefthstands are considered natural
vegetation We thusasked whether wildfires cdme the factor supportinthe preservation of
pine-dominated forests isuch sites
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Our study ok a spacdor-time substitution approadiased on a quantitative analysis
of vegetation data collected in spontaneously regenerating burnt forest plots-fifepage
ranging from 1 to 192 years. This time span allowed us to reveal the complete successional
trajectory and to assess how resisandresilient the forests are to fire in terms of severity of
damage and time needed to return to thefipeestate.

The resistance of the tree layer turned out to be dependent on species composition and
fire seveity, while even lowseverity firesinduced great changes in the understorey species
composition All study stands displayed structural and compositional resilience, resulting in
fast recovery ofthe vegetation cover in all stand layers and return to a similar species
composition as in prére stands after about 140 years. However, the species richness
remained increased up to the latest successional stage in comparison with mapostnon
fire forest standdn early posffire phases, broalkaved pioneer species aRthus sylvestris
regereration prevailed, butluring stand development, there wasontinuous shift towards
stands with higher proportional abundance of more st@dmnt and firesensitive tree
species.Thus, periodicwildfires occurring at least once in 200 yearsgardles whether
human or lightningcausedseem to be a factor maintaining forests dominatedPioys
sylvestrisn temperate sandstone landscapes

Conclusiors

Drivers of forest fire occurrence in the Central Europeaddeape

The wildfire occurrence irthe cultural landscape of the Czech Republic is driven by both
human and natural environmental factdsvironmental factorsike vegetation composition,
topography, soil type and climatic conditiodstermine the firgoroneness of a sitehile
human presencand activity, as thenain sourcsof ignition, havestronger impact owildfire
frequencyEven in sucta densely populated countas the Czech Republithe effect of the
environment including the lightning density as a potential driver of natural ignitions was not
totally overridden by human factorkocal fire regimes are thus a complex result of biotic,
abiotic and human factor$his result indicatethat wildfire occurrence in Central European
landscape is subjected to similar rules like in other parts ofitiniel, where fire ecology ia
well-established scientific line.

Naturally fireprone areas of Central Europe

Although forest fires aréhererelatively frequent naturallydriven fire-prone conditionsare
not omnipresenin the Central EuropealandscapeThey are more likely restricted gpecific
regions Such conditions encompass namtig prevalence of condrous especially pine
forest in lower altitudes andugged relief forms with drainable soils. When we focus, from
anecologisb point of view, on places whesuchvegetationoccus more or less naturallfn
the long run), the sandstone landscapegh high proportion of pine forestsmerge asa
striking exampleof such fireprone areaOur sudy that focused in detail on one dhe
sandstoneregions largelyconfirmed the results from the country scale aaden more
emphasizé the driving effectof environmental factors owildfire occurrencen this rugged
landscapewhichwasconsistentlsoacross temporal scales.
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Fire-dependentorestsof Central Europe

The vegetatiorfield study conducted in pine forests of sandstone regions providedigint ins

into the mechanism how wildfire can preseriaeal pine-dominated forests in the longn.

The results indicate thalhe naturabine forestsof Central Europere not only edaphicaly
dependent but can also be preserved in the long run by recurrent fires on sites where other
species would potentially form climax vegetatidhese results are comparable vitie welt

known firedriven dynamics oEurasianboreal forestsor Northern American pine forests
despitedifferent speciethat interacin these ecosystems

These results indicatthat even in temperate Central Europe wildfire can be the
important factor shaping forest vegetatiorthe long-term perspectiveat least within certain
regions and forest type8vhenone acceps the human presenca major source of wildfire
ignitions, as a long-term and integral part of Central European landscty there is no
reason for further marginalization of theildfire importance for naturally firgprone
ecosystems.

Additional contributionto the knowledge of the wildfirgegetation relationship in
Central Europe caive provided by a detailed study of pdse regeneration of key tree
specieof the region(Fig. 3), by the comparison of the pefite forestsuccessional trajectory
with those of different disturbation types, together vétstudy ofwildfire effect on the soil
nutrient contentThese data areurrentlyin proces®f being analyzed

Fig. 3.Experimental plots for the study of pdse tree regeneration.
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Chapter 1

Driv ers of Forest FireOccurrence in the Cultural

Landscape of Central Europe

Martin Adg8mek, Zuzana Jankovsk§g, VRDrosl| ava
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Abstract

Wildfires in Central European temperate forests have traditionally been perceived as a mere
consequence of human activity without any relevance to natural forest development, despite
their documented frequent occurrence. As a result, our knowledge abalfile ecology

and patterns of wildfire occurrence in the landscape is lacking. In this study, we aimed to
reveal the factors influencing the spatial distribution of forest fires in the Czech Republic as a
model area for the broader Central Europeanoregspecifically, we aimed (1) to compare

the importance of environmental and human factors for wildfire incidence across the country
and within a selected firgprone region; (2fo examine the relationship between lightning
strikes and wildfire inciden¢g3) and to identify specific areas with naturally driven-fire
prone conditions. We took data on 15,985 forest fire records covering a period of 12 years and
explored their distribution using GIS layers of human, topographic, climatic and vegetation
compodtion factors. Using GLM and hierarchical partitioning, we singled out important
factors that determine the distribution of wildfires in the landscape. We found wildfire
occurrence to be controlled mostly by environmental factors whereas wildfire frequaacy
strongly driven by human factors. In the selected region, wherg@riirge conditions are
prevalent, the effect of environmental factors was more pronounced. Wildfire frequency in
local fire-prone Pinus sylvestrisforests is also driven by CG+ lightg strikes. The
combination of the firgorone conditions with the presence of ignition triggers has probably
led to the development of local ficependent ecosystems.

Key words: Wildfire; Spatial pattern; Temperat®inus sylvestris Picea abies Betulg
Ruggedness; Population density; Lightning strikes; Polarity
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1. Introduction

Fire is an important disturbance factor shaping forest vegetation worldwide (Engelmark 1993;
Skre et al. 1998; Pausas and Vallejo 1999; Podur et al. 2003). On the North@spliéze,

fire is generally supposed to be an integral part of natural dynamics of boreal forests and
Mediterranean ecosystems. In temperate regions of Central Europe, by contrast, the role of
fire in the functioning of local forest ecosystems has beeditibaally neglected, and
wildfires have been perceived as a mere adverse consequence of human activity without any
relevance to natural processes (Clark and Merkt 1989; Ellenberg 1996; Tinner et al. 2005;
Niklasson et al. 2010). That is why this topic Hadg been neglected by ecological studies
from this region, including the analysis of factors influencing the wildfire incidence in the
landscapeHowever, wildfires have recently been recognized as an important factor also in

Central Europe, namelyinpli ne r egi ons (Del arze et al. 199
2006 ; M¢el | er et al . 2 0 Rirfus syhestridereste of &ithuaraal . 201
Poland and the Czech Republic (Marozas et a

2015;Zin et al. 2015)

A major natural cause of wildfires are lightning strikes (Pyne et al. 1996). The
proportion of lightingignited fires varies substantially worldwide. In the period of 2006
2010, lightning strikes ignited 7.3% of forest fires in Northeurdpe, 0.5% in Central
Europe and 4.7% in Southern Europe, whereas in Canada and the USA, the proportion of
naturally caused fires is about 48% (Cardille and Ventura 2001; Ganteaume et al. 2013). This
proportion, however, depends on the local populationsithe as lightningcaused fires
prevail in remote areas with low populations (e.g. Flannigan et al. 2000). Different
perspective can be provided by comparing the spatial density of lighgritgd forest fires,
which in some parts of the USA and in Bpean Alpine regions reaches up to 0.9 fires/(year
100knf). In Mediterranean Europe, the average density has been estimated to be 0.12
fires/(year 100 k). In the Czech Republic, the area of our study, the average wildfire
density (0.065 fires/(year 100 Knis slightly lower than in W Siberia (0.075) but slightly
hi gher than in Northern European boreal coun
2005; Kula and Jankovsk§8 2013; M¢l | er et al
there is a higér proportion of mixed and broadleaved forests, which are considered less fire
prone than coniferous forests (Clark and Royall 1996; Moreira et al. 2001).

Although forest fires are a natural phenomenon, their main cause in populated
landscapes is human adty. In Europe, 97% of forest fires of known cause within the period
of 20062010 were directly or indirectly caused by humans (Ganteaume et al. 2013).
Moreover, palaeoecological and finéstory studies suggest that during the Holocene period,
the freqeency of fire events was markedly positively influenced by human presence in the
| andscape (Niklasson and Granstr°m 2000; \A:
Equally, the overwhelming majority of recent forest fires in the Czech Republic is daysed
humans.

Besides ignition triggers, the distribution of wildfires in the landscape is also
influenced by environmental factors of both anthropogenic and natural origin (Cardille and
Ventura 2001; Yang et al. 2007; Awildores et al. 2010). Thus, humanegence in the
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landscape usually acts as an ignition trigger, while environmental factors influence wildfire
probability. Such factors can be biotic, such as the vegetation cover influencing the fuel type,

load and inflammability, or abiotic, such as thenate, topography or soil type influencing

fuel moi sture and spreading of t he-Ddlgpdoe ( En
et al. 2004). Anthropogenic factors influencing fire occurrence can be-aso@mmic, such

as population density, thate of unemployment, etc., as well as sameironmental, such as

land use (Moreira et al. 2001, Ganteaume et al. 2013). However, the effect of all these factors

on fire incidence varies among habitat types and depends on the temporal and spatial scale,

as, for example, climatic variables usually operate on a broader than regional scale (Yang et

al. 2007; AvilaFlores et al. 2010; Miranda et al. 2012).

Since the Central European landscape is influenced bytésng human presence,
humanignited fires couldbe an important factor shaping forest vegetation throughout the
Holocene period (Tinner et al. 2005). Stable natural conditions increasing tpeofieness
of a locality can promote the development of specificdidapted vegetation even in cultural
temper ate | andscapes (Ad8mek et al . 2015) .
patterns of wildfire occurrence is therefore important for understanding the processes
influencing the development of the Central European landscape. Moreover, this kreowledg
can be useful for fire prevention planning, especially at present, when the fire risk in Europe
is rising due to the climate change (Lindner et al. 2010).

This study presents the results of the first quantitative investigation of the influence of
human,biotic and abiotic factors on the spatial distribution of recent forest wildfires in the
temperate Central European region, characterized by adéomgand relatively dense human
presence. Specifically, we aimed to find out: a) which factors influere@dburrence and
frequency of the forest fires on the country scale and in a selectguidire region; c) what is
the role of lightning strikes in wildfire occurrence in the cultural temperate landscape; and d)
which factors determine naturally figgore areas in the landscape, where wildfires might
influence ecosystems in the leteym.

2. Methods

2.1. Study area

We aimed to reveal the drivers of the occurrence of forest fires operating at different
geographical scales. We therefore selected two mawdss. The large (country) scale is
represented by the Czech Republic, which has an area of 78,8@6igml). The country is
situated in in Central Europe, in the middle of the temperate zone of the Northern
Hemisphere. Its climate is mild with four seas, transitional between oceanic and
continental, and characterized by prevailing western winds, intensive cyclonal activity and
relative high precipitation. The average temperature varies betweeB 8aC ( Januar y)
17AC (July), artci pveraagenamacualsspmore than
600-800 mm (Tolasz 2007). The climate is, however, considerably influenced by the
relatively rapidly changing elevation and relief. The elevation varies ranges from 115 to 1,603
m a.s.l. with a medn of 430 m a.s.l.. The prevailing relief type are hills and highlands. The
naturally dominant vegetation formation in the Czech Republic are mixed-beéalests

36



transitioning towards broadleaved eddminated forest in the lowlands and towards
conifeous sprucal o mi nat ed forests inat higher altitu.
of intensive forestry management, practised since the 19th century, the present forest
composition differs markedly from the natural state. Forests at present coveér G3the
country and are mainly composed Bicea abies(52%), Pinus sylvestris(17%), Fagus
sylvatica (7%), Quercus spp(7%), Larix decidua(4%), Betula pendula(3%), Abies alba
(1%). Other broadeaved species (e.Garpinus betulusAcer spp, Fraxinus spp. Populus
spp, Salix spp, Tilia spp) occupy ca. 8% of the forested area (www.uhul.cz). The average
population density of the Czech Republic is 133 persorfsiknthe period of 1992004, the
average number of forest fires in the country per yess 230, with a mean burned area of
0.49 ha/fire. The causes of fire were: unexplained (29.9%), heauasedi mostly fire
raising, smoking and forestry management (68.7%), and lightning strike (1.39%)dikdila
Jankovidkg§ 20

The regional scale waspresented by an area of 4,925ktcated in the NW part of
the Czech Republic. It was chosen due to its characteristic natural conditions and markedly
freqguent occurrence of ). Thdrfegion s shardcteneeddoyaa nd J
relativdy low population, high forest cover with preserved seatural forests and a related
aggregation of natural protected areas, including, for example, Bohemian Switzerland
National Park. The topography and geology of the region is very diverse, encompassin
tertiary volcanic hills, quartzite mountain ranges, sandstone rocky areas, river valleys and
tablelands. The elevation ranges between 115 m a.s.l. (Elbe river valley) and 1,012 m a.s.l.
(JegtNDd mountain). A | ar ge pnastone bedfocktwithea r e g i
typical rugged r eRinusssylvedtrihg tlee ddminanbtreenspeti¢s. Farests h
on volcanic bedrock are mainly composed of broadleaved tree species Fagussylvatica
andQuercusspp. Other parts of the regioage covered mainly by forests dominated?igea
abies The sematural coniferous forests of this region have recently been recognized as an
extrazonal lowland taiga that has probably been shaped by recurrent wildfires over millennia
(Novak etal. 2012Chyt rT 2012; AdS8mek et al . 2015) . We
region to test the drivers of wildfire occurrence on a narrower geographical scale, where the
effect of climatic factors is suppressed and where precise data on the density @rolod
lightning strikes can be used to test their role as a potential natural ignition trigger.
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Fig. 1. Localization of the study area in the European context (country scale) and within the Czech Republic
(selected region). Maps show the number of wigfit 100 krhof forested area per year and values of important
drivers of wildfire occurrence in municipality cadastrBsmus sylvestrimbundance, Mean altitude; Population

density.

2.2. Data on forest fire occurrence

In our analyses, we used a databafsEs,985 forest fires that occurred in the Czech Republic

in the period of 1992004. The dataset originated from the General Directorate of Fire
Rescue Service of the Czech Republic (GR HSZ CR) and was manually verified to exclude
nonforest fires (Kulaa nd J a n k18).vAdl Kire re@i@s were localized into 3,474
cadastres (corresponding to LAU2 units of the Nomenclature of Territorial Units for Statistics
of European Union) from the total of 6,251 existing in the Czech Repuhiior to our
analyses we excludedcadastreswithout forest cover, military areas due to missing or
inaccurate data and the two largest cities, Prague and Brno. The final dataset thus included
6,170 cadastres on the country scale and their subset of 343 on the region&hscatea of
the cadastres analysed ranged from 0.25 to 214°qrkean 12.4 k) median 8.1 ki) SD
13.6). Fire counts per cadastre ranged from 0 to 191 (2.5, median 1, SD 7).
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2.3. Fire occurrence predictors

We computed the values of particular factors used to explain the occurrence of wildfires in
each cadastre polygon using ArcGIS 10.1. software (www.esri.com). For a complete list of
factors used in our analyses, sk&b. 1. The data source for human fact@sch as the
population density and the number of accommodation facilities (a proxy for the rate of
tourism) in cadastres was the Czech Statistical Offieew(.csu.c3. Distance from the
nearest city was computed ag tilistance from the nearest settlement with more than 50,000
inhabitants. The mean precipitation and temperature figures for each municipality for the
period 19922004 were computed from grid data (cell size 500 m) on mean annual
temperature and sum of aral precipitation provided by the Czech Hydrometeorological
Office (CHMI; www.chmi.cz). The data on lightning strikes density came from of the Central
European Lightning Detection Network (CELDN) provided by the CHMI. The number of
cloudground (CG) lighting strikes, a potential ignition trigger, was calculated from annual
sums for the period of 2062009. The only available data for the whole country were the
sums of all CG flashes in 77 districts of the Czech Republic. For the region of the NW Czech
Republic, we used sums of flashes in cadastres from the same period computed from gridded
data (1x1 km), where flashes were divided according to their polarity into negatived&i:
positive (CG+) flashes. We used these categories as separated factors eautashes

are claimed to be a stronger source of the wildfire ignition than the more frequefiag€@s
(Latham and Williams 2001), although this is still disputed (e.g. Flannigan and Wotton 1991,
Nauslar 2013). Topographic factors such as meanddtiand the ruggedness index (Riley et

al. 1999) of each cadastre were computed from the LiDAR Digital Elevation Model (DEM) of
the Czech Republic provided by the Czech Office for Surveying, Mapping and Cadaster in the
form of the DMR 4G service, resamplémla grid cell size of 20 m. The area proportion of
particular soil types was computed from the digitized pedological map of the Czech Republic
(Tom8gek 1995). The percentage abundance of
each cadastre wasmputed from grid data of 500 m cell size, provided byGhech Forest
Management Officelfww.uhul.c2.

Tab. 1 (next page)Factors used as fire predictors and their descriptive statistics.
A F a extludeddrom GLM analyses due to collinearity

* Betula pendula, B. pubescens

*Populus nigra, P. alba, P. x canadensis

* Tilia cordata, T. platyphyllos, T. x vulgaris
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Country scale Regional scale

Factors Min. Max. Mean SD Min. Max. Mean SD
Anthropic

Population/km2 0.9 2362 914 138 5.2 1486 94.6  153.8
N. of accomodation/km2 0 281 0.08 04 0 2.3 0.1 0.2

Distance from city [km] 0 75 222 136 O 49.7 151 11.2
Climatic

Precipitation [mm] 434.8 1355 660.7 125 434.8 1090 718 125.3
Temper a fure 14.1 10 8.3 0.9 6.5 9.6 8.2 0.6
N. of all flashes / km2 172 512 276 53 NA NA NA NA
N. of CG flashes / km2 NA NA NA NA 0 329 156 4.3
N. of CG+ flashes/ km2  NA NA NA NA 0 131 4.8 1.9
Topographic

Altitude [m a.s.l.f 146.2 1145 412.4 144 146.2 606.7 348.1 84.1
Ruggednes index 0.3 224 47 2.9 1.1 224 69 3.3
Soil type [%0]

Alpine soil 0 30 0 0.7 NA NA NA NA
Anthrosol 0 100 0.2 3.1 0 8.9 0 0.5
Arenosol 0 100 0.8 6.8 NA NA NA NA
Cambisol acidic 0 100 40 427 0 100 112 241
Cambisol eutrofic 0 100 1 7.7 0 100 9.6 22.1
Cambisol lithic 0 100 17.7 30 0 100 213 254
Cambisol terrace 0 100 3.2 127 0 76.8 3.2 11.8
Fluvisol 0 100 3.6 137 0 86.2 0.8 7.3
Chernozem 0 100 8.3 234 0 100 6.1 21.5
Leptosol 0 100 2 10.8 O 986 1.5 9.7
Luvisol 0 100 114 246 O 100 224 304
Peaty soil 0 73.3 0.2 2.5 0 372 05 3.1
Pelosol 0 100 3 138 0 99.6 34 13.3
Podzosol 0 100 3 128 0 979 153 232
Pseudogley 0 100 8.7 225 0 100 6.7 18.8
Vertisol 0 100 0.3 4.3 0 37 0.3 2.3
Forest composition [%0]

Abies alba 0 33.1 05 1.2 0 0.8 0.1 0.1
Betula pendula 0 85 3.4 4.5 0 36.7 6 4.2
Carpinus betulus 0 472 1.9 3.8 0 228 2.2 3.3
Fagus sylvatica 0 65.4 35 6 0 575 5 6.1
Larix decidua 0 40 3.6 3.8 0 151 3.1 2.5
Picea abies 0 100 324 256 O 704 239 178
Pinus sylvestris 0 92.1 18 183 0 76 19.6 19.1
Populus spp. 0 87 2.2 7.1 0 80 1 4.9
Populus tremula 0 26 0.5 1.2 0 5.7 0.6 0.7
Quercus petraea 0 748 2.7 7.2 0 549 3.5 8.1
Quercus robur 0 100 9 12.1 0 76 126 12
Robinia pseudacacia 0 100 34 106 O 423 2.7 6.8
Tilia spp. 0 83.3 21 4.2 0 20 1.8 2.9
Forested area [kth 0.25 167 9.1 114 025 167 109 145




24. Data analyses

We performed ouranalyses on two geographical scales to compare the drivers of fire
occurrence for the whole country and for a region selected for its specific natural conditions.
For the regional scale, we used more precise flash data divided into two facteran®€G

CG+), summed for each cadastre. For both spatial scales, we performed analyses with two
dataset types: a) fire presence/absence data to reveal the general pattern of fire occurrence and
b) fire counts > 0 data to reveal factors influencing the fire frequedoythe country scale,

we finally included 6,170 cadastres using presence/absence data and 3,467 cadastres using the
fire counts data. In the regiorstale analyses, we included 343 and 226 cadastres for
presence/absence and frequency data, respectéign the correlation of two factors
exceeded the arbitrary= Q7h we enlyadtathed ahk beffep e ar m
interpretable factor for further analyses. We thus excluded altitude, which was critically
correlated with temperaturPjcea abiesabundance and prevalence of Cambisol acidic soils.

We also excluded temperature, which was critically correlated with precipitation. The
presence/absence data were analysed using generalized linear models (GLM) with binomial
distribution of errors; for couatdata, we used GLM with a quddbisson distribution to

account for overdispersion. In the analyses, we incorporated all available factors, including
the Forested area [ha] as a covariable to be filtered out, and selected clearly interpretable
interactiors of tree species abundance with other factors (climatic, topographic and
anthropic). For all four analyses, we subsequently produced a minimal adequate model
(MAM) containing all significant factors. To compare the relative importance of significant
factars (percentage of explained variance), we used the hierarchical partitioning method using
the R package hier.part (Mac Nally and Walsh 2004). For this comparison, we used a
maximum of nine significant factors with the highest z/t values from each andisi® the
inaccuracy of the hier.part method with > 9 factors included (Olea et al. 2010). The
significance of these factors was tested using the randomization test method (rand.test) of the
hier.part package. Within the selected NW region, we examimectitionship of the density

of CG and CG+ flashes with altitude and precipitation, using linear regression. We
additionally visualized the total number of fires in cadastres classified by the dominant tree
species, related to the area of forest domehhtethe given tree species (number of fires / 100

km? of forest). Similarly, we visualized the frequency of fires across altitudinal zones using
average altitude values for each cadastre: planar41@6n a.s.l.), colline (22600 m a.s.l.),
submontane (56800 m a.s.l.), montane (8ad45 m a.s.l.). On theegional scale, we
similarly visualized the effect of geology and geomorphology on fire frequency. We
distinguished four landscape categories: areas with prevailing granodiorite bedrock (Granite);
landscapes with volcanic basalt hills (Basalt); sandsioneo c k t owns o wi th a
rugged relief formed by cliffs, rock walls, pillars, canyons and narrow gorges (Rock towns);
relatively flat areas with sandstone bedrock (Sandstone); and areas with prevailing loess or
loesslike loam sediments (Loesslseological areas were distinguished according to the
geological map of the Czech Republic 1:50000mv.geology.cz and sandston:
townso identified using the digitabl imap( Lofw
and Novsg§k 2008).
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3. Results

3.1. Country scale

The occurrence of forest fires in the Czech Republic in the period of2@32in the sense

of the presence or absence of fire events depended more on environmental than on human
factors. The incidence of wildfires increased with increasing abundané&ced abies
(explained variance 19.9%Rinus sylvestris(13.1%) andBetula spp.(0.5%), and with
increasing ruggedness index (7.9%). Conversely, the incidence of wildfires decreased with
increasing precipitation (4.2%), which was strongly correlated Wiilude and temperature
(rs=0.63 and¢ = - 0.74, respectively); the latter factors were excluded from the analysis (see
Data analyses). The abundanceBaftula spp.and Ouercus roburin interaction with the
ruggedness index also had a positive effearedver, fire occurrence was influenced also by

the soil type, the strongest predictor being the proportion of cambisol soils on the river
terraces (0.7%). Somewhat weaker predictors of fire occurrence were human factors. Fire
occurrence increased with pdation density (4%) and the density of accommodation
facilities (2.7%). Conversely, it decreased the distance from the nearest large city (> 50.000
inhabitants). There was also a significant positive effect of the interactidd. @bies
abundance with gaulation density.

The frequency of fires in cadastres, by contrast, was driven mostly by population
density (37.2%), and the other human factors were significant as well. Fire frequency was
significantly influenced also by environmental factors. It wastpe$y influenced by the
abundance oBetula spp.(4.8%) andP. sylvestris(2.5%), which were significant also in
interaction with human factors, by the density of clgudund strikes (4.3%), the ruggedness
index (3.3%) and the proportion of anthrosdlsl$s), and negatively by precipitation (1.3%).
Significant positive effects were found for the interactio® o$ylvestrisandBetula sppwith
the ruggedness index andkdgus sylvaticavith the frequency of CG flashegdb. 2).

The most fireprone wee forests dominated bBetulaspp (64 fires / 100 krh of
forest of such compositionfinus sylvestri¢39 fires / 100 kif) andFagus sylvaticd34 fires
/ 100 knf), and the least firprone were forests dominated bgrix decidua(4 fires / 100
km?), Tilia spp (6 fires / 100 krf) and Populus spp (12 fires / 100 krf). In the most
widespread forest type, dominated Pigea abiesfires occurred with a similar frequency as
in Quercus robwdominated forests 25 fires / 100 krh (Fig. 2A). As for thedifferent
altitudinal zones, the highest fire frequency was in forests of the colline and planar zones and
decreased markedly towards higher altitudeg.(2C).
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Tab. 2. Factos significantly influencingspatial distribution of wildfires. Givenra z/t values from GLM
analyses of presence/absence and fire frequency data, and the proportion of explained variance of max. 9
selected factors from hirchicalparttioning (I column).Plus/minussigns indicate a positive or negative effect
*Factors gjnificant in the randomization test of the hier.part pack§actors significant only iinteractions.

Country scale Regional scale
Pres/Abs Counts Pres/Abs Counts
Factors z-val. 1[%] t-val. 1[%] =z-val. 1[%] t-val. |1[%]
Human
Population/km2 +9.1 4.03* +30.7 37.17* NS +7.1 10.74*
Accomodation/km2 +3.8 2.73* +4.2 +2 4.48* +5.1 9.64*
Distance from city -3.7 -3.5 NS NS
Climatic
Precipitation -7.6 417 -45 1.3* NS NS
Flashes / km2 NS +5.3 4.27* NA NA
CG+flashes / km2 NA NA NS int
Topographic
Ruggednes index +3.9 7.98* +7.8 3.27* int +3.4 2.82
Soil type [%0]
Alpine soil -3.2 NS NS NS
Anthrosol +2.8 +5.9 1.13* NS NS
Arenosol NS +3.4 NS NS
Chernozem -3.2 NS NS NS
Cambisol lithic +2.4 +2 NS NS
Cambisol terrace +4.4 0.68* +2.6 +2.6 2.03* NS
Leptosol +3.2 NS NS NS
Peaty soil NS +2.5 NS NS
Forest composition [%]
Abies alba NS -2.6 NS +2.1 2.5
Betula spp. +5.4 0.45* +4.7 4.84* NS NS
Carpinus betulus +2.2 -2.8 NS NS
Fagus sylvatica +3.5 +2.7 NS NS
Larix decidua NS +2.9 NS NS
Picea abies +16.1 16.88* +3.5 +3.8 12.97* int 1.2
Pinus sylvestris +15.1 13.1* +8.9 2.46* +5.6 25.19* +2.9 10.01*
Populus tremula -2 -4.7 NS NS
Quercus robur +3.2 NS int NS
Forested area [ha] +21.6  49.99* +41.5 44.81* +6 55.33* +12.2 62.22*
Interactions
Betula: Population/km?2 NS +4.5 NS NS
Pic.abi: Population/km2 +5.1 +10.3 NS +3.2
Pin.syl: Population/km2 NS +10 NS +4
Pin.syl: Accomodation/lkm2 NS +4.5 NS NS
Betula: Ruggedness i. +3.9 +3.2 NS NS
Pin.syl: Ruggedness i. NS +3.7 NS NS
Que.rob: Ruggedness i. +3.5 NS +2.5 NS
Fag.syl: Flashes/km2 NS +4.3 NA NA
Pin.syl: CG+ Flashes NA NA NS +3.6
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3.2.Selected NW region of the Czech Republic
In the selected NW region, the |l ocation of
wildfire occurrence partly depends on the density of lightning strikes. The frequency of
wildfires was significantly driven by the interaction of positive (CG+) flasheth the
abundance oPinus sylvestrisNegative (CG) flashes did not exhibit any significant effect,
and, similarly to the country scale, the density of lightning strikes regardless of polarity did
not affect wildfire incidence. CG+ flashes, which al®ut three times less frequent than-CG
(Tab. 1), occurred in the region more frequently at lower altitudegafpe = < 0.001, R=
0.113) and in places with low precipitation\glue = < 0.001, R= 0.33). CG flashes, by
contrast, were slightly more frequent at higher altitudesa(pe = 0.013, R= 0.014), but
without a significant relationship with precipitatiofdg. 3).

Overall, the results of the analyses showed a similar pattern to théebmauntry
scale, but the effect of environmental factors on the incidence of wildfires in the selected
region was more pronounced. Fire occurrence was driven mainly by environmental factors,
especially by the abundanceRihus sylvestri§25.2%) andPicea abieq13%). A significant
positive effect was also found for the proportion of Cambisol soils on river terraces (2%) and
the interaction ofQuercus roburwith the ruggedness index. The only significant human
factor was the density of accommodation liies (4.5%). Similarly to the country scale, the
frequency of wildfires was driven more by human factors like population density (10.7%) and
the density of accommodation facilities (9.6%), than by environmental factors. The
interactions oPinus sylvests andPicea abiesvith population density also had a significant
positive influence. The strongest environmental factor increasing wildfire frequencly.was
sylvestrisabundance (10%). According to the results of our GLM analyses, but without
support of he randomization test of the hier.part package, the other significant factor was the
ruggedness index ab. 2).

The limited environmental conditions of the selected region harboured a lower
diversity of forest types. The most fipgone forests were thostominated byBetula spp.
(238 fires/ 100 krf) followed by Pinus sylvestrig63 fires / 100 krf) and Picea abies(55
fires / 100 km). The least firgprone were forests dominated Quercus petraedno fires),
Fagus sylvaticg8 fires / 100 krf) andRobinia pseudacacigl1 fires / 100 krf). Q. robur
forests exhibited intermediate proneness to fires (28 fires / 16 (Kig. 2B). The highest
fire density occurred in areas with sandst ot
where the density of wdfires was almost double that of less rugged sandstone areas. Less
fire-prone were forests in areas with granodiorite bedrock, in landscapes with volcanic basalt
hills and on loess sedimentad. 2D).
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4. Discussion

Our results show that the spatial pattern of wildfire occurrence in the temperate Central
European landscape (represented by our model country, the Czech Republic) is driven by a
combination of human and environmental biotic and abiotic factors. We foloaud t
environmental factors mainly influence the location of wildfires whereas human factors
mostly determine their frequency. Similar results concerning the occurrence and frequency of
forest fires have -Been8mnee@bpbr e esdsagbegts thhdthel 3 h e z
frequency of wildfires in environmentally conditioned fpeone areas depends mainly on the
availability of ignition triggers, which in the conditions of Central Europe are mostly of
human ori gi n ( KuBlGanteaume el.@01LE).dHoveekeg wildfie frequency

is also driven, even though to a lesser extent, by the density ofg@toudd (CG) lightning

strikes.

Biotic drivers of wildfire incidence

Our findings regarding the susceptibility of coniferous forests to fire, cesdlye those
dominated byPinus sylvestrisis in agreement with ecological studies wheresylvestriss
claimed to be a firadapted and simultaneously fiaétracting species due its easily
flammable, resiny litter and sparse canopy that enables dnadjtayer to dry out (e.g. Agee
1998; Angelstam 1998; Gromtsev 2002; Lecomte et al. 2@&ula spp also markedly
enhanced the probability of forest fires. This broadleaved species often acconianges
sylvestrisin nutrientpoor conditions, which rght be one explanation of the effect of birch. It
also dominates on anthrosols, where wildfires were markedly frequent as well.
Simultaneously, it is a pioneer tree species that typically colonizes burnt areas (Huotari et al.
2008; Reyes and Casal 2018),an alternative explanation might be the abundance of birch is
actually a consequence of previous fire occurrence. However, wildfires are usually not as
extensive to explain the prevalence of birch in the region, and, moreover, almost all burnt
areas hae been reforested by tree species that are economically more valuable. Furthermore,
birch possesses a specific characteristic that might be linked to wildfires. It has highly
flammable bark that remains on the forest ground after decaying of old trunksasuties.

In the case of a fire, this could increase the likelihood of its spreading. Indeed, the abundance
of Betula spp did influence fire frequency. Wildfires, to some extent, nevertheless also
occurred in forests dominated Byagus sylvaticaor Querais spp. EspeciallyQuercus robur
forests in rugged landscapes seem to be gfwae biotope. This result supports the theory
that temperate oak forests are associated with the occurrence of wildfires (Abrams 1992;
Brose et al. 2013). The least fipponewere forests dominated Bopulusspp. andrilia spp.

(Fig. 2 A, B), which grow in relatively moist conditions of flood plains and shady scree
slopes, respectively (Chytrl 2012).

Abiotic drivers of wildfire incidence

The occurrence of wildfires depended on abiotic environmental factors such as the relief,
climate and altitude. Although we did not use altitude as a predictor, since it highly correlated
with precipitation and temperature, its effect was clearly evidemur comparison of fire
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density, which was markedly lower at higher altitudeg.(2C). Numerous other studies have
found a negative effect of altitude and precipitation on wildfire incidence (e.g. Engelmark
1987; Pew and Larsen 2001; Futao et al. 20H8)vever, in drier climatic conditions, the
effect of these factors can be the opposite, as fuel availability increases with increasing
precipitati o ewal8wnase s( Mar ta2llnez22013) .

In our study, the occurrence and frequency of wildfires increastd increasing
ruggedness of the relief, which is consistent with the results of similar studies (Kalabokidis
and Vasilakos 2002; Ganteaume et al. 2013). In rugged landscapes there are fpovadire
sites than on flat land, such as seattented slopg and convex rock tops with shallow soils
dry out more easily (Angelstam 1998; Moui | I c
al. 2015 has found that the mostfper one sites i n sandstone Aro
Czech Republic region are steey/Sacing slopes and elevated rock plateaus. Additionally,
such protruding, convex sites attract CG lightning strikes, the main natural ignition trigger
(Engelmark 1987; Vogt 2011).

The density of CG flashes turned out to have a significant positive effesildfire
frequency also in more populated landscapes, although they provably cause only about 1.4%
of forest fires in the Czl®cUsingRmone précisd datagnKul a
the density of lightning strikes, we found wildfire frequencybe driven by positive (CG+)
flashes in interaction witPinus sylvestrimbundance. CG+ flashes, in contrast to negative
(CG) flashes, occurred more frequently in the areas with lower altitudes and precipitation
(Fig. 3), which vary strongly in forestomposition, from thermophilous broadleaved forests
on volcanic basalt t®inus sylvestriforests on sandstone. The effect of CG+ flashes thus
interacts with the firgorone conditions of pine forests, which can be more likely to get ignited
by lightning. CG+ flashes are claimed to be a stronger ignition trigger tharfl&@ghes, even
though they are less frequent. This has been explained by their larger magnitude or
temperature (Latham and Williams 2001) and by the fact that they more often accompany
convetiveorsec al | ed figood weathero thunderstor ms,
rainfall, which is in accordance with our results. -Clashes, by contrast, occur more
frequently with frontal thunderstorms accompanied by higher rainfall (Lara\edaal. 2005).

This result indicates a possible interconnection between the occurrence ofadapted
lowland pine taiga in the region and the frequency of CG+ lightning strikes as a natural
ignition trigger.

Wildfire incidence also depended on thel ggpe, which, however, more likely
indicates certain specific site conditions. The negative effect of alpine soils and chernozems
thus points to the nefire-prone conditions of montane spruce forests of highest altitudes and
lowlands vegetation in thealgest river flood plains, respectively. The significant effect of
cambisol lithic soils probably indicates more frequent fire events on sites with shallow,
drainable soils. The proportion of cambisol soils on river terraces, which only showed a
significart positive effect on wildfire occurrence, probably reflects thegn@ne conditions
of drainable soils on sand and gravel river sediments. A positive effect of coarse soils on the
incidence of wildfires was also found by Cardille et al. (2001). The swilytype that had a
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significant effect on fire frequency were anthrosols, which occur in coal mining regions at the
NW boarder of the Czech Republic.

The frequency of wildfires in the NW region strikingly differed depending on
geological conditions. It weahigher on sandstone bedrock, where the-gorainatedowland
taiga occurs (Novsg8k et al . 2012; Chytrl 201
bedrock with a higher cover of broadleaved forests. However, the meptdime areas of the
region were sandstondérock town® (Fig. 2D), which is probably related with the high
abundance dPinus sylvestrisouristic attractiveness and ruggedness of the landscape.

Human drivers of wildfire incidence

According to numerous studies, human factespecially population density and distance
from human settlements and infrastructures, explain a large proportion of wildfire ignitions
(e.g. Pew and Larsen 1999; Cardille et al. 2001; Zumbrunnen et al. 2012; Ganteaume et al.
2013; Mar t 2 n eao etalt 201b). It halalsd tEen sdggested that human factors
can more or less obscure the effects of environmental factors such as the climate or
topography (Flatley et al. 2011; Zumbrunnen et al. 2012). In our study, however,
environmental factors didave an apparent effect despite the high population density whereas
human factors mostly influenced fire frequency. The strongest factor was population density,
followed, to a lesser extent, by the density of accommodation facilities as a proxy for tourism
intensity and distance from the nearest large city. In the NW region, the effect of tourism was
more important than on the country scale, probably due to the intensity of tourism and
relatively sparse population in the region. Further strong predictaes the interactions of
human factors with abundance of fgeone coniferous species. The significant interactions
between vegetation composition and human factors on wildfire incidence suggest that human
activity and the vegetation are connected.

Conclusons

The pattern of wildfire distribution in the Czech Republic follows similar rules as in other
regions of the world, even those where wildfire is considered part of the natural dynamics of
local ecosystems. In the densely populated cultural landscap@ewtral Europe, the
distribution of wildfires, not surprisingly, depends strongly on human factors. However,
people act mainly as a ubiquitous ignition trigger whereas natural environmental factors
determine the susceptibility of habitats to being ignit€de main natural conditions that
increase the likelihood of wildfires are: a rugged relief at lower altitudes, drainable soils with
a prevalence of coniferous forests, especiallyPofus sylvestris sometimes mixed with
Betula spp If sufficient ignition triggers are available, be it of human or natural origin, such
conditions can in the long term lead to the development ochflemted ecosystems. Natural
conditions, including CG+ lightning strikes as a potential natural ignition trigger determine
the susceptibility of habitats in the sandstone landscapes of NW Bohemia. This region is a
good example of a naturally conditioned {fpwone area within temperate Central Europe
where firedependent vegetation is shaped also by lightilgnged wildfires.
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Chapter 2

Forest fires within a temperate landscape: a decadal and
millennial perspective from a sandstone region in Central

Europe

Martin Ad8&mek, PSemys|l BobeMar tVidm okd meeak THa

|

Trace of a oldwildfire in the Bohemian Switzerland NP.
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Abstract

I n Europe, fire is considered an integral p a
i n Fgoawdi navi a. Il n Centr al Europe, the ecol
deemed wuni mportant. To fill tand keowhtedder
temperate <coniferous forests of a sandston
contemporary forestry data tdayr dweals cwipled fainr
di stant past . Using | inearwgegdessi bnedandh
i nfluencing fire occurrences in the |l andsca
concentrations correspond wi t h contemporar.y
affecting the 1incidencteuroefs , f inraense | we rteh et ohpeoagt
presence of rocks. Additional i mportant f ac!H
t he aburPdamnucse sogflEwesnt rtihsough t he | andscape i s
tourist-day paesieanopageor s, surprisingly, have
have been occur-progei haliitmattlar atf i Feast sin
regardl ess of whether they were caused by h
t hat f9 rletoeagni efcadr est vegetation devel opment
Europe. This has far reaching consequences
prevailing beliefs, fire must be coesendered
this temperate region.

Keywords: Wildfire; Fire-regime; Charcoal records; Sandstone landscape; Temperate forests;
Pinus sylvestris

53



1. Introduction

Wildfires are an important disturbance factor influencing forest ecosystems. They have a
strong impact on both biotic and abiotic conditions. Fire eliminates sensitive species in favour
of species that are able to survive or easily regenerate in burrmed (hegee, 1998; Lloret et

al., 2005). They alter the local light and thermal regime as well as physical, chemical and
biological qualities of the soil (Certini, 2005). The occurrence of wildfires depends on
complex interactions among the climate, topogragharacteristics, vegetation structure and
composition and the presence of natural or anthropogenic ignition triggers. Forest fires are
more frequent during dry climatic periods, on convex relief forms and on south facing slopes
(Angelstam, 1998). Therdquency of wildfires decreases with increasing humidity, for
example, towards the poles, higher elevations and a regions with a more oceanic climate
(Angelstam 1998; Skre et al., 1998). The most common natural cause of wildfires is lightning
(Tinner et al , 1999; Gol dammer and Page, 2000; Ni kI
a gradual increase in biomass burning during the Holocene has been detected on the
continental scale in Euro€arcaillet et al., 2002; Power et al., 200T) has been proposed

that climate warming following deglaciation is responsible for this trend (Marlon et al., 2012).
However, recent studies from the Al(Stahli et al., 2006)PyreneegRius et al., 2011and

the Rannonian Basin(Feurdean efal.,, 2013) have shown substantial regional variation
indicating a predominant role of anthropogenic drivers acting during the and late
Holoceng(Molinari et al., 2013)

Wildfires in Europe are associated mainly with the Mediterranean region and the
Boreal forest zone. In these areas, fire is considered to be the main forest vegetation
disturbance factor (Engelmark, 1993; Skre et al., 1998; Pausas and Vallejo, 1999), and its
ecological role and history are well studied there (Niklasson et al., 201@)rthern Eurasia,
fires are often associated with foresfsScots pine Rinus sylvestris This coniferous tree
species often occurs in drier conditions and produces resiny, easily inflammable litter. At the
same time, Scots pine possesses severalghbyal and morphological adaptations to fire,
for example, thick bark, a deep root system and an ability to quickly regenerate after fire in
places with mineral soil (Agee, 1998). Regular fires can maintain pine stands also in places
where other tree sgies would otherwise prevail due to site conditions (Engelmark, 1987;
Angelstam, 1998; Gromtsev, 2002). Natural fire disturbances are thought to be of such
importance that emulating them has been considered a legitimate forest management practice
(Bergera et al., 2002, Kuuluvainen, 2002).

The situation in Central Europe, where the most prevalent natural forests are
composed of temperate broadleaf species, is entirely different. The ecological role of fire has
traditionally been neglected (Clark and Merk889; Ellenberg, 1996), and forest fires are
regarded as purely adverse results of human activity. But even in temperate Central Europe,
fire can play an important ecological role, at least in some forest types, where it shapes their
stand structure, dyngics and species composition (Tinner et al., 2005; Niklasson et al.,
2010). A comparable situation exists in North America where the perception of the
importance of fire in temperate deciduous forests is increasing, but still remains to be
disputable. Onhte other hand, no one doubts, for example, thedfikeen dynamics of the
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Pine Barrens, a temperate pine forests on sandy soils in north eastern USA (Abrams, 1992;
Hoss et al., 2008). In Central Europe, there is evidence that wildfires normally occur in
natural Scots pinedlominated forests in sandstone areas, which are considered a
geographically disjunct analogy to boreal coniferous forests of northern Europe (Novak et al.,
2012).There is also evidence that wildfires occurred throughout the Holoceel fiegi the

last 10000 years). Charred plant material has been found in sedimentary peat bog records
(Pokornl and Kuneg, 2n0 0s5a n dA bsreachiame n t2s0 Ouen) d earn
Herben, 2007). However, the spatial and temporal dynamics of féirest and the
environmental factors responsible for their occurrence over millennia had so far not been
studied in the area.

Changes in the temporal distribution of fire events on the millennial scale are usually
inferred from the sedimentary charcoaloetin lakes or pedtogs (Rius et al., 2011). This
approach can reveal the frequency of fires in ancient times; however, the spatial distribution
of ancient fires remains uncertain. On the contrary, spatially explicit fire histories can be
derived from fre scar chronologies, which usually span only the last several centuries,
however (Niklasson et al., 2010). In any case, well preserved traces of fire in thegree
record are rather infrequent and fragmentary in Central Europe due to the raritysca@d
trees caused by intensive forestry. Another possible reason is the prevalencesefdoity
fires, which usually do not leave scars on mature pine trees (Piha et al., 2013).

The goal of this study was to determine the role of environmental fafferding
the frequency and distribution of forest fires on two temporal scales. We traced the occurrence
of wildfires over the last three decades and in the last millennium combining two
complementary approaches the study of historical forest managemerecords and
assessment of charcoal content in the topmost layer of forest soil. Comparing fire patterns on
two different time scales, but using similar environmental correlates, strengthens the
inferences about processes controlling the distributionooést fires in the landscape.
Specifically, we aimed to reveal:

1/ Whether the region under study has a continuoustknng fire history;

2/ Whether the spatial distribution of wildfires is driven by the same environmental
factors over decades as overlanhia; and

3/ Whether the spatial distribution of wildfires in the landscape is driven more by
anthropogenic or natural factors.

We also discuss the implications of our findings for forest management practice in
protected natural areas of Central Europe.
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2. Materials and methods

2.1. Study area

We worked in the Bohemian Switzerland National Park (BSNP), situated in the NW region of
the Czech Republic (Fig. 1). It is part of a larger landscape teriitting Elbe Sandstones,
which also include the SaxoBwitzerland National Park in Germany. The BSMRs
established in 2000 and covers an area of 79 Efevations vary from 116 to 619 m a.s.l..

The bedrock is composed of quartzose sandstone rocks of Cretaceous origin with occasional
outcrops of Tertiary @lcanic bodies. The terrain is very rugged, with cliffs, pillars, rock
walls, arches, gorges, canyons and several conic volcanic hills. The depth of some gorges
exceeds 200 m. Such landscape heterogeneity results in great variation in habitat conditions
within a relatively small area, for example, frequent alternation of moist shady gorges with
steep slopes and dry insolated rock tops (Fig 1).

Fig.l.Common topography of the BSNP |l andscape (Pravlickl

The main part of the BSNP is covered fiyest. The natural vegetation is an
acidophilous beech and mixed spniicebeech forest LuzuloFagetum. Other forest
communities occur in special habitatdlorway spruceRicea abiey stands in narrow gorges
with climatic inversion, acidic Scots pirend oakpine forests Dicrano-Pinetum Vaccinio
vitis-idaeaeQuercetum on sandstone rock tops, and hadh beech forest\elico-Fagetum
on several volcanic hills (Mikul &g et al., 2

The contemporary forest is dominated mainly by spruce and pingftas; natural
vegetation remains mainly in inaccessible terrain (rock tops, gorges, hill slopes, etc.). The
approximate present BSNP forest composition is: 71% Norway sijRicea abies);16%

Scots pine(Pinus sylvestris);6% European beecliFagus swatica); 3% European larch
(Larix decidua),which is not native in this regipr2% invasive White pin€Pinus strobus)
and1% silver birch(Betula pendula)The abundance of other occurring species, for example,
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sessile oakQuercus petraea)European aslfFraxinus excelsiorland black aldefAlnus
glutinosa) etc., is less than 1%.

The earliest traces of human presence in the region date to the Mesolithic age (9500
5500 BC), when hunters and gatherers settled rock shelters (Svoboda, 2003). There is weak
evidence that humans occupied the area during the Neolith and Bronze Ageh8iriced,
there is no evidence of any important human
and Pega, 2003).

Compared to the rest of the Czech Republic, forest fires are markedly more frequent in
this area (Jankovsk§, for2dfies are fouRckir hestoreal reeorsls a b o u
(Belisovs§g, 2006) and also in present mass mi
fire brigade, although the very jagged terrain hinders early detection of fires and makes them
difficult to extinguish.

Actual forest management in the BSNP is focused on active transformation ef even
aged spruce plantations into a forest with natural tree species composition. Forest typology
maps (Randugka, 1982) based on a c etaticne pt S i
(T¢gxen, 1956) are used as a benmtlverspecikssareor n a
removed,Picea abieswhich is nowadays very abundant, is suppressediFagds sylvatica
andAbies alba currently rareare supported anplanted.Natural Pinus sylvestristands are
proposed to occur only on dry rock cliffs with shallow soils.
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Fig. 2. Map of the study area with soil charcoal sampling sites anafiested Forestry Management Units

(FMUs). The map section shows the distribntad soil charcoal sampling sites within the pilot area. Dots size
corresponds to charcoal concentrations in the upper 20 cm of soil. Triangles represent soil trenches from which
samples for radiocarbon dating were taken.
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2.2. Ancient forest fires
2.2.1. arcoal spatial pattern
To detect the spatial di stribution of ancien
within the core zone of the BSNP (Fig. 2, inset graph), where we assessed the spatial pattern
of charcoal concentration in thepmost soil layer (0 cm). We consider this area to be
representative of the rest of the protected sandstone landscape because it covers the common
altitudinal gradient and has a typical relief configuration.

Charcoal can be retransported by variouscesses, including water erosion or wind
dispersion, resulting in homogenization of spatial signal. The selection of proper sampling
sites and charcoal size fraction can minimize the effect ofqemasitional processes (Clark,
1995). We therefore seledisampling sites only in flat areas and on gentle slopes. Based on
the digital elevation model, we identified places with an inclination not exceeding the
arbitrarily chosen angle of 6A and occurringt
valleys. Finally, we randomly selected 61 sampling sites within the pilot area where soil
trenches were dug down to the topmost part of the minehalr2on (average depth 6.5 cm,
SD=5.6), where the highest charcoal content could be expected. To eliminatgatentra
heterogeneity in soil charcoal concentration (Touflan and Talon, 2009), we collected 100
cm 2 soil samples from four subsamples taken in the corners of the trench (approplot).
The final spatial distribution of sampling sites mainly coveredrithijes and larger plateaus
at various heights above the valleys. The minimum distance between two nearest sites was 4
m, the maximum distance was 1136 md ¢he mean distance was 165 m.

We determined the charcoal content of the soil samples by a ndoaifethod
proposed by Winkler (1985) based on chemical quantification of carbonized residues of
organic matter in the upper soil |l ayer . Dri e
organic matter mixed with charcoal was separated from the minaraby flotation. The
floating fraction was captured on a 125 em
grinding mortar, and decomposable organic matter was subsequently removed by digestion
with concentrated hot nitric acid (68% HMNO 3 0 mi. Bamplé resil@)captured on
ashless filter paper was dried and weighed. To completely oxidize pyrogenic carbon, each

sample was placed in a furnace at 550AC for
weighed again, and the difference representedcoabmass. The resulting concentration of
charcoal was expressed as the proportion of

weight of the soil sample.

2.2.2. Radiocarbon dating

We had 14 samples radiocarbon dated to build a time frame of ehdocmation. The
samples for radiocarbon dating were taken from ten trenches within a larger area inside the
BSNP (app. 10 5 km) to minimize the risk of multiple dating of single fire events and to
capture the landscape scale variability in fire oceuwee The raw time scale of charcoal
assemblage age within the sampled soil layer (down to 20 cm depth) was based on absolute
radiocarbon dating. However, the adgpth relationship in the soil profile could have been
distorted due to bioturbation or trepraoting (Carcaillet, 2001). We therefore only take into
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account the most frequent age range. The exact probe location was chosen on the flat surface
without any trace of former tree uprooting.

Samples (1015 | each) were taken from the uppermost parhefrhineral Bhorizon
(down to 20 cm) in each trench. Four trenches were sampled at two depth levels to obtain a
more detailed insight into the fine soil stratigraphy. The dried soil samples were processed by
flotation and wet sieving. Charcoals larger th&n mm were hangbicked under a
stereomicroscope to extract fragments suitable for radiocarbon dating carried out at the
University of Salento. The calibrated age of 13 charcoals (one sample of modern age was
excluded) were calculated using OxCal 4.1 (Ram&®09) and IntCal09 (Reimer et al.,
2009). To establish a fAmini mal i nsightf (RoL
study area, we attempted to distinguish single fire episodes. We thus plotted cumulative
probability curves of calibratethdiocarbon dates (Fig. 3) to explore the possible temporal
overlaps of fire events.

2.3. Recent forest fires
We used archival forest fire records for the period 19088 provided by the administration
of the national park (200@008) and by two local festry administrationsi n DRD| #n ( 19 ¢
2000, 1/3 of the current NP area) and in Rumburk (18@4d0, 2/3 of the current NP area).
From these records, we extracted the date of the fire, the code of the affected forestry
management unit (FMU), the size okethurned area and the cause of fire. The FMU code
(stated in 96% of records) enabled us to localize most fire events in the map using archival
and current forestry maps with the accuracy of FMUs. The FMU area variedf@dfh to
25.7 ha, with the mean v of 1.7 ha and the median value of 0.75 ha, wpidvides
relatively rough fire localization. The other possibility was to precisely localize sites of fires
by surveying the field, but we were unable to detect all recorded fires, probably because of
thar small areas, low fire intensity that left no visible traces after several decades, former
forestry management, etc. We therefore preferred to analyse a less precise but larger dataset
of fires localized with the precision of the FMU area (Fig. 2).

Digitized FMUs were classified into two categories: A) Burned FMUs and B) Other
FMUs. Burned units were FMUs affected by fire between 1974 and 2008 (96 FMUs in total).
Other units were all FMUs with no fire detection within the given time period with the
exception of FMUs intersecting the 50 m buffer zone around burned units (3277 FMUs in
total). Burned FMUs were digitized from scanned forestry maps of ages relevant to the
wildfire dates. Other FMU polygons came from the vector FMU map of 2001.

2.4. Fire hcidence correlates
To identify the agents of fire incidence, we tested three groups of factors (Tab. 1) chosen
according to the current knowledge of wildfire occurrence: A) Topographic factors, B) Forest
canopy composition, and C) Anthropogenic factorsr Each factor, a continuous layer
covering the entire study area was created using GIS software.

A) Topographic factors were calculated using SAGA GIS (SAGA Development Team
2007) from a detailed digital elevation model (DEM) generated by the LIDAR texxyno
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(TU Dresden, IPF, 2005). To reduce local variation, we resampled the original 1 m LIDAR
DEM to a 5 m DEM through multilevel Bpline interpolation (Lee et al., 1997). We then
calculated the following topographic factors from the resampled DEM: 1)hHelgpve the

valley that corresponds to the elevation of the site above the neighbouring valley bottom; 2)
Heat load index (Boehner and Antonic 2009) indicating the thermal influx computed from
slope and aspect with a maximum on SW and a minimum on NEssI8p Rock height; and

4) Rockiness, a measure of rock abundance in the FMU. The vector layer of rocks used to
compute factorsi3l was created from a raster layer of slopes by arbitrarily considering slopes
steeper than 55A as rnedaskhe diffelRrce etwderthegrinimunva s ¢
and the maximum elevation of each particular rock polygon. The Rockiness factor was
computed as the sum of the areas of all rock polygons in the FMUs divided by the total FMU
area. FactorsiB were used as the maxim value for each FMU polygon. Particular FMU
shapes broadly reflect the relief, but in many FMU polygons, abiotic conditions vary
immensely (e.g. FMUs along the slope profile from the valley bottom to rock tops). As the
highest factor values are supposedndicate the most favourable conditions for fire ignition,

we operated with the maximum values of environmental factors (relief and distances).

B) The forest canopy composition factors were inferred from current and archival
forestry management plansMIP). The factors were abundances of particular tree species in
FMUs measured in wood supply units 3(@) and stand age in decades. We included
abundances of tree species occurring in more than 5% of HRMtésa abies, Fagus sylvatica,

Pinus sylvestris, iAus strobus, Betula penduknd Larix decidua.The archival FMP was
used to find out the tree species composition of Burned FMUs in the time immediately before
fire events. The FMP from the 2001 was used for the Other FMUs.

C) Anthropogenic factors werepr esent ed by each FMUG6s di
village and the nearest road (in the sense of all asphalt roads inside and outside the BSNP area
and marked tourist paths). The distance was measured from the nearest edge of the FMU
polygon. GIS layers mresenting the road network and villages were vectorized from raster
maps (1:10000). The current FMP was provided by the BSNP administration.
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Table 1.List of environmental variables used in analyses.

Variable code Analysis Variable description Min  Max  SD

Max. heat load value within 30 m radius around .

Heat load ancient . . ; 1 0. 07 0.2
sampling site [unitless]

Heat load recent Max. heat load value within the FMU* [unitless] 1T0. 09 0.2

Height_valley ancient {'ln(]é]lght above the valley bottom at te@mpling site 05 191 41

Height_valley recent Max. height above the valley bottom within the FV 21 3279 355

[m]
Total area of the rocks surface within 30 m radius

around sampling site [th 0 7223 166.9

Rockiness ancient

Total area of the rock surface within the FMU relat

Rockiness recent t0 its area 100 ] 0 412 55

Rock height ancient Max. height of thg roch wall within a 30 m radius 0 56 14.6
around the sampling site [m]

Rock height recent Max. height of the rock wall withithe FMU [m] 0 1261 221

Age recent Stand age of the FMU [decades] 0 17 4.3
Abundance (wood stock) &etula pendulavithin

Bet_pen reCeNt  the FMU related to its area frha] 0 9 85
Abundance (wood stock) éfagus sylvaticavithin

Fag_syl reCeNt  the FMU related to its area frha] 0 626 472

Lar_dec recent Abundance (wood stock) dfarix deciduawithin the 0 200  20.7

FMU related to its area [itha]

Abundance (wood stock) éficea abieswvithin the
FMU related to its area [fha]

Abundance (wood stock) &inus strobusvithin the
FMU related to its area [itha]

Abundance (wood stock) #finus sylvestrisvithin
the FMU related to its area ffha]

Distance from the edge of the FMU to the nearest
road or tourist path [m]

Distance from the edge of the FMU to the nearest
village [m]

Pic_abi recent 0 564 139.8

o

Pin_str recent 272 19.0

Pin_syl recent 0 357 59.0

o

Roads recent 1060 179.3

o

Villages recent 3517 846.4

* FMU = Forestry Management Unit

2.5. Data analysis of ancient fires

To analyse the relationship between charcoal concentrations aildivirey factors, we used

l'i near model s with Pearsonds correlation co
relationships among variables. The following topographic predict@aahbias were used in the

model: Rock height, Height above the valley, Rockiness and Heat load index. These predictor
variables are the same as in the analyses of recent fires and were selected because they are
stable over time. It was thus possible to de@awomparison between drivers of ancient and
recent fires. Taking into account the possibility of restricted charcoal dispersion during fire
events (Ohlson and Tryterud, 2009) and subsequenfippsiownfall of charred stumps, we

used maximum values foedved topographic factors and the sum of all rocks for Rockiness
within the radius of 30 m around each sampling site to approximate the spatial scale on which
wildfires operate. Charcoal concentrations (n=61) were transformed prior to the regression
analyis using a common logarithm. To investigate which factors significantly explain
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charcoal concentration, we used multiple linear regression and forward selection of variables
as implemented in STATISTICA 8.0 (Hill and Lewicki, 2007).

2.6. Data analysis atcent fires

Relationships between the environment and presabsence data on the occurrence of an
observed phenomenon are traditionally computed by regression models or their generalized
forms (GLM, GAM) t hat defi ne octugencgrlongabi | it
gradient of an environmental factor (Guisan and Zimmerman, 2000; Guisan et al., 2002). An
essential condition for successful model calibration is a-bigility presence and absence
dataset. The occurrence of wildfires is well documebteg@resence data, but to prove that a
concrete locality was not affected by fire in the studied period is impossible without a detailed
field survey. Moreover, the dataset available to us is limited by a relative short time period
covered by the archivdbrestry record. We therefore cannot exclude the possibility that
wildfires occurred in any of the FMUs before this period.

Special techniques for assessing relationships between the environment and the
occurrence of phenomena that consider only presgéaizehave been developed to deal with
such cases (Elith et al., 2006; Phillips et al., 2006; Tsoar et al., 2007). For our purpose, we
used the ENFA (Ecological Niche Factor Analysis) method developed by Hirze(20G),
which is more focused on probabcausal relationships between particular factors and a
certain phenomenon than merely on predicting its occurrence. The ENFA is based on an
ecological niche of a species (wildfires in our analyses) defined asdanemsional space
composed of particulaenvironmental factors. The niche position in the spaaescribed
using two measuresnarginality and specialization Marginality is in our case the difference
between the mean of whole area factor values (all FMUs) and the mean of wildfire presence
factor values (Burned FMUshigher absolute values afiarginalityimply higher differences
between factor values of localities withiefioccurrence and those for the whole study area.
Factors with higher absolut@arginality values have stronger effects on the incidence of
wildfires. A positive number shows a shift towards higher mean factor values in the plots with
a localized fire; thenegative sign indicates an indirect proportional eff8gtecializationis
computed as the ratio of the standard deviation of factor values for the whole area to those in
places with wildfire presence. Highspecializationvalues indicate narrower spegiriches,

i.e. more restricted distribution of the habitat within the available environmkatanalysis
resembles principal component analysis (PCA). maeginality axis is extracted as the first
axis, followed by several uncorrelategecializationaxes until the number of initial variables
is exhausted (Hirzel et al., 2002; Basille et al., 2008)

To cope with the different areas of FMUs, which could account for the observed fire
incidence, but was beyond our interest, we subsampled the total nun32gi7aDther FMUs
according to their area, resulting in a subsample of 1000 units which have the same
probability distribution function of FMU area as a set of 96 Burned FMUs. This sample set
constitutes the landscape matrix used in the ENHAs analysis \as performed using the
Adehabitat package (Calenge, 2006) for R (R Core Team, 20d})ested the significance
of the marginality values of particular factors by a randomization test of 1000 repetitions to
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distinguish the factors whosearginality valuescannot be exceeded by a random distribution
of presences (to be significant at least in 95% cases). Spatially defined information was
processed using ArcGIS software, version 9.2 (ESRI, 2007).

3. Results
3.1. Ancient fire events
Charred material larggr han 125 em was present in all 61
pilot area. However, the abundance of charcoal in the topmost 20 cm of the soil profile varied
considerably from 0.0006 g.kgto 20.7964 g.kKg (mean 4.68, SD=4.37). Low charcoal
concentréions under 1 g.Kg made up only 13% of the whole dataset, suggesting ubiquitous
occurrence of charcoals in forest soils of the sandstone area. We also found substantial
variation of charcoal concentration between proximate sites, indicating aniform
distribution of charcoals following fire events. Since we performed homogenization -of sub
samples within In®, we were unable to assess sksakle variability. However, the
maximum difference between the nearest sampling sites was 3.1 g.kg

The regressn Model 1 including all proposed topographic predictors was statistically
significant; however, only because tHeat load index factor had a significant effect (Tab 2).
In the stepwise forward selection procedure, only the Heat load index contributed
sgni ficantly to the model ds expl anatory powe
regression model (Model 2). Other environmental factors included in the analysis did not
improve the model fit significantly. The positive estimated slope for the ldadt index
indicates that charcoal concentrations in soil increase with increasing Heat load index, i.e.
with high exposition to solar radiation (southwésting slope orientation).

The radiocarbon dating of 14 charcoal samples performed to assembéefeatim of
charred matter formation revealed that 70% of forest fires occurred during the last
millennium. We also obtained much older (3399 cal. yrs BP) and recent (276 cal. yrs BP)
dates within the investigated topmost soil layer (Tab. 3). Thus, theuree@ents of charcoal
concentration within this soil layer represent an outcome of fire activity at a given site
throughout the Subatlantic period (2500 cal. yrs -Bftesent). The spatial distribution of
dates shows no apparent pattern with respect teriigonmental gradients. The ranges of
calibration intervals (2 10) formed three ma
Modern Period and two nemverlapping fire events in the Bronze Age (Fig 3).

Table 2. Multiple regression results. Model 1: lgiar regression of charcoal concentration in the topmost soil
layer as a dependent variable and topographic parameters as independent variables, R=@¥87;R
F(4.56)=2.8047; p<0.03415 ; Model 2: Stepwise linear regression with forward selectemmbies, R= 0.40;
R°= 0.164; F(2.58)=5.6724; p<0.00562

Model 1 Model 2
Variables b SEb t p-value Step b SEb t p-value
Intercept 5.894 0.000 6.762  0.000
Heat load 0.561 0.205 2.737 0.008 1 0.503 0.160 3.136  0.003
Rockiness -0.018 0.256 -0.070 0.945
Rock height -0.078 0.273 -0.284 0.777

Height_valley -0.164 0.169 -0.970 0.336
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Table 3.%C age®f charcoal fragments extracted from the topmost 20 cm of soil profiles distributed across the
whole BSNP area. Calibrated ages include the median probability of the calibration probability distribution and 2
0 range.

. Depth 1C age Calibrated age
Site Lab code (cr?1) (BP? (cal yrsB P gN 2
Ponova louka LTL8214A 0i 6 Modern
Pravl| i-erand d 7 LTL8206A 3110 236 N 276 (1 452)
Jedlina LTL8211A 9112 340 N 396 (307493)
Zadn?2 Jet Si ¢LTL12356A 810 370 N 431 (316 503)
PryskySi| nl LTL8208A 4i 8 368 N 434 (316502)
Piket LTL12353A 10i 15 818 N 728 (680788)
Pravl i-%&f 2 d7LTL12357A 7i 13 938 N 851 (746931)
Jedlina LTL8212A 15120 1074 | 984 (927 1060)
Lesk8 sil ni ¢LTL12347A 11715 1351 | 1281 (11821341)
Ml Tny LTL12358A 2i 10 1399 f 1313 (12711376)
Ml Tny LTL8202A 15 20 1449 f 1345 (12851472)
Ponova louka LTL8215A 61 20 1650 I 1552 (14181692)
PryskySilnl LTL8209A 10i 16 2626 f 2755 (27162844)
Eustach LTL8203A 12116 3174 f 3399 (32493553)

3.2.Recent fire events
In the period ofl974 2008 71 fire events affected 96 FMUs within the territory of the BSNP
(Fig. 2). Some of the FMUs were affected by fire repeatedly over the course of the study. The
real number of fires was probably higher becauseesof the fire records were impossible to
localize (the FMU code was not stated) and due to a hiatus in the archival data from the W
part of the BSNP in the period of 19714€92.

The average fire frequency in the BSNP was two fires per year. The meaanrardi
mode size of the burned area was 0.75 ha, 0.08 ha and 0.01 ha, respectively. The largest fire
was 17.92 ha. The causes of most fires were unknown or unstated (83%), 10% were caused
by open fires (foresters, tourists) and 4% by cigarettes and 3ighlyihg.

Using ENFA, we indicated the factors responsible for the wildfire distribution in the
BSNP. These factors have a significamdrginality value in the randomization test (Tab. 4).
Fire incidence was primarily influenced by the fact®tsckiness ath Heat load index,
followed by Height over the valley and Rock height. The factors with the least but still
significant effects were Scots pine abundance and Stand age (Tab. 4 and Fig. 4). Factors
representing the abundance of other tree species were diesignificant by the
randomization test omarginality. The influence of anthropogenic factors is of marginal
significance. The ENFA did not show any noticeable trendspatialization(Fig. 5). The
highest values ofpecializationare related to Rockiness and Rock height. This can be
interpreted as a partial limitation of wildfire occurrence on FMUs with rocks.

In summary, the results indicate that wildfires are more frequent at the following sites
(in descending order amportance): 1) rocky and elevated places (typically rock tops); 2)
more insolated places (S, SW slopes); 3) stands with higher Scots pine abundance; 4) older
forest stands; and 5) areas close to villages, roads, tourist paths and other places of human
actvity (with marginal effect).
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Fig. 3. Distribution of the cumulated probability of calibratef dates (n=13, one modern sample excluded) of
charcoal fragments extracted from soil profiles located across the whole BSNP area. The crosses denote the
median probabiltyd t he 2 O calibration interval

Table 4.Marginality values of environmental variables and their correlations witkspkeializatioraxes of the
ENFA (Spel, Spe2). The factors are sorted in descending orderginalityvalues and tested fonarginality
significance by a randomization test\@lue). Factors with significambarginality (p < 0.05) are highlighted in
bold.

Variables Marginality p-value Spel Spe2
Rockiness 0.563 0.001 0.557 0.121
Heat load 0.531 0.001 10.159 0.552
Height_valley 0.435 0.001 0.203 10.198
Rock height 0.431 0.001 10.770 10.494
Pin_syl 0.347 0.001 10.024 10.168
Age 0.272 0.006 0.063 0.279
Villages 10.192 0.058 10.061 0.076
Roads 10.192 0.052 10.076 10.053
Pin_str 0.146 0.150 10.049 0.023
Lar_dec 10.145 0.124 0.036 0.471
Bet_pen 10.105 0.246 0.066 10.025
Fag_syl 0.096 0.324 0.041 0.015
Pic_abi 10.059 0.550 0.079 0.243
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Fig. 4. Graphic output of ENFAKernel density estimates (smoothed histograms) of valtiparticular

environmental variables. The grey line represents factor values of FMUs affected by wildfires; the black line

represents values of all FMUs.
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Fig. 5. Graphic output of ENFA. Biplotidhe ENFA formed by thenarginalityaxis (X axis) and the first
specializatioraxis (Y axis).The light and dark areas correspond to the minimal convex polygon enclosing the
projections of all and burned FMUs, respectively. The white dot G corresponds to the centroid of burned FMUs.
The arrows are projections of environmental variables.
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4. Discusion

4.1. Topographic determinants of fire distribution

The results of our two approaches describing the spatial pattern of forest fires on the time
scale of the last 34 years and the scale of the last two millennia are comparable. The
distribution of wildires in the preserday BSNP landscape is largely explained by
topographic factors. Biotic variables including vegetation composition and stand age have
weaker control over the occurrence of wildfires. Laéeagn fire occurrence inferred from
charcoal cor@nt in mineral soil varies with the Heat load index. Sandstone landscape
landforms thus determine a mosaic of-fi®ne sites with higher fire occurrence probability.

The overriding effect of Rockiness is probably connected with convex relief formsvghall
sandy soils and reduced canopy density, which increases the irradiation of the soil surface. A
higher rate of evaporation at such sites results in a local decrease of humidity and the
formation of fireprone conditions. The significant effect of the Hé@ad index (i.e. site
specific thermal regime), thus also explains part of the variability connected with moisture
distribution at the landscape level. Other parameters with marginal albeit significant effects
could also be related to the thermal regirfog, example, position along the valley slope
profile or height of rocks. However, their positive effect also determines the elevated position
of fire-prone areas above the surrounding landscape, thus increasing the probability of
lighting strike, which ighe most common natural trigger of wildfires (Gromtsev, 2002).

Since we consider topographic characteristics to be constant over the given time
period, we also used them as explanatory variables of ancient wildfire distribution. We
assume a simple process driven by gravity during which charcoal mass left on the lsydac
forest fire is gradually incorporated into mineral soil and moves downwards through the
profile (Preston 2006). Subsequent fire events can partly consume charcoal in organic soil
layers but simultaneously adds charcoal material, thus increasicgnitentration. The total
amount of charcoal in mineral soil therefore corresponds to the number of fires which had
occurred at a given place. We found that soil charcoal content as a proxy for former fire
incidence significantly increases with the incragsHeat load index within a 30 m radius
around the sampling site. Our model, however, explained only part of the observed variability
(16%), thus implying the role of other factors not included in the model. These missing
parameters are related to formemgetation cover and past anthropogenic activitlata on
which it is impossible to obtain at stasdale resolution. It is, however, more probable that
the low proportion of observed variation comes down to the chosen methodological approach,
which focuse ona priori selected sites with a minimal risk of redeposition of charcoal (i.e.
| ess than 6A slopes and places outside bot:
selection reduced the total variability of topograjiiaged factors pertaining ttesper slopes
and relative vertical elevation (i.e. Heat load and Height above the valley) in the charcoal
analyses. Within the context of our sandstone landscape, we suppose that fire spreads from
optimal conditions until it reaches a barrier such as dge eof a plateau. We therefore
searched for maximum values of the Heat load index inside time @&@lius around our
sampled plots, which represents the minimum distance of charcoal dispersion due to falling
burned trees. The relationship could moreoveraffected by postiepositional processes
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generated during the fire eversuch as smakicale (<1m) heterogeneous charcoal
distribution. This variability has also been reported by other authors (Touflan and Talon
2009), who related it to the distribution cbarse woody debris on the surface prior to fire
events. We partly eliminated this problem by using asarbpling strategy from several pits

to get an average value of charcoal concentration.

4.2. Biotic determinants of fire distribution

Forest canopyamposition and anthropogenic factors were tested in relation to paEsent

fire occurrence only. According to the ENFA results, the vegetation factors influencing the
incidence of fires are only the abundance of Scots plitei¢ sylvestrisand standgge, both

with a positive effect. These results correspond to findings from northern Eurasia, where fires
are often associated with Scots pine forests. Scots pine occurs often in dryer habitats, and its
abundant resiny litter accumulated in developed olftgests is easily inflammable
(Ellenberg, 2009). At the same time, it is supposed to be one of the memtidpted tree
species of the region, and the existence of certain Scots pine formations can be conditioned in
the region by regular fires (see Ehgark, 1987; Agee, 1998; Angelstam, 1998; Gromtsev,
2002). Higher stand age may increase the probability of fire due to accumulation of organic
litter and reduced canopy density (Angelstam and Kuuluvainen, 2004). Based on an
interpretation of pollen analgss ( Pokor nl and Kuneg, 2005; Al
occurrence of Scots pine in the BSNP landscape was always restricted to sandstone rock tops
with shallow soil. However, its preseday distribution is much broader and includes slopes

and larger pleeaus with deeper soil. We thus suppose that the occurrence of Scots pine
influences the incidence of fires also in other relief types apart from rock tops.

The anthropogenic influence was approximated as the distance from the nearest road
and village. Thee factors have a marginal effect on fire occurrence compared to the relief and
vegetation. This indicates the dominance of natural factors over factors associated with
human presence in the landscape as a trigger of fire incidence. Although forest neamiagem
statistics provide strong evidence for the prevalence of hitmtorest fires in the BSNP
area, it is obvious that this ignition trigger is only one presumption from a complex group of
preconditions necessary for a fire to break out.

4.3. Local verss landscape drivers

As summarized above, our results indicate a positive effect of the variable landscape surface
on fire occurrence. This does not correspond with the situation in regions with frequent fires
(MFI < 39 yrs), where the variability of tharidscape surface is negatively correlated with

fire frequency (Stambaugh and Guyette, 2008). If a landscape is predominantly flat, barriers
limiting the spread of fire are infrequent, and the distribution of fuel is continuous. Fires
should be more frequennder these conditions than in a variable landscape (Stambaugh and
Guyette, 2008). However, in regions climatically less favourable for the occurrence of
wildfires, fire-prone conditions occur more frequently on convex landforms than in the flat
surroundhg landscape (Angelstam, 1998).
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This also means that factors operating at the stand scale are more responsible for
variation in forest fire incidence than landscapale drivers (i.e. the climate) (Iniguez et al.,
2008). We suggest that in climatic reggowithout pronounced drought periods, botigm
processes are responsible for wildfire occurrence. The specific environmental features of the
BSNP sandstone landscape, such as sharp gradients in soil moisture content and numerous
fire spread barriers, rels in a smalscale pattern of plots affected by fire. The size of most
preseriday fires does not exceed 0.1 ha, although they are difficult to locate and put out in
the rugged landscape. Moreover, our results from radiocarbon dating of soil charooal do
provide any evidence of largeale (>100 ha) fire events. The calibration ranges of all
fourteen® € dates collected within the whole BSNP area are clustered in several groups,
which could indicate a possibility of synchronous fire events duringiceitae intervals
(Fig. 3). However, the sampling sites are separated by long distances (max distance between
soil trenches ~10 km) and numerous barriers to the spread of fire. Based on the available
evidence, we find the concept of a larger number ofusamgevents to be more likely.

4.4. Fire frequency

Because our radiocarbon dates are distributed over an extensive area and the number of
analyses is low, we were unable to calculate any parameter describing fire frequency. On the
other hand, the datesdicate a marked increase in fire occurrence after the beginning of the
Early Middle Ages (approx. 500 AD). This could constitute evidence for logging or pastoral
activity within areas not permanently settled based on available archaeological and historical
data (Jenl and Pega, 2003) . During the sub
pressure, including establishing of settlements, was concentrated in the surrounding regions.
We can reasonably expect an interaction between human activity and othes ifgftiencing

the fire regime, resulting in a change of fire frequency. Such a positive effect on wildfire
occurrence as a consequence of human activity has been detected in the palaeoecological
record all across Europe (Rius et al., 2011). Howeversplagial pattern of the most fire

prone areas is driven mainly by ranthropogenic factors such as relief characteristics, fuel
distribution and vegetation type. Moreover, fire disturbances also occurred during the Middle
and Early Holocene, as we knowitd“C dating of charcoal extracted from deeper soil layers

and microcharcoal (>125 um) deposited in gesds (Bobek, 2013). We therefore
hypothesize that the topograptsiven distribution of fires has a losigrm influence on the
sandstone landscape.

45. Fire as a natural driver in the temperate zone

Our results could significantly alter the current attitudes towards wildfires in Central Europe.
Our findings concerning the incidence of wildfires in the BSNP landscape are in accordance
with information fom regions where wildfires are considered a natural part of forest
dynamics. The correspondence between the results of two different methodical approaches
and the weak effect of anthropogenic factors indicate that wildfires occurred in similar places
at least during the Subatlantic peridtb(n about 2500 years ago to the presenj,dathough

fires had probably been less frequent in periods without noticeable human activity. Vegetation
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occurring on rock tops and plateaus (typic&lgus sylvestristand) has been influenced by
human or lightninglit fires for centuries. Considering how weR. sylvestrisand its
understorey species are adapted to fire, we assume that the natural occurrence of Scots pine
forests in the BSNP landscape partly depends itdfing activity. This especially concerns

Scots pine stands on deeper soils, where other tree species like beech or ceguaredpto

form climax forests.

4.6. Implications for forest management

For a long time, wildfires have not been considerebedcan important natural disturbance

factor in Central Europe. Forest managers and conservationists therefore have not taken them
into account. The present management practice in the area under study and similar protected
areas is mostly driven by thecopce of potent i al natural wveget:
forestry typology (Randugka, 1982). This con
is thought to be natural vegetation in equilibrium with the recent climate and soil, does not

take intoaccount any disturbance event because it is, by definition, §tadie e Car r i - n
Fer n8n damd,the ®lb®up discussion)This has an impact, for example, Bmus
sylvestrisstands in elevated positions characterized by more favourable soil conditions, where

pine prevails thanks to the influence of wildfires. Current management palarisgler these

pine stands as being far from the natural state. They are thus supposed to be replaced by
stands withpresumed natural tree composition. Our study, however, strongly supports the

idea that contemporary Central European forest restorationdslkaccept norequilibrium

states as regular aims of natural conservation. Fire is a natural and important agent forming
such states in at least part of this region.
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Chapter 3

Long-term effect of wildfires on temperatePinus sylvestris

forests: vegetation dynamics att ecosystem resilience

Martin Ad8mek, VRDroslava Hadincov§g,

Ntrlrege eration oPinus Ivestrﬁour years aftethew i ldfire in the p otected are
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Abstract
In Europe, wildfires are considered an integral part of forest dynamics mainly in the
Mediterranean region and FenBcandinavia. In temperate forests of Central Europe, by
contrast, the ecological role of fire has largely been neglected even thouggrttieeuency
of wildfires in naturally fireprone forests is well documented. In this study, we focused on
seminatural forests dominated Bnus sylvestrisn Central European sandstone regions that
resemble borecontinental pine forests, which are ah@d to be fireadapted. We studied the
ability of these forests to recover spontaneously after a fire event. Specifically, we observed
the development of vegetation composition and diversity, the role of fire severity and the
ability of tree species to nss$ fire, and asked whether wildfires can contribute to the
preservation of pindominated forests in the region.

Our study takes a spabar-time substitution approach based on a quantitative analysis
of vegetation data collected in spontaneously regéngraurnt forest plots of podire age
ranging from 1 to 192 years. This time span allowed us to reveal the complete successional
trajectory and to assess how resistant or resilient the forests are to fire in respect of severity of
damage and time neededreturn to the préire state.

The resistance of the tree layer turned out to be dependent on species composition and
fire severity. The forest understorey, by contrast, could not resist fires even-sévewity.
All study stands displayed structueald compositional resilience, resulting in fast recovery of
the vegetation cover in all stand layers and return to a similar species composition as in pre
fire stands after about 140 years. However, the species richness remained increased up to the
latestsuccessional stage in comparison with maturepuastfire forest standdn early post
fire phases, broalkaved pioneer species aminus sylvestrigegeneration prevailed, but
during stand development, there wascontinuous shift towards stands withglher
proportional abundance of more shadkerant and firesensitive tree species. Periodic
wildfires occurring at least once in 200 years thus seem to be a factor maintaining forests
dominated byPinus sylvestrign temperate sandstone landscapes.

Keywords
Scots pine; succession; sandstone; Central Europe; fire severity; tree regeneration
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1. Introduction

Fire is an important disturbance factor influencing forest ecosystems worldwide. In the
context of the Northern Hemisphere, wildfires are assed mostly with the boreal forest

zone or regions with a Mediterranean climate, where it is regarded as an integral part of forest
dynamics (Engelmark, 1993; Skre et al., 1998; Pausas and Vallejo, 1999). The situation in the
temperate zone is differerftire-driven vegetation dynamics has been well documented in
temperate pine forests on sandy soils in the NE USA (Hoss et al.,, 2008); however, the
ecological role of fire in temperate Central Europe has traditionally been neglected (Clark and
Merkt, 1989; Henberg, 1996; Tinner et al., 2005; Niklasson et al., 2010) and wildfires have
been regarded only as an adverse consequence of human activity.

However, several recent studies propose that fire plays an important role in the
dynamics, stand structure anpesies composition of specific forest types also in Central
Europe (Niklasson et al., 2010; Tinner et al., 2005; Zin et al., 2015). The Holocene history of
fires and the drivers of fire incidence have newly been documented in temparate

sylvestrisfiore st s of a Centr al European sandstone r
forests have a similar species composition and physiognomy as-Beandinavian boreal
forests (Novsg8§k et al., 2012), but isknovnontr as

about their postire vegetation dynamics and succession trajectory.

In the Eurasian boreal zone, wildfires occur mainly in forest®iolis sylvestris
growing under drier conditions, wheRe sylvestrisproduces resiny and easily flammable
litter and forms a relatively sparse canopy allowing the ground layer to dry out (Lecomte et
al., 2005). At the same tim&inus sylvestrigpossesses several fiaglaptation traits: for
example, a thick bark, a deep root system and quick regeneration in bktces with
mineral soil. Other species occurring in pine forests, such as the dwarf Sacdasiumspp
and Calluna vulgaris are also firdolerant (Agee, 1998). Regular fires can maintain pine
stands also in places where other tree speciesRegpabieg would otherwise prevail due
to site conditions (Engelmark, 1987; Angelstam, 1998; Gromtsev, 2002). However, this
process depends on the frequency and intensity of wildfires. If they are too frequent, young
pine trees do not have the time to createaly, thick bark, leaving them vulnerable to the
next highintensity fire (Hille and Ouden, 2004). When fires are infrequent or of low intensity,
fire-sensitive species are able to survive and outcompete pine spiBidkéssson and
Drakenberg, 2001; Boher et al., 2014). Pirdominated boreal forests are claimed to be
resistant or at least resilient to fire, depending on its severity; they stay untouched by wildfires
of low severity and recover fast from highly severe fires (Thompson et al., 2009).

Whether fire is an important disturbance factor shaping coniferous and mixed forests
of the European temperate zone remains unresolved. So far, no Central European study has
dealt with posffire vegetation development in detail at more than one locality operiad of
more than 10 years. Another shortcoming of gimet vegetation recovery studies is that
ecologists have paid little attention to understorey components of the forest. However,
understanding understorey vegetation ecology is important for feomservation and
management, since the species composition of the understorey strongly affects tree
regeneration (Nilsson and Wardle, 2005).
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Detailed knowledge of lonterm postfire forest dynamics of all components of
vegetation is essential for understanding the role of wildland fires in Central Europe and is
important also for nature conservation and forestry management, as many of eathde
located in natural protected areas. It is probably impossible to apply all the principles being
used in northern boreal forests in Central Europe, if only because certain tree species not
occurring in the north are some of the principal componeht€entral European forest
communities (e.gAbies alba, Acer pseudoplatanus, Fagus sylvatica, Quercus petraea, Q.
robur).

To describe podire vegetation dynamics, we performed a quantitative analysis of
vegetation data collected in spontaneousigenerating forest plots burntl®2 years ago.

This time span enabled us to reveal the complete successional trajectory and to assess whether
fire disturbances can contribute to the preservation ofgameinated forests even in Central
Europe. Specifidyy, we aimed to answer the following questions:

1) What is the rate and dynamics of forest recovery after a fire event?

2) How does fire severity influence tree species survival and-fippstvegetation
development?

3) Which environmental factors explathanges in species composition of burnt forests?

2. Material and methods

2.1. Study regions

The field investigations were undertaken inrfpuotected natural areasthe NW part of the
Czech Republic (Fig. 1). Three of the selected regions are sandst&gereas characterized
by a rugged relief: the Elbe Sandstones (ES) (including the National Park Bo¥gamiam

Switzerland), KokoS2nsko (KK) and the Bohemi
(D), a relatively flat sandstone tableland with asional rocks, characterized as a sandstone
pseudokarst in its |l ast stage of devel opment

All the study regions are highly forested and situated within the altitudinal range of ca
200500 m a.s.l. Precipitation and temperature meang aauong the regions between 500

and 850 mm and 7 and 8. 5AC-;draimee siyirierpdoi ance | vy . T

acidic sandy soils determine a relatively unproductive sites with speooesacidophilous
vegetation, naturallyjcomposed of pine andakpine forests Rinus sylvestris, Quercus
petraeg in dryer conditions (typically on sandstone rock tops and upper slopes), beech forests
(Fagus sylvaticain moister conditions (middle slopes) and spruce staRated abie} in

deep and narrow gorgeshdse communities belong to the vegetation ubitsano-Pinetum
Vaccinio vitisidaeaeQuercetum LuzuloFagetumand BazzaniePicetum( Mi kul 8g et
2007) of the traditional phytosociological system (Brlanquet, 1964).

The first notable traces of ham settlement in regionsnder studycome from the
Mesolithic (95005500 B.C.). However, due to unfavourable natural conditions outside fertile
lowland areasthe human populatiotherewas sparse and restrictemlsmaller communities
of hunters, gatherergprospectors or outcasts inhabiting rock shelégrd havingrelatively
littlke i mpact on the ecosys tHeman ihpha méreasachdiiring’teeg a
Medieval colonizationin the 13" century inthe form of selective forest harvesting without
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organized reforestation, wood pasture and the production of tar and ch@lesabok place
mainly in easily accessible sites whereas remote apéasigged terrain remained almost
intact. From the beginning of T&entury the forests started to be nzaed inan industrial

way involving clearcutting and reforestation by target tree species, accompanied by strict fire
exclusion. The intensity of management, however, was alwaye or lesgnfluenced by
terrain accessibilityThis practiceceaseduring the last decadedue to regulations imposed

by nature conservandy K a | ma r Becau$e bf3the past intensive forestry management,
the regions are mainly covered with stands dominated by pl&med sylvestrieandPicea

abies However, during the natalr succession since the last harvest (up to the approximate
age of 170 years), other species enter the plantations, and thus forests stands can be
considered as sematural (Winter et al., 2010).

Compared to the rest of the Czech Republic, forest firesiromarkedly more
frequently in these regions (Kula and Jankov
easily flammablePinus sylvestrigorests on sandy substrates (e.g. Engelmark, 1987; Agee,
1998; Angelstam, 1998; Gromtsev, 2002; Wallenius,2200he frequency of fires is on
average three per year per 100%lahforested land. The extent of burnt areas varies among
the regions. The average and median size of burnt areas ranges from 0.75 ha and 0.08 ha on
rugged rocky terrain (ES) to 2.47 ha and 0.57 ha on relatively flat terrain (D). The majority of
fires are aused by people (e.g. tourists or forestry workers), but lightigmiged fires occur
regularly as well (Ad8mek et al ., 2015) . M e
historical records (Belisov§sg, 2006 sureep d wer
(Bobek, 2013). Nowadays, all fires are being suppressed by the fire biagfadegh the very
rugged terrain of rocky areas hinders their early detection and extinguishment, and also makes
reforestation more difficult, so burnt plots are offeih to develop spontaneously.

Germany
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Fig. 1.Localization of the stu 6nes; KKKokoS2irsko; D
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2.2. Forest fires occurrences
Information about the approximate place afade of each wildfire was obtained from local
nature protection and forestry authorities. Information about wildfires that occurred more than
100 years ago was found in archival forestry maps and records. Individual burnt places were
identified based on alervable traces of fire such as scorched tree trunks, charred wood on the
ground, remnants of charred bark on living trees and the presence of larger charcoal particles
in upper soil horizons. We focused on burnt areas that had not been artificiallgtedoe
observe spontaneous pdiseé succession. Although the local forest legislation mandates that
clearings or naturally disturbed areas have to be reforested within two years, it allows for
certain exceptions. Thus, burnt areas of National parks, gearentfree zones in protected
areas, inaccessible localities and small burnt areas are usually left to spontaneous succession.
Moreover, some loveeverity fires did not critically disrupt the tree canopy, so no forestry
interventions were applied.

We fourd 70 burnt areas 0.618 ha large that had developed naturally foldR
years. In each homogeneous area, we selected one plot, in which we recorded the composition
of vegetation and characteristics of the environment. In larger burnt areas with different
angles of slope, aspect or relief type, we sampled more plots to encompass the whole variation
in environmental conditions (up to 3 plots per burnt area) and considered these records
independent. The final dataset thus included 102 vegetation plots.

2.3.Vegetation and environmental data
We recorded the vegetation composition in 102 fiostplots 100 rAlarge in burnt areas of
known age that had not undergone artificial reforestation. Alongside the vegetation of each
burnt area, we recorded vegetationtplwith similar environmental conditions and -fire
tree canopy composition in nearby unburnt stands, representing the mature stage of forest
development, further referred to as unburnt plots (55 plots). The unburnt plots were mostly in
stands plantedfier clearcut logging. To assure that the unburnt plots were not influenced by
fire in the past, we checked them for the presence of larger charcoal particles in upper soil
horizons and traces of fire on the bark of trees. Percentage cover of the ére@viagdy
species > 5 m), the shrub layer (woody speciésm), of juveniles (woody species < 1 m),
the herb layer, the moss layer (bryophytes) and the ground lichen layer was recorded in each
vegetation plot. All vascular plant and bryophyte speciesla#id abundances were recorded
within each of the vegetation layers using the BrBlanquet nine degree sempuantitative
scale (Westhoff and van der Maarel, 1973). The species of ground lichens were not
determined.

For each vegetation plot, the followjmlata were recorded: regi¢categorie€sS, KK,
BP, D), postfire age (i.e. time since the last fire), GPS coordinates, slope, aspect and horizon
angle in eight directions to calculate poter
2001), firetype (burnt or preserved organic soil layer) and flame helghglit of scorching
on tree trunks < 2m or > 2m)thickness of the organic layer (O, measured without the top
fresh litter), and thickness of the soil humus horizop),(8lope, cover of rockand of dead
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wood (%) Stand age of the unburnt plots (time since the last reforestation) was determined
from forestry management plans.

We arbitrarily divided the plots into five peBte age categories comprising a
comparable number of plots, utilizimgissing values in the dataset as breaking points of the
continuous variable: initiation stage-§lyears old, n = 34), early successioAL@yrs, n =
21), shrub stage (182 years, n = 17), young forest (86 years, n = 19) and mature forest
(93-192 yeas, n = 11). The age category 0f-92 years is missing because of lacking forestry
and archival evidence.

To analyse the firgurviving ability of tree species, we counted the numbers of living
and dead mature individuals of each tree species. As matereggarded individuals with
trunk DBH O 20 c¢cm (age O ca 50 years), whic
(high forest stemwood) according to the local forestry classificafiomscertain the intensity
of fire that the species under study aréeab withstandwe classified the plotgito three
levels of fireseverity(see below)It was possible to clearly identify the effect of fire on tree
survival only in younger plots where fidtamaged trees were not felled, which was
sometimes done for fy reasonsTo secure a sufficient amount déta on tree survival, we
added plots from other areas of pinewoods within the Czech Republic, lying otlitside
sandstone regionsnder studybut havinga similar vegetation composition. Altogethave
thus ounted trees in 95 plots ageeB? years.

To explorehow forests respontb fire disturbancg, it is necessary to estimatke
extent of their effect. Becausee worked with historical fire recordwe had to estimate their
effect retrospectively based direld proxy data only namelythe extentof charring of the
organic and humus horizons (completely burnt or preserved) and the height to which tree
trunks were charred. The effect of fire on organic soil horizons was clearly visible in the form
of a compact black burnt layer containing charred twigs and needles or (partly) preserved
brown organic horizons with its typical structuihis was assessed usitigee soil probes
per plot, all reaching the-Borizon.Tracesof flames on tree trunkserved a an indication of
flame height.Although we did not directly measure the loss of organic matter are
convinced that both these parameters well des¢hbémpact of fireand can therefore be
usedas proxies offire severityin terms of recent terminogy in fire ecology(Keeley 2009;

Vega et al., 2013).

We assignedhree levels of fire severity all plots with postfire ageunder35 years
Up to this age, traces of fire on tree trunks and in the soil profile were still clearly
recognizable, even und@ewly deposited litter. Firstve distinguished plots with at least
partly unburnt (Low severity) or completely burnt organic and humus horizons. Plots with
burnt horizons were divided intthe following two categories according to the height of
flames:flames reaching up tine height o2 m (Medium severity) and flames reaching above
the height o2 m (High severity).
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2.4. Data analyses

2.4.1. Forest structure and species composition development

To evaluate differences in vegetation characteridigtsveen postire plots of various age

and unburnt plots, we used percentage cover of vegetation layers (tree, shrub, herb, moss,
lichen, juvenile trees), the number of species and humus thickness, and tested for differences
between the groups using thenqmarametric Wilcoxon rankum test with the Benjamini
Hochberg correction (Benjamini and Hochberg, 1995) in R (R Core Team, 2012).

2.4.2. Dynamics of ecological species groups
To observe changes in the cover of plant species depending on their ecaatgfired ten
groups of species. Four groups were distinguished within the herb layer: dwarf shrubs, forbs,
graminoids and ferns. The species within the moss layer were divided into three groups
following Watson (1955) and Kremer and Muhle (1991): pionémest and indifferent
bryophytes. Regenerating trees were sorted into climax and pioneer species, and the most
abundant and firadapted tree speci€nus sylvestrisvas placed into a separate category.
The cover of each tree species resulted from the sum of covers of juveniles and individuals in
the shrub layer. We plotted the covers of individual ecological groups againdirpagie of
the plots (time since firegnd visualized the trend of this relationship using the loess function
in R (R Core Team, 2012)
2.4.3. Effect of fire strength and tree survival
To determine the role of fire severity on forest resistance anedfipostegetation resilience
under the thee fire severity levels, we measured B@uyrtis dissimilarity (Bray and Curtis,
1957) for each pair of burnt and unburnt plots based on species abundance data. Only burnt
plots up to 35 years after the fiemd their corresponding unburnt plots were usethe
analyses comparing responses under the three levels of fire severity, as we did not have data
on fire severity for older plots. Bra@urtis dissimilarity among the plots was computed using
the R package vegan (Oksanen et al.,, 2013). Differencesdrtihe three levels of fire
severities were visualized usirmgplynomial regression fitting (loess function) within the
groups, with the degree of smoothing set to 0.8 (Cleveland et al., 1992).

The postfire survival ability of different tree species undee three levels of fire
severity was counted as the percentage of surviving individuals of particular species summed
over all observed plots.

2.4.4. Environmental effects on species composition

To detect the environmental factors influencing speciesposition in posfire plots, we

performed multiple Redundancy analyses (RDA) with implemekteite Carlo permutation

testusi ng Canoco 5 software ( Tespeci&raauadancesnd G
expressed on an ordinal scale from 1 to 9. Specids anily one occurrence in the dataset

were excluded from the analysis. We analysed the importance of each environmental factor

on the vegetation as a whole and on the individual vegetation layers separately. The analyses

of the effects of the fire severitgok into consideration the effect of flame height and burning

of the organic layer separately. Since vegetation records were available for fire severity
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analyses only up to the pd#te age of 35 years, we used the same time interval also for the
other aalyses (n = 85) to obtain a consistent dataset containing all levels of ecological
factors. We tested the effects of particular factors on vegetation separately. The tested factors
were: age of the burnt area (coded as age categories), region, orgayerQ@hickness,

humus A horizon thickness, fire type, flame height, potential direct solar irradiation, slope,
cover of rocks and cover of dead wood. To reveal the pure effect of age and region, we used
all other factors as covariables. In analyses afatéf of environmental factors, by contrast,
only O6aged and O6regionb6 were used as covar
possible collinearity of factors.

2.4.5. Species composition development
To reveal and visualize the changes in speciagosition during the podire succession and
differences from the unburnt p&twe performed RDA analysis in the same wagiescribed
above but with all vegetation plotsicluded (102 posfire plots and 55 unburnt plots). The
categories representingffdrent time intervals of posdire succession and unburnt plots were
used as an explanatory variable, and the region code was used as a covariable. We then
performed two additional RDA analyses to test whether the two oldest categories of post fire
succasion still differed from the unburnt plots. The type of treatment (Fire vs Unburnt) was
used as a categorical variable and the plot code (plots paired with unburnt plots) as a
covariable. In the first analysis, we used 19 plots 6b@5y/ears old podire vegetation
together with 13 unburnt plots aged-610 years. The second RDA analysis was performed
in the same way with 11 peBte plots aged 9392 years and 8 unburnt plots aged-170
years.

To illustrate changes in speadmitrient demands dumgnpostfire succession, we used
El'l enbergbds species indicatoetalyv@uEVs CfEI V) f
herbaceous species were averaged for each v
2002). Differences betweepostfire age catgories veretested bythe Wilcoxon ranksum
test.

A detailed list of species included in the analyses with their percentage frequencies
based on presence/absence data and averageermspecies covers in the age categories is
given in Appendix 1. The | ist wa?. generated

3. Results

3.1. Forest structure development

We found significant changes in the cover of different vegetation layers among tHeepost
age categories (Fig. 2-B). The tree layer developed within two decades, but its cover was
significantly lowerthan in the unburnt plots until Z5 years after fire (Fig. 2AThe great
variability in the early phases corresponds to variation in fire severity-dewarity fires did

not disrupt the tree layer almost at all whereas -Bgyrerity fires could burn itompletely,
resulting in different vegetation development under different levels of fire severity (Tab. 1).
The main part of the shrub layer was destroyed even byséwerity fires (Fig. 2B). During

the first six years, shrubs and young trees (hignd were almost absent, as were lichens.
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Fig 2. Differences in the cover of vegetation layers number of species (E) and thickness of the organic
horizon (F) among posire age categories anthburntplots. The different letters indicate significant differences
among the age classes and control plots resulting from multiple comparisonthe$tfigroxon's ranksum test.

Later on, lichens increased and remained significantly more abundant in comparistirewith
unburnt plots (Fig. 2C). The cover of tree juveniles (high < 1m) was markedly high in early
postfire stages (up until 222 years old phase), but then it continuously decreased towards
later successional phases, in which it was as low as in thentirgdots (Fig. 2D). The cover

of the herb and bryophyte layers did not significantly differ among age categories and unburnt
plots. What did differ, however, was species composition. The total number of species per
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plot was significantly higher in stand§all postfire ages compared to the unburnt plots (Fig.
2E). The organic layer (O), if it got burnt, was not restored until the last stage of vegetation
development (Fig. 2F).

3.2. Dynamics of ecological species groups

To get an insight into the genetaénds of vegetation development, we observed changes in
the abundance of species grouped together according to their ecology. In the herb layer (Fig.
3A), the main trend was an initial increase in the cover of forbs followed by a sharp decrease,
while quite the opposite trend was observed in dwarf shrubs. Tree regeneration was
characterized by the usual interaction between pioneer and climax species. Initially, the high
cover of regenerating pioneer trees species started to decrease after approximgealg 15

and got replaced by climax species. The cover of regenel@img sylvestriddeveloped
similarly to that of pioneer species, but its initial growth was not so quick. After ca 100 years,
the cover of regeneratirignus sylvestriegain tended to resslightly whereas pioneer species
continued to fade away (Fig. 3B). A similar shift from pioneer to forest (climax) species
occurred in the bryophyte layer (Fig. 3C).
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Fig. 3. Postfire vegetation covedevelopment. Species were merged into groups by their ecodgdyerbs:
Dwarf shrubs Ericacea, Forbs, Grasses, FerrB) Tree regeneration: Climax, Pione®inus sylvestrisC)
Bryophytes: Forest, Pioneer, Indifferent. Local regression (loess) izistimh with grey lines indicatindl 1
SEM; both axes were squameot transformed.
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3.3. Effect of fire severity on forest recovery

Fire severity significantly influenced peBte vegetation changes measured as Braytis
dissimilarity between podire and unburnt plots. Plots affected by higind mediursseverity

fires (plots with burnt organic and humus horizons) showed a stronger initial deviation in
vegetation composition from unburnt plots than plots with low fire severity (plots with
unburnt orgart horizons). Plots of high and medium fire severity (classified based on flame
height) differed markedly only in the first seven years after fire. Unexpectedly, plots with low
fire severity also considerably differed from the unburnt plots. The standardéthe mean
(SEM) of BrayCurtis dissimilarity curves for plots affected by fires of all three severities
started to overlap after the 17th year (Fig. 4).
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Fig. 4. Postfire development of Bragurtis dissimilarity between burnt and unburnt (contmbts. Local

regression (loess) i sual i zation with grey I|ines indicating N
categorized into three groups by fire severity (High, Medium, Low).

3.4. Tree survival

Our analysis of the ability to survive ¢ of three severity levels revealed differences among
the observed tree species. Under low fire severity, all the tree species Rixeg@atbiesand
Sorbus aucuparigxhibited a notably high survival rate (more than 60 % of trees survived).
With increasng fire severity, species tended to differ in their sensitivity. The most resistant
wereQuercus petraeandLarix deciduawhose survival rate was practically uninfluenced by
increasing fire severity. More sensitive wBsws sylvestridollowed by Betula pendula,

85

1



whose survival rates decreased continuously with rising severity to 39 % and 25 %,
respectively. Even more sensitive was the invasive spdtimss strobus which could
withstand fires of medium severity (37%) but almost never surviveddageérity fires, like

the most firesensitive specieficea abiesand Sorbus aucupariaThe survival ability of
Fagus sylvaticavas unclear due to the low number of obaébns. However, it seems to be
resistant to fires of low and medium severity, similarB&tula pendulabut more sensitive

to high fire severity (Tab. 1).

Tab. 1.Postfire survival ability of tree individuals (trunk diameter > 20 cm) by fire sev€Hkigh, Medium and
Low) expressed as the number (N) and percentage of surviving individuals.

Fire severity Low Medium High
Tree species N  Surviving [%] N Surviving N Surviving
[%6] [%]
Quercus petraea 11 90.9 1 100 8 87.5
Larix decidua 28 71.4 30 66.7 14 85.7
Pinus sylvestris 287 81.5 231 57.6 122 39.3
Fagus sylvatica 8 62.5 6 83.3 4 0
Pinus strobus 5 100 19 36.8 60 5
Betula pendula 42 61.9 43 41.9 12 25
Picea abies 44 31.8 42 11.9 25 0
Sorbus aucuparia 11 18.2 0 - 1 0

3.5. Environmental effectsn postfire vegetation composition

Species composition was significantly influenced by the environment, and the effects differed
depending on the vegetation layer. The factors with the strongest effect on species
composition were postre age (coded as categorical variable), with the strongest explaining
power for bryophytes, and the region, which explained the composition of the shrub layer the
most. The overall vegetation and the composition of tree species in all vegetation layers
responded signifantly to potential direct solar irradiation. The type of wildfire was
significantly important for the overall vegetation and for the herb, tree and juvenile layers.
Flame height was significantly important only for juveniles. The next important factoes wer
thickness of the soil humus horizonpjAexplaining the composition of all vegetation layers
except the bryophyte layer, and thickness of the organic layer (O), which significantly
explained the overall vegetation and species composition of juventlesr €nvironmental
factors did not affect the vegetation and are not presented in Tab. 2.

3.6. Species composition development

RDA analysis of 157 vegetation plots from all four study regions revealed significant
differences in species composition betwardividual postfire successional phases and
unburnt plots (pseudB = 6.0, pvalue = 0.002explained variance 16.8%; Fig. 5). Early
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successional phases-1B years) differed most from the unburnt plots. In later phases, the
species composition of pefite plots became progressively more similar to that of the
unburnt plots. In the last phase, the differences ceased to be signikealy successional
phases (413 years) were colonized by more nutridetmanding species théaterphases and
unburntplots (Fig. 6). Significant differences between pbst and unburnt plots remained
up to the 250 years old phasgseudeF = 2.1, pvalue = 0.01expl. var.= 9.5%). Forests

93i 192 years after fire did not differ significantly from the unburnt plose@odeF=1.0, P
value = 0.436. expl. var 7.2%) The graphical output of the RDA comparing the unburnt
plots and the 250 years old phase is presented in Appendix A.

Tab. 2. Environmental factors significantly influencing the overall species compositioh composition of
vegetation layers in pofire plots: Age (1-6, 813, 1522, 2535 years),Region(ES, KK, BP, D),Potential
direct solar irradiation (PDSI)ire type (O+A burnt/unburnt), Flame heigli2, >2 m) Results of multiple
RDA (explainedvariance in %, gvalue) are presented separately for each vegetation layer. NS = not significant.

factor / layer All Tree Shrub Herb Juvenile Moss
10.5% 8.2% 9.9% 9.5% 10.8% 12.1%
p=0.002 p=0.002 p=0.004 p=0.002 p=0.002 p=0.002

Age

Redi 7.6% 7.4% 15.4% 8.1% 7.7% 7.4%
egion
g p=0.002 p=0.01 p=0.002 p=0.002 p=0.002 p=0.002
DS 4.1% 7.6% 8.7% - 2.8% -
p=0.004 p=0.002 p=0.028 NS p =0.048 NS
) 2.4% 4.9% - 2.0% 2.8% -
Fire type
p=0.002 p=0.002 NS p=0.022 p=0.006 NS
, - - - - 2.90% -
Flame height
NS NS NS NS p =0.004 NS
1.7% 2.6% 3.7% 2.2% 1.7% -

A thickness
p=0.01 p=0.046 p=0.028 p=0.01 p=0.054 NS

1.5% - - - 2.1% -
p = 0.024 NS NS NS p =0.018 NS

O thickness

The first postfire phase 1-6 yearsold plots in our dataset) was characterized by
massive regeneration of the pioneer tree speemsulus tremula Salix capraea Betula
pendulaand Pinus sylvestrisandless oftenLarix decidua.Seedlings ofP. tremulaand S.
capraeausually did not survive until later phases, probably due to unfavourable habitat
conditions. In this stage, many herb and bryophyte species appeared that were never found in
later phases or in the unburnt plots. Typical were sgeaf the Asteraceaefamily
(Taraxacum sect. Ruderaliglypochaeris radicatand Mycelis murali$ and the bryophytes
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Marchantia polymorphandFunaria hygrometricaSeveral alien species were also recorded
in this phase@onyza canadensiBigitalis purpureg.

The second phaseé-03 years old was characterized by an expansionGailuna
vulgaris andPolytrichum juniperinunthat continued at a lower rate into the next two phases
and by a high frequency &ubus fruticossus aggndPohlia nutans bothof which occurred
more frequently in all podire plots than in the unburnt plots. A similar trend was observed
for the invasive moss speci€ampylopus introflexus

In the third phaselbi 22 years old, surviving juveniles ofPinus sylvestrisBetula
pendula Picea abiesLarix deciduagrew to form the shrub layer wherd@igea abiesand the
alien Pseudotsuga menziensiill remained in the juvenile stage. Ground lichens (such as
Cladoniasp.,Cetrariasp.) strongly increased in abundance and frequermd/remained, to a
certain degree, in the plots until the next phases offpesievelopment.

The fourth phase26-50 years old was the last phase that significantly differed from
the unburnt plotsBetula pendulaandPopulus tremulagrew to form theree layer, and their
abundance in the shrub layer reached its maximum frequency. MAattremulaindividuals
were found neither in any of the other phases nor in the unburnt plots. They, however,
occurred very rarely throughout our datad3étis postfire stage differed from the vegetation
in the unburnt plots of the same age most markedly in the higher frequency and abundance of
the fernPteridium aquilinum moss specieBicranella heteromalaPolytrichum formosum
and abundant ground lichens. In the umibyplots,Fagus sylvaticaand typical spruce forest
species Ricea abies,Trientalis europea Calamagrostis villosa,Pleurosium schreberi
Bazzania trilobatawere more abundant than in the pios plots.

In the fifth, latest phaseé@8-192 years old, Pinus sylvestrisnd Picea abieseached
the tree layer, bu®. abiesremained mostly in the lower canofBetula penduldrees became
senescent. The herb layer was composed mainly of dwarf shrubs, négameilgium myrtillus
and V. vitisidaea This phasewas characterized by the presence Mblinia sp,
Calamagrostis villosandPteridium aquilinumn the herb layer and typical forest bryophytes
Leucobryum glaucupDicranum scopariumHypnum cupressiformé&ampylopus flexuosus
or Bazzania trilobatan themoss assemblage.

Unburnt plots were characterized by the presence of a tree layer composed mostly of
Pinus sylvestrisand Picea abieswhich was the most abundant in these plots.-giaivn
Betula pendulavas present only in 35% of the plots, unlike th&t o posffire phases, in
which its frequency exceeded 80%. The ground layer was composed mainly of dwarf shrubs
and forest bryophytes, similarly as in the last getphase.

For a detailed species list with percentage frequencies and average abundage
categories and species shortcuts used in figures, see Appendix B.
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Fig. 5. RDA. Postfire changes in species compositidBraphic output of RDAof 157 vegetation plots.

Categorized podfire age of burnt plots and a category comprisimdpurnt plotswere usedas an explanatory
variable, the region code being used as a covariable. The capital letter at the end of each species code marks the
vegetation layer: T = tree, S = shrub, H = herb, J = juvenile, M = moss. PEeadh0, Pvalue =0.002

explained variance 16.8%.

Fig.6.Di fferences in EIll enbergds speci edireagechtegopaesand v al ue
unburnt plots.The different letters indicate significant differences among the age classes and unburnt plots
resulting from multiple comparisons using Wilcoxon's raokn test.
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